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INTRODUCTION 

The model study on the Grassy Lake Dam Spillway was performed in. 
19370 Thie report was prepared in 1946 from the original nQtes and da.tau 

Grassy Lake DMl is located. i.n Teton County Wyoming., on the south 
boundary of Yellowstone National Park (Figure 1L The dam...-a combi:o.e.t:i.on 
earth and rockfill structure=--intercepts the flow of Grassy· Creek, :i 
tributary of Falls Ri.ver, to form a reservoir with m esiwted maxi.mum 
capacity of 15,549 a.cre .... feeto The total hei.ght o.f the dam i£t l.32 feet 
from roadway to floor of stilling-poolo 

The principal hydrauli.c featJures of tha structure .are a side-channel 
spillway a.t the left abutment and the outlet works which pass through 
the ma.in body of the dam (Figur:e 2) o The outlet works i '718 feet long� 
consist of a single conduit, terminating at the downstream end in a 
30-inch needle valve (Figure 3) with designed capacit;y of 2.4.3 secc,n.d=f'eeto 
The spillway is a concrettl4Pllned open chann�l, app:r-oxi.iu.tely 860 ,feet :tn 
iength {Figure 4) and has a designed capacity of 1.200 second-feet at 
the maximum reservoir elevationo 

N;!:JC8§Sity .for. !nyestilf.�'l:!£.q 

'.rhe proposed designs of both the outlet works and spill.wa;y p1•.:.rnented 
a strong possibility of scouring action which could be sufficiently 
excessive to endanger the structures ., In ·the case of the out.let wo.rkri s, 
the riprap pool, an· unconventional t.ype for use in conjunction with 
needle vabras, partic1;1larly invited model studyo The spillwa.,.y was 
sub;ject to ei·osion bo.th in .·the approach channel and in the stilling=pCJOlo 



Oqtlet Works 

The use of the riprap pool design speci.fied ·in the initial design 
·would have been conducive to excessive.scour and wave actiono 
S�bstitution of the design developed by model studies (Figure 10) 5hould 
&-educe this scour to desirable limits, so long as care is taken to build 
up the tailwater elevation to normal before all:owing.1a,rge discharges to 
p�ss through the valveo Failure to observe this rule would cause con­
sitte,r.able riprap displacement in·any of the desiills testedo 

Spillway 

The original spillway design indicated that improvement could be 
made in the flow conditions in the spillway approach, chute, and 
st,illing-poolo Model tests showed that the changes as rec·ommended in 
Figure 16 would make the design adequate for all flowso W,ith these 
modifications, the spillway will be capable of passing the ma'xim11m 
designed discharge without damage to the structureo 

THE MODELS 

Q];\tlet Woz;ks. 

i A 1:12 mQdel was constructed or the pertinent features of the 
riprap pool of the outlet works (Figure 5) o It consisted Qf a large 
tailbox containing the excavated and riprapped areas downstream from the 
needle valve, a model valve, and the necessary piping and measuring 
devices to supply water to the modelo' The tailbox was constructed of 
wood and lined with light sheet metal for watertightnesso All pertinent 
features of the excavated and riprapped areas downstream from the valve 
were reproduced to scale in this boxo The riprap was represented by 
rock of approximately 1-inch average diameter, and the alluvial deposit 
by sand except in the trapezoidal channel downstream from the riprapped 
areao The latter was represented by rough concreteo A. hinged wood and 
canvas gate, installed at the downstream end of the tail.box, was U$ed 
to regulate the elevation of the tailwatero A water column was used to 
measure this elevation.· .. 

The model needle valve was installed in the upstream wall of the 
tailbox. Water was supplied through a 6-inch pipe, which terminated 
in a manifold directly upstream from the valveo Piezometers, located 
in. the base of the valve, were utilized to measure pressure heacls. The 
discharge was measured by a 4-inch Venturi meter located _between the 
supply pump and valve manifold. The valve.openings required for each 
disch�ge and head combination were· determined from curves obtained. 
trom a previous calibration. · 

Sa!llwa.y 
' 

A 1:20 model, entirely removed from that of the outlet works, was 
constructed of the spillway (Figure 6) 0 It consisted of a headbox 
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containing the approach topography and side-channel unit, a long wooden 
chute representing the s pillway channel, and a tailbox containing the 
stilling-pool and downstream topography detailso Tue headbex and tailbox 
were constructed in th� same manner as the tailbox for the outlet works, 
with the topography reproduced with sand, rock, and concreteo The 
side-channel unit was made of concrete. · · 

A gate.at the downstream end of the tailbox was used to regulate 
the tailwater elevation. Water columns, attached to piezometer openings 
in the headbox a.nd ta.ilbox� were used to·measure the elevations of the 
reservoir and tailwater surfaceso 

THE OUTLET WORKS 

Testing Pr�cedure 

In designing the outlet,works for Grassy Lake Dam, it was planned 
to substitute a riprap pool (Figure 3) for the more conventional concrete 
poel commonly u�ed in conjunction with needle-valve outlets. This sub­
stitution was desirable because of the decreased cos.t of such construction,, 
There was no expectation of complete freedom from scour with this poolo 
It was desirable, of course, to hold the s cour within such limits as to 
prevent the disintegration of the riprap lining and not endanger weakening 
of the valvehouse foundations. Excessive erosion might also cause 
depos-ition of material in a bar downstream from the pool of such magnitude 
as to interfere with the operation of the outletso 

It was not necessary to insure a minimum of spray during periods 
when the structure might be operating at maximum capacity, since it was 
not planned to construct a powerhouse in conjunction with the dam. 
Therefore, as long as the amount of such spray was not sufficient to 
cause appreciable erosion of the surrounding finer material, its presence 
could be toleratedo Based on these premises, it was decided that the 
following factors, resulting from outlet flow, were the most important 
ones to observe, evaluate, and reduce by experiment to a desirable 
minimum: 

1. Violent forward currents 
2o Reverse currents along the pool walls 
3o Splash and severe wave action 

To evaluate the extent of each of these manifestations under the 
most extreme conditions, the following testing procedure for each 
design was established: 

L Maximum discharge at maximum head, normal tailwater 
2o I�termediate discharge at corresponding head, normal 

tailws.ter 
J. Intermediate discharge with corresponding head, no 

tailwater (Final design only) 



The maximum discharge was establ.ished at 243 second-feet (0o488 
second-foot model) with a reservoir depth of 104 feet above the center­
line of the 30-inch needle valveo With the water surface lowered to 
7155069, (50 feet above the valve centerline), an intermediate discharge 
of 180 second-feet (Oo361 second-foot model) was calculated to be 
suitable for model testso 

Since the model valve had a 208-inch outlet diameter instead of 
2o5 inches as dictated by the scale ratio of 1:12, it was essential 
that special attention be given to its calibration to insure that the 
mass and velocity of the water striking the stilling-pool would be 
equivalent to that of the prototype o 

For the maximum discharge of 243 second-feet, it was estimated 
from prototype calculations that the friction losses from the inlet to 
the valve would be 40 feeto This left an effective head of 64 feet at 
the upstream end of the valve, which was found to be composed of a 
velocity head of 18o4 feet and a pressure head of 4506 feeto Using a 
corresponding effective model head of 64/12: 5o33 feet., and substituting 
the valve inlet diameter of 2 08 inches for the 2 o5-inch diameter required 
by the scale ratio, it was found that the effective head would consist 
of lo19 feet of velocity head (l.4o3 feet prototype) and 4o14 feet of 
pressure head (49o7 feet prototype)q 

From Figure 7, obtained from a previous calibration of the model 
valve, it was established that a valve opening of 8:04 turns would give 
the required discharge and pressure head combinationo It was only 
necessary then to set the desired head on the piezometer at the .base 
of the valve and to open the valve the required number of turns to 
assure similitude or masso Similitude of velocity and trajectory 
could also be expected because previous tests had shown that the 

variation of "Cv" in the formula V = C
vM 2 gh (where 11V11 is the velocity 

in the vena contracta, and "Cv" is the coefficient of velocity) is 
negligible for needle valve openings greater than 15 percento Therefore» 
if the value of 11h11 (effective head) were made the same, the velocity 
of flow would be nearly equalo 

Using this same procedure, a discharge of 180 second-feet at a n  
intermediate total head of 50 feet was converted to a model discharge 
of 00361 second-feet at a pressure head of. 2o27 feet with the valve open 
the same amount as in the previous exampleo 

Results 

In the first ser�es of tests, the performance of the original pool 
design (Figure 9A), was observed under the condition of maximum discharge 
and head onlyo During a run of approximately 20 minutes (model) at 
normal tailwater, the riprap was badly scoured irt some areaso Most of 
this movement occurred on the side slopes. between Stat,ions 12;!60 and 
13�10, the ripra.p being moved from its original position and deposited 

. to a maximum depth of 8 feet (prototype) on the bottom of the channelo 
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Scour on the slopes was deep ., exceeding 3 feet on the right sideo There 
was no erosion of consequence between the do'Wl'lstream face of the valve­
house and Station 12,£60 or beyond Station 13fl0o Figure 8A shows the 
original stilling-pool before the run, Figure BB shows the valve dis­
charging at 243 second-feet, and Figure 8C illustrates the:resulting 
scour after a 1-hour runo The jet or water from the valve first struck 
the surface at Station 12,l65, creating a maximum splash height of 9 feet 
at a poi.;it :30 feet.downstreamo In the region upstream from Station 
12f65, strong back currents and wave action occurred along the ripnap 
slopes, the waves nearly overtopping the bankso Violent forward am 
backWard currents existed along the bottom of the pool., only the flow 
beyond Station 13f50 being satisfactory. 

.It was obvious that this pool was not adequate, so the design 
shown in Figure 9B (first revision) wa.s substitutedo The principal. 
revision was an increase in depth of the stilling-pool by 4 feet. The 
bottom remained 3 feet in width but this increased the bottom slopes 
to ··2:1 and 4:lo This model was tested for both maximum and inter ... 
mediate dischargeso For the maximum condition, there was practically 
no movement or the riprap, with the deposit on the bottom of the pool 
having a ma.xim1nn depth of about .1 toot o This deposit was located in 
the same area as that of the original designo Tl;le greatest dfpth of , 
side-slope erosion was less than 1 footo The former vil>.lent back 
currents and wave action along the sidewalls were decreased in intensity, 
the waves being approJQ.JD.&tel.7 2 feet high in the extreme case. The 
intensity- of the bottom currents was also favorably affectedo However, 
many- of the destructive water movements reappeared at the inte:mediate 
discharg� and head, causing erosion of the bottom in the vicinity of 
Station 12,l60o This scour resulted in a general unde:mining and collapse 
of the side slopes near this statibri, the eroded material. being deposited 
between Stations 12.;75 and 12.,'90 o 

. A comparison of the performance of the two designs showed a . 
revealing trend in the scour patternso In the original design, the 
:maximum scour occurred in the region where the jet impinged on the water 
surface in the pool, particularly from Station 12f60.to Statio� 12t80o 
For the maximum now, the side slopes were the principal areas affected., 

the riprap sliding to the bottom of the slope o When Revision l was 
subjected to the higher discharge, the side-slope erosion was decreased 

· because of the increased area of :f'low in the channel, but inauf'ficient 
. pooi depth at the intermediate discharge did not provide protection 

tor ·the bottom of the channel, thus it scoured appreciably, contributing 
to side-slope instabllityo 

In the second revision (Figure 9C) the upstream bottom slope was 
changed from 2:1 to 3:1 with corresponding changes in the dimensions 
of the. stilling-poolo Little improvement was noticeable·in the general 
performance over that of Revision l. 

In Revision 3 (Figure 9D) the slope or the sides was changed to 
1-3/4:1 for increased stability, and a reverse slope of 4:1 was inserted 
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in the region of greatest scouro This design effectively eliminated 
the bottom and side scour as far out as Station 12�80, but a severe 
scour of about 3-foot depth occurred on the side slopes from this point 
to Station 13fl0 o This was caused by strong back currents and waves 
2 feet in height along the side slopes at the maximum discharge and 
head o  These back currents were of such magnitude that a jump was formed 
on each side of the pool near Station 12t95 o 

In what proved to be the recommended design (Figure 10) the slope 
of the sides was maintained at 1-3/4 :1, but the reverse slope used in 
the previous design was ellminatedo When this pool was operated under 
conditions of maximum discharge and head, it was immediately apparent 
that the strong back currents along the sides had been reduced, both 
in v elocity and area, to harmless proportiona o This was also true of 
the waves o All currents were forwarded downstream from Station ]Jf25 
(Figure 11B) o These ob�ervations were verified by the scour pattern 
after a run of 1-hour durationo No erosi0n occurred on the right bank, 
but a small area on the left bank at Station 13f10 had been scoured to 
a maximum depth of 1 foot (pr.ototype)o  This material had been 
deposited on the bottom, the amount being negligible 9 Figures llA and 
C show the riprap in the pool before and after the run, respectivelyo 
For the intermediate discharge, corresponding to a prototype discharge 
of 180 second-feet at a total head of 50 feet, there was no disturbance 
of the riprapo The back currents and waves, referred to previously, 
were slight in magnituf'ie o  Th e  surface appearance of the pool was quite 
satisfactory. 

As a final test, a discharge of 100 second-feet at a head of 22o 7  
feet (prototype) was run into the pool for 10 minutes (model time) 
starting with no tailwatero The purpose of this test was to evaluate 
the scour to be expected from the impact of the jet on the riprap 
without the eushioning<�ef:tect provided by normal tailwatero The jet 
struck the riprap at approximately Station l2f60, cutting a hole about 
14 feet square and 4 feet in  maximwu deptho The eroded material was 
deposited in  a ridge from one side s lope to the other from Station 
12"65 to Station 12f75, with a maximum height of 6 feet at Station 
12�70o With the exception of the last teat, the overall performance 
of this design was judged to be sa.ti.sfactory, and was adopted as the 
recommended design o '.1. 

THE SPrwlAY 

Approach Studies 

Model tests on th� initial spillway design (Figure 6) indicated 
that both wing-walls of the approach to the side-channel spillway 
could be improvedo :Eddies caused by abrupt changes in the direction 
of !low at these points resulted in scour at the base of both walls 
and contributed to rough flow in the region of the control sillo 
Figure 12A shows the- original design of the wing-walls, Figure 12B 
shows the model in ope�ation at 1 ,200 second-feet, and Figure l2E 
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indicates the scour produced near the walls by the above discharge o 

Unfortunately, the upstream wall was not included in the photographso 

The flow in the side-channel unit was unusually turbulent o 

Whether the primary origin of this action was in the approach eddies 
or in the limits of the structure itself was not immediately apparent o 

The shape of the upstream approach wall was then altered to 
that shown on Figure 4, while that on the upstream side was given a 
circular flare (Figures 4 and l2D)o When the maximum flow of 1,200 
second-feet was run through the model for 70 minutes, it was found 
that this alteration had effectively prevented the erosion inherent 
in the i.nitia.l designo Flow conditions in the side-channel unit had 
also improved, but there was reason to believe that they might be 
further improved by changing the d ownstream transitions of the unit 
and by increasing the height of the control sill o 

Investigation of Side Channel 

A supplementary sill 2 feet high (prototype) was tried at  various 
positions in the chute downstea.m from the original sillo It was found 
that if placed in any position upstream from Station 2t40, the capacity 
of the spillway would be decreased o If the sill were located at the 
same station as the original sill (Station 2f25) ,  complete submergence 
of the crest occurred at maximum dischargeo It was, therefore, decided 
that any improvement that might result from such an expedient would not 
be justified in view of the decreased capacity . and the possibility of 
submerging the crest with a consequent decrease in  the coefficient of 
discharge o It was also decided to abandon any attempt to change the 
transitions at the downstream end of the side-channel unit because the 
turbulence remaining was not sufficient in extent or location to be 
ha.rmfulo 

Head discharge and coefficient curves for the initial design 
with altered wing-walls a.re shown in F'igure lJo They demonstrate con­
clusively that the structure is c apable of accommodating 1,200 second-feet 
at a reservoir elevation of 7212 0 The c oefficient of discharge begins 
to decrease rapidly at an elevation slightly above 7212 because of 
submergence of the side-channel cresto 

Chute Studies 

It was noted during the first model tests that the flow in the 
chute could be improved. Flow down the structure was smooth except for 
a narrow friction fin along each wall, but the transition beginning at 
Station S,L69o 91 was too abrupt for the velocities involved and the 
jet could not spread sufficiently t o  follow the walls (Figures 14A and 
B and Figure 15A) o 

To remedy this condition, the beginning of the transition was 
moved upstream to Station 8/00 (Figure 15B) o This provided a distance 
of 115 feet for a 10-foot change in width, but proved inadequate o 

7 



The water au.r.face spread satisfactorily down to Station 8,l6o; but, 
at this point, left the walls at the maximum discharge, causing 
oscillating fins on the surfaceo 

As a second revision, the beginning of the transition remained 
at Station 8f00 9 but the length was shortened to 69 0 51 feet, ending 
approximately 45o 5 feet from the stilling-pool (Figure 15C) o This 
change caused a concentration of water along the sides of the chute 
for the last 20 feet before entering the pool o Considerable splash 
in the center of the chute was also presento 

Revision Noo .3 (which proved to be the recommended design) 
featured a curved transition originating at Station 7�50 002 and ending 
at Station 9fl5 o30 (Figures 15D and 16) o In addition, it was decided 
to increase the radius of the vertical curve entering the stilling-pool 
from 150 to ,300 feet to decrea.se the rate of drop and allow the jet to 
spread more uniformlyo This design accomplished the purpose desiredo 
The center fins and splash action were darnped effectively and all other 
phases of the operation seemed satisfactor.10 

The value of the sea wall provided in the original design was 
observed ; and, so far as could be determined, was of little or no value 
in preventing the escape of spray over the walls o 

Stilling-pool St� 

The stilling-pool incorporated j_n the model was provided with a 
3-foot R�hbock sill with three teeth and a 3-foot dentated step with 
the same number of teeth (Figures 6 and 14C)o The riprap downstream 
corresponded to 2=1/2-foot rock on the prototype o 

A maximum discharge of l i200 second-feet was run through the 
spillway for a period of 50 minutes (mod,l), at normal tailwater 
(Figure 1.4D) o 1'ha.t the pool was not adequate, was apparent both from 
the behavior o:f the jump during the run and from the excessive scour 
visible after draining the pool o 

The front of the jump formed as' far upstream as Station 8f95, but 
excessive boil over the sill was prevalent o This boil, at times , rose 
above the pool walls, causj_ng considerable splash , the sea wall coping 
having little effect o 

The 1-1/2 : l  slopes of the excavated channel were badly deterioratedo 
The ripra.p had not been moved by direct water action but the sand beneath 
it had slu..�ped, carrying appreciable amounts of riprap with ito This 
reaction !'\9sulted in a large deposit, principally of sand, on the channel 
bottom between Stations 9f90 and lOfJOo The deposit had a maximum depth 
of approximately 3 feet protot.ypeo Starting at the end of the riprap, 
there were two deeply scoured channels with a central ridge between them, 
which extended to Station 10t75 o The results seemed to be attributable, 
not only to undesirable now action developed in the pool, but also to 
the concentrated ,1et entering the · pooL It was also apparent that the 
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fundamental instability of the excessively steep side slopes was a 
contributing .factor to the channel degeneration. 

In the first pool change , the number ot teeth in the step and 
sill was increased to  five and their positions staggered with respect 
to each other in an attempt t o  disperse the concentrated jet more 
effectively. In addition, it was decided that the rock used for riprap 
was probably too large to exactly represent that cf the prototypeo It 
was , therefore , removed and a graded mixture substituted with maximum 
and minimum sizes corresponding to  prototype dimensions of 10 and 5 
inches , respectively. These revisions produced little change in the 
action of the pool. The boil over the s ill was of the same intensity 
as before , oscillating from side to  side 9 producing a characteristic 
wave motion that was detrimental to the channel downstream from the pool . 
After a run of 55 minutes (model) it was noted that the scour pattern 
was s imilar to  that which had occurred in the original design. 

It was more evident than ever that the side slopes were too steep 
for s tability, thus , they were changed to 2 : 1  for the next design. 
In addition, it was decided t o  change the 4 : 1  transition slope from the 
end of the pool to elevation 7093 to 2-1/2 : 1 .  A step and sill combination 
with six teeth in the step and five teeth in the sill was used . This pool 
combination was an improvement over the previous ones , as .  the oscillating 
boil over the sill disappeared and the amount of splash decreased . The 
end of the jump was approximately 1 foot ( prototype) upstream from the 
end of the pool . After a run of 1 hour, it was apparent that the 
riprap movement was not as great as in the previous tests but the scour 
below the riprapped section was approximately equivalent to that in the 
previous tests . 

The channel was then further altered by making the floor level 
( elevation 7086 ) to the end of the riprapped section (Station 10fl0) 
and inserting a 4 : 1  transition slope from the end of the riprap to  
elevation 7093 (Figure 16) . This revision seemed to  produce little 
change in the appearance of the pool other than causing the end of the 
jump to  move downstream to the extreme end of the poolo After a run of 
1 hour, the riprap did not appear to  have moved . The sand erosion 
downstream from the riprapped section was decreased but not entirely 
eliminatedo 

It was d ecided that the abrupt break in the floor at the intersection 
of the chute with the s tilling-pool floor (Station 9fl5 .30) should be 
softened by a 20-foot radius curve. This necessitated the installation 
of the step shown on Figure 16B. In addition, a new s ill, shown in the 
same figure , was also used o No change was made in the channel. The 
performance of this design was satisfactory. The jump formed within the 
limits of t he pool with much less boil than had previously occurred, and 
very little spray escaped over the training-walls .  The scour downstream 
was within satisfactory limits after a run of 1 hour . Photographs of 
the model before , during, and after a run at 1, 200 second-feet are shown 
on Figure 170 A drawing of the recommended spillway design is included 
on Figure 16 . 
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A .  Original design . 

Figure 1 4  

B .  Flow of 12 , 000 sec ond -feet . 

CHUTE STUDIES ON 1 : 20 SCALE MODEL 

C .  Original design . D .  Flow of 12 , 000 sec ond -feet . 

STILLING POOL STUDIES ON 1 :  20 SCALE 
MODEL OF GRASSY LAKE SPILLWAY 
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B .  Flow of 1, 200 
sec ond -feet . 

Figure 17 . 

A .  Rec ommended design setup . 

C .  Erosi on caused by 
flow of 1, 200 
sec ond -feet . 
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