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.. 
FOREWORD 

The hydraulic models for the design of Marshall Ford Dam, as 
described in this report, were designed and tested and the model 
studies ,were ma.de in the Fort Collins, Colorado, laboratory of the 
Bureau of Reclamation under the supervision o f  James W. Ball, 
Associate Engineer, by J. M. Buswell, R •. A• Goodpasture, ll. W. 
Brewer, and D. M. Lancaster, Assistan t Engineers. 
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Colorado River project, Texas. 

INTRODUCTION 

1. Introduction. The Marshall For d  Dam, a pa.rt of the Colorado 
River project, is located in the Colorado River in Texas about 12 
miles northwest of Austin (figure 1). The dam will provide flood con­
trol and power development. The main portion of the dam is of the 
concrete, g ravity type resting on bedrock with an overflow spillway 
crest 730 feet long built into this g ravity section. On the left of 
the masonry section an earth-fill dam extends to the high ground some 
distance f rom the river.· 

The dam was constructed in two stages, which will be referred to 
in this report as the initial and the ultimate development. The ini­
tial development spillway had its crest at elevation 640.00, while the 
crest of the ultimate development spillway is at elevation 714.00 
(figure 2). The additional height was gained by placing the upstream 
face of the high dam about 50 feet,upstream f rom the faoe of the low 
dam, making the plane of the downstream face of the dam common to both 
structures. A:n ogee crest tangent to the 0.75sl downstream face was 
designed for 'each structure. Piers were not installed on the initial 
spillway crest, making the net length of this c rest 30 feet longer than 
for the ultimate design. Pertinent data for the layout of the spill­
ways are outlined in table I. 

TABLE I 

Initial Dam Ultimate Dam 

Crest elevation 640.0 714.0 
Maximum reservoir water 

surface elevation 670.0 740.0 
Maximum head on spillway 

crest 30.0 ft. 28.0 ft. 
Desir;n head on spillway 

crest 30.0 ft. 30.541 ft. 
net length of spillway 730.0 ft. 700.0 ft. 
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The proposed stilling pool was a horizontal apron connected to 
the downstream face of the dam by a 75-foot radius bucket and a 
sloping a.pron. A sill was placed at the end of the a.pron to assist 
in dissipating the energy in the spillway flow. Training walls were 
provided on each end of the spillway ·stilling pool to confine the 
hydraulic jump (figure 2). 

The first design of the u�timate development provided 2 8  individ­
ual siphons with their exits resting on the crest of the low dam. 

River outlets 8 feet 6 inches in diameter were provided so that 
the structure would serve properly the !'unctions of' £'low control. The 
spacing between conduits wruld allow 28 river outlets to be installed 
in the spillway section; however, 4 outlets- were omi tte_d near the 
center of the left half of the spillway to provide space for two 26-
foot diamet,er diversion conduits._ . These diversion conduits i::assed the 

, river flow during-the construction of .the low and the high dams, after 
which they were plugged with concrete (f'igure-2). 

2. The models. Since the same !Stilling pool was used for both 
dams, the design was necessarily based on action for the more severe 
conditions that were expected to exist after completion of the high._ 
dam. As '. a consequence, most of the model testing was confined to the 
ultimate development. Results of tests on four separate models, cover­
ing various phases of the project, are presented in this report. The 
models discussed are a l  to 40.8 sectional model of the initial crest, 
a 1 to 40.8 sectional model of the ultimate spillway, a 1 to 6 8  model 
representing half of the ultimate spillway, and a 1 to 2 5.5 model of 
one river outlet. 

3. Summary of tests. Tests on the la40.8 model of the spillway 
crest of the low dam showed tha.t with the reservoir at elevation 
670.2, areas of reduced pressure existed on the crest. Since this 
pressure was never grea.ter than one pound per' ·square inch below atmos­
pheric pressure and would be present for only short periods, the con­
dition was not considered critical. Measurements of the thickness of 
the jet flowing over the crest of the low dam at maximum discharge 
indicated that the height of the proposed training wall should be in­
creased. 

The ultimate development crest operated satisfactorily at all 
discharges after the siphons had been eliminated from the design. 
With the reservoir at elevation 740.0, a very slight negative pressure 
occurred on the downstream, extremity of the crest. With water flowing 
over the crest. the discharge �f the river outletsremained about con­
stant. Calibration data was obtained from the model with the river 
_outlets and the crest operating separately and together. 

The stilling pool studies demonstrated that a 200-foot radius 
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bucket with a 2.094 to l slope to the fla t apron at elevation 480.0 
was superior to the original 75-foot radius bucket and the flatter 
4 to l slope. This change in slope resulted in a saving in concrete 
and a longer horizontal apron. Lowering the horizontal apron below 
elevation 480.0 did not materially improve the stilling pool aotion. 
A .dentated sill at  the downstream end of the horizontal apron pro­
duced better condit�ons than either the original 2 to l trapezoidal 
sill or a l  to l trapezoidai sill. The dentated sill was, removed 
from the entrance of the poo.l sufficientl y  to prevent any areas of 
greatly reduced pressure on the dentates. 

Investigations on the 1:68 model of the ultimate development 
showed that' the location of the diversion conduits was satisfactory. 
Intermediate training walls, sloping from elevation 517.0 at the 
bucket to the top of the sill, on each side of the diversion conduit 
were found necessary to prevent undesirable stilling pool currents 
when the spillway and the outlets were operating. 

Operation of the diversion conduits in a manner representing the 
diversion period during cons truction of the 'high dam demons trated 
that conditions were better when the intermediate training walls were 
in place. The diversi,on conduits were rated so that their oapacity 
might be known for any reservoir elevation. 

The more severe stilling pool conditions existing with the high 
dam were used to determine satisfactory training walls on each end 
of the spillway. The original left training wall design was unsatis­
fac tory at high dis charges because of the excessive flow from the . 
powerhouse ta.ilraoe over the wall onto the hydraulic jump. The fi'nal. 
designed wall, placed at  elevation 548.0 with the dovmstream portion 
on a 4.049 to l slope ending at  elevution 513.0, gave sntisfactory 
stilling pool conditions. 

The original training wall on the right end of the spillway did 
not extend sufficiently far downs tream to prevent an undesirable whirl 
near the right bank. A trapezoidal extension on the end of the wall 
removed this condition. The final wall was mad� similar to the left 
wall in appearance. Where the rock level was higher than the sill 
elevation, a 3 to l cut on the rock extending from the sill downstream 
was found more desiraqle than the l to l slope originally proposed. 
The backfill behind the training wall was severely eroded at  high dis­
charges. Accordingly, it was recommended that the sloping portion of 
this backfill be riprapped. 

The problem of bringing the river outle ts into operation at  high 
reservoir an d minimum tailwater elevations was solved by installing 
spreading exit transitions on outlets 10, 12, and 14. It was deter­
mined that the most satisfactory operating program would result when 
the se ou tlets were operated first, in the or der named, and then lhe 
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remaini ng even-numbered outlets opened, f rom left to right. The odd­
numbered outlets could then be opened i n  a.ny desired order. 

Studi es on the l r 25 . 5  model of one ri ver outlet were pri mari ly 
for the development of a satisfactory spreading exit for three of the 
ri ver outlets to be opened fi rst when b ringi ng the outlets i nto 
operati on wi th a high reservoi r elevati on and low tai lwater level . 
Such an exit was evolved, and its operating characteristi cs were 
studi ed . 

Observations and pressure measurements on the circular ri ver out­
let, when fitted with the spreadi ng exit, indi cated that under full 
capacity better conditi ons resulted wh en the ai r vents were closed . 
With reservoir  levels between elevati on 551 .78 and 6 10 .0, the ai r 
vents produced .an obj ectionable pulsati ng flow thro ugh the outlet . Ac­
cordingly, it was recommended tha. t valves be installed in the ai r 
li nes to control gates and that these valves b e  closed when the gates 
are completely open . 

MODEL OF INITIAL DEVELOPMENT 

4. T he spi llway crest. Whi le the greater porti on of the model 
studies were ma. de on the ultimate development, some features. ma de 
hydraulic mo del investigations on the low dam desirable. The tests 
concerned mai nly the crest of this structure. A 2-foot sectional 
model of the orest of the low dam spi llway was bui lt on. a scale ratio 
of 1 to 40 .8. T his model was installed in a metal-lined flume con­
nected to the laboratorY- supply system. A gage was installed up­
stream from the model so the head on the crest could be recorded at 
any di scharge. The model sti lli ng pool was not constructed, since 
this problem was consi dered only i n  connection with the ultimate de­
velopment . Piezometers were installed on the c rest for measuri ng the 
pressure on the su rface of th e  crest at vari ous discharges (fi gure 
3 ) . 

5. Tests and results. Piezometer pressures on the crest were 
obtai ned at di scharges of 60, 000, 120, 000, 180, 000, 240. 000, 300, 000, 
and 360, 000 second-feet, respectively. Pressu res below atmospheric 
existed on part of the downstream portion of the crest at maximum 
discharge (reservoi r elevati on 670 . 2 ) . The maximum intensity of this  
negati ve pressure was two feet of water (figure 4 ) . 

The discharge-coeffici ent curve obtained for the crest (fi gure 
4 )  shows a maxi mum of 3 .948 for reservoi r elevation 670. 0 .  This high 
effici ency was due to the reduced pressure on the downstream portion 
of the crest. 

With a discharge of 500, 000 second-feet passi ng oyer the crest, 
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a profi le of the water surface was taken along the face of the d8lll. 
Thi s was done to determine the necessary height of the training walls 
(figure 15) . Thi s profi le shows that no freeboard exi sted, the water 
surface j ust reaching the top of the wall i n  one p lace. No doub t air 
entrai nment would cause a higher water surface, but such a condi tion 
would exist only for the low dam; so the occurrence was not considered 
critical. Moreover, the occurrence of floods of this nagnitude was 
expected to be  very infrequent � 

STUDY OF SPILLWAY AND STILLING POOL 

FOR ULTIMATE DEVELOPMENT 

6. The spi llway model. Desi gn of the sti lling basi n for the 
Marshall Ford Dam necessari ly depended on the more severe condit i ons 
that would exi st after comp letion of the ultimate development. · A model 
of the ultimate development was therefore given early consideration • . 
Three methods of flood regulation in one structur e  nade the sti lling 
pool more comp licated and except for the s iphons, pointed to a sIIB. 11  
model including as much of the p rototype  as possible. However, the 
subatmospheric pressure present in siphonic acti on made a. la rge.;.scale 
model desirable. Accordingly, a sectional model representing 1 05 feet 
of crest on the left end of the d am was oonstruoted, including four 
siphons and four river outlets. A scale ratio of 1 to 40.8  was chosen 
to permit use of commerci al brass tubing in constructi ng the outiets.  
Thi s model r equired a flow about equal to the maximum capacity of the 
laboratory pump. 

A metal-lined tan� 11 feet long. 
8 feet deep was connected by a flange 
of the laboratory supply s;>7stem. The 
wa.s installed at one end of the tank. 

2 feet 6-7/8 inches wid e. and 
to one of the 24-inch · conduit s  
up stream face of the model dam 
The model understructure was 

a framework of welded angle i ron surmounted by 16-gage galvanized 
iron bents shaped neari y to the crest out line. A coveri ng of 2O-gage 
sheet metal gave the final crest shap e. A;n apron of sheet iron sup­
ported by 16-gage bents was fastened to the floor and soldered to the 
understructure. The flume cont aine d the apron and extended 10.5 feet , 
beyond to p rovide a sand bed for erosion stu dies. Glass p anels in 
one side of the flume permitted visual and photographi0 .studie s of 
the stilling pool action. The tai lwater regu lator at the end of the 
flume was a wooden gate hinged at the bottom and regulated by a wind­
lass and a ratchet mounted across the top of the flume. The metal 
siphons were installed in the model and held in place by flanges. The 
river outlet conduits of parabolic profi le were shaped from brass 
tubing, soldered into the bucket at the downstream end and held in 
place by flanges at the upper end. Each tube was fitted wi th a. bell­
shaped entrance (figures 5 and 6 ) .  A gage in the forebay was provided 
to measure the water surface elevation at any discharge. 
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Stilling Pool Studies 

7 .  The original stilling pool apron. Visual studies on t he 
· ori ginal model (design 1) showed that t he siphon jets produced ve ry 

rou gh flow on t he spillway. However, t he siphons were eliminated from 
t he desi gn before organized testing began . The crest and 'tjle outlets 
were calibrated individually and colle ctively to ascertain t he prope r 
model quantity to rep resent a given prototype dis charge. Throughout 
'all tests t he t ailwater elevation for any discharge was maint ained in 
accordance wit h t he nonnal t ailwater shown on figure 7. 

Very s atisfactory conditions existed in the stilling pool at all 
discharges, wit h  only the river outle tsope rating . The remote possi­
bility of operating all outle ts wit h  a low reservoir elevation led to 
further  tests in which a satisfactory pro cedure was determined for 
placing t he outlets in operation with t he reservoir near the crest ele ­
vation . Outlet 1, nearest t he  powerhouse, was ope rated wit h minimum · 
tailwater, to represent conditions when it was opened wit h  no flow in 
t he river below t he dam . At 5, 000 second-feet t he jet swept down t he 
apron , over the sill , and scoured excessively t he  ri ver b.ed immediately 
downst ream from t he sill. When t he dent ated sill was placed on t he 
apron ( figure 6 ), slight improvement was noted and a series of tests 
was made with t he left river out let dischar ging at normal t ailwate r. A 
disoharge of 2,000 second-feet gave conditions which were not alto­
get he r  undesirable . The ret urn flow onto the ap ron from t he  rig ht 
c rowded the jet against t he  wall, where rough conditions and consider­
able splash occurred. Althou gh t he jet continued downstream over t he 
sill , ve ry litt le e rosion was noted on the st ream bed. Sand was de­
posited on the a.pron to t he  right of t he out let . Dis charges of 3, 000 
and 4,000 second-feet, respe ctively, produced excessive s cour below 
t he sill wit h  an inc reased amount of sand deposited on the apro n .  Con­
ditions were p ractically the same with outle ts 1 and 2 operating . A 
visual test wit h  the two center out.lets dischar ging gave fairly good 
results and indi c ated t hat a syst emati c ope ration of t he  river out lets 
from the center of t he spillway might eliminate any dange r to t he toe 
of t he apron . It also indic ated that depressing t he  horizonta l apron 
immedi ately downst ream from- outlets 5 and 6 and ope ratinG the se first 
might produ ce a satisfacto ry operating pro grfilll. The sho rt sectional 
model prevented a satisfactory investigation eithe r of the rive r out let 
operating pro gram o r  of t he depressed area. Accordingly, the se fea'b.l res 
were studied on t he l to 68 model. 

The stilling pool conditions were studie d ne xt, wit h the c rest and 
t he river outlets ope ra.ting. With a 2 to 1 t rape zoidal sill, condi­
tion � in t he  pool were very rough at hi gh dis cho.rges, althou gh t he  jump 
did not sweep off the apron. Wit h  various dis cha rges, t he t ailwater 
level was raised above non.rial until a good pool was obt ained . This 
procedure (figure 7) was used to dete rmine approximate ly the dist ance 
t he apron should be lowered to obt a in good condit ions . Results showed 
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that with  the origi nal 2 to 1 trapezoidal si ll the apron should be 
lowered about 3-1/2 feet . With the 7-1/4 foot, l to l trape zoidal 
sill, the pool became rougher and a slight additional depth was ne ces­
sary to produce a satisfactory jump. Whe n the de ntated si ll was in­
stalle d on the apron, conditions were improved, wi th a sati sfactory 
jump formi ng on the apron at normal tailwater. 

Comparative scour and erosion profi les  were taken along the center 
line of the model flume for the three sills at discharges of 125, 000, 
300, 000, and 500, 000 second- fee t, respectively, (figure 8 ) . The den­
tated sill gave the best scour conditions and the smoothe st water 
sur face, with the 2 to 1 trapezoidal sill bei ng some what more efficie nt 
than the 1 to l sill. The dentated sill was acce pted as the final de­
sign and was used dur ing the remaini ng studies. 

8.  Apron design 2 • .  A 75-foot radius bucke t appeared to t urn  the 
flow too abruptly as it entered the pool. The apron design was changed 
to a 2 00-foot radius bucke t tangent to the f ace of the dam, the invert 
of the parabolic river- outle ts, and a 4 t 1 sloping apron . It was be­
lie ved that the decrease in pressure on the outle t e xits would i ncrease 
the quantity flowing through them when the crest was discharging. The 
4: 1 slopi ng apron was moved upstream from its origi nal posi tion, pro­
duci ng a longer horizontal apron and resul ti ng in a saving in concre te 
(design 2 ,  figure 6 ) . The scour and water surface profi les, taken  at 
discharges of 125, 000, 300, 0 00, and 500, 000 second fee t, respective ly, 
are shown on figure 9 ,  together  with the c orresponding data for the 
original de sign. While there was lit tle differenc e in the result s at 
the fir st two discharge s, design 2 prod uced less scour and a greater 
depth of water on the apr on for the 500, 000 second-foot discharge. 

Although this improveme nt was e ncouragi ng, me ans of fur ther  im­
proving the stilli ng pool acti on at maximum discharge were sought . 
Two. me thods of accomplishi ng this were considered. One was to le ng then 
the hori zontal apron either by moving the sill downstream or by steep­
eni ng the sloping apron; the other was to lower the horiz ontal a.pron, 
thus increasing the e ffective tai lwater depth. Moving t he sill down-· 
stream would increase the cos t of the spillway, and it was therefor� 
not considered a satisfactory solution. 

9 .  Apron design 3 .  Design 3 was formed by removi ng the down­
stream portion of the bucke t and plE!,cing the sloping apron tange nt to 
the 2 00- foot radius bucke t and the parabolic outle ts. This resulted 
in  a. 2 . 09 4 : l  sloping apron whic h le ngthe ned the horizontal por tion of 
the apron ( figure 1 0) • 

The ac tion of the outle t je ts wit h a discharge of 125, 000 second­
fee t was practically the same as for the preceding design excep t that 
the more abrupt  cha ng, e in direction at the toe of the 2 . 094 to 1 slope 
gave a greater spreading e f fec t. This c ondit i on produced a. s atisfac tory 
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jump and reduced the impa ct on the sill . An impr oved stilling pool 
with less scour d ownstream resu lted for all dis char ges ( figure 9) . 

The appearance of the stilling pool with only the spillway dis­
char ging was improved , a very satisfactory jump forming for dis char ges 
up to 200,000 second-feet . Increasing the flow to 360,000 second-feet 
(reservoir elevation 740.0) gave a rough water surface in t he pool, 
but the jump formed well up on the apron . The resulting scour appeared 
less than with the rnaxinrum dis char ge when t he river outlets were a lso 
operating . 

10. Apron design 4. This des ign wa s formed by lowering t he 
horizontal a.pron and the sill of design 3 two feet, to elevation 4'78.0 .  
Flow conditions were not improved over those for the preceding design� 
T he 1'18.ter surface and t he s cour profiles gave no improvement over de­
sign 3 (figure 10) . These results demons trated tl'Rt the improvements 
obtained with the 2 .094 to 1 s lope were due to the increa sed length of 

· the horizontal apron . Accor dingly, the lower a.pron would not be jus­
tified . 

11 . Final design a.pron. Design 3 was cons idered a. satisfactory 
solution of t he stilling pool prob lem. Accor dingly, this a.pron, with 
slight changes, was installed on the model and termed t he final design. 
The dovms trea.m end of t he a.pron wa s lowered from eleva tion 479 .75 to 
479.63, and t he spacings of the dentals on the sill were altered 
(figure 10) . These slight c·hanges were not sufficient to alter the 
a ction of the stilling pool in s cour and water surface profiles from 
those for design 3 .  

A condition mi ght arise on the prototype whereby a maximum flood 
must pa.as the da.m before the river outlets could be opened . · Accord­
ingly, with 500,000 second-feet pas sing over t he crest , the resu lting 
water surface and t he scour profiles were obtained (figure 9) . These 
profiles were practically identical with those for t he crest and the 
sluices both operating . While the water surfa ce was very rou gh . the 
jump formed well up on the a.pro n, demons trating t hat the apron and 
the sill were effective when t he maximum dis char ge pa ssed over the 
crest.  However, condition s  should improve when the spillway and the 
river outlet s operate to gether . 

Pie zometers were insta lled in the final design apron and sill to 
investigate the dis tribution of pres sures throu ghout the sti lling 
pool . Two 'rows of piezometers were insta lled, one along an extension 
of the center line of one river outlet and another equally sp aced 
between a pair of outlets . Pie zometers were also. installed on the 
upstream face, the top, and one side o f  a. dent ate to investigate the 
existence of negative pressures . Pressures on the a pron and the sill 
were obtained at dis char ges of 125, 000, 300 . 000, and 500. 000 second-
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feet with crest and outlets operating ,  and at dischar ges of 200, 000 , 
360, 000, and 500, 000 second-feet with the outlets closed (figure 11) . 
At no dischar ge did any negative pressures exist on the apron or the 

· s i il. Stilling pool conditions a re sho wn on figure 12 . 

Spillway �tudies 

12 . Dischar ge calibrations. Calib rations on the 1 to 40. 8  ulti.:.. 
mate model included calibration of the river outlets ��th the orest 
closed, calibration of the crest alone , and determination of the dis­
char ge _ characteristics of the outlets with the crest dis char ging .  
Dis char ge coefficients for the c rest and the river outlets are shown 
on figure 13 . From these coefficient cur ves , prototype discha r ge 
curves were calculated for 700 feet of crest and 24  river outlast 
(fi gure 14). These cur ves do not includ e  the effect of piers that 
will be present on the prototype crest . At a reservoir elevation of 
740 . 0 ,  a dis char ge of about 490, 000 second-feet could pass the dam 
with both the crest and the river outlets operating. A reservoir el­
evation of 740 .4  wou ld be required for a dis char ge of 500, 000 second ­
feet . 

13 . Spillway trainin g walls. Tests were made next to determine 
the . adequacy  of the proposed training walls on the ' spillway. This 
was a ccomplished by  recordin g water surface profiles along the side 
of the flume at various discharges (figure 15 ) .  The proposed train­
ing walls for the ultimate development were co nsidered to be suffi­
ciently high to pass 500, 000 second-feet over the c rest without over­
topping the wal l .  

14 . Crest pressures. P ie zometers were installed in t oo  curved 
portion of the crest (figure 6) to determine pressures at c rest d i s­
charges of 60 , 000 ,  120 . 000, 24 0 , 000 , and 300 , 000 second-feet , and at 
reservoir elevation 740 .063 ( fi gure 16). A very slight negative 
pressure was found to exist on the downstream portion of the c rest at  
hi gh dis char ges. 

MODEL OF LEFT HALF OF SPILLWAY fOR ULTIMATE DEVELOPMENT 

15. Description of the model . The 1 1 40 . 8  sectional model of 
the Marshall Ford ultimate development was nG cessarily limited in 
its usefulness to study of the stilling pool and the crest. To study 
river outlet combinations , the effect of the training walls on the 
stillin g poo l ,  and conditions in the diversion conduit area , a model 
was built representin r; half of the spillway . A model s cale of l to 68  
permitted use of commer cial tubing in  the c onstru ction of the circu­
lar river out lets . With a model of half the spillway section on thi s 
scale , the mo del di s charge represented about the max imum capacity of 
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FIGURE l2 

Mscharge 125�000 Second-l!'eet 

Discharge 240,:000 Second-l!'ee_t 

Discharge 360.,000 Second-l!'eet 

- Discharge 500 ,000 Second-l!'eet 

Scour Attar 500.,000 Second-l!'eet 
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the laboratory pump and supply system. 

Two metal-lined tanks (figure 17) were constructed; one to provi de 
a fore bay for the model · and the other to contain the topography down­
stream from the dam representing half of the wi dth of the river bed, 
with a reach of BOO feet . The topography was molded i n  sand . A gate 
at the downstream end of the tai lrace tank cont rolled the tailwater 
level, and a hook gage measured its el.evation. The forebay tank was 
connected to the laboratory supply sys tem and fitted with ba.fflef,'I to 
quiet the. inflowing water. A forebay gage was ins talled so  that the 
reservoir elevation could be measured. 

The model was constructed of angle-iron bents co vered with sheet 
iron (figure 18 ) .  The 2.094 to 1 s lope was ins talled on the apron and 
connected to the spillway fac e by a 200-foot radius buc ket. The hori­
zontal apron extended from elevation 480.0 at its upstream end to 
elevation 479.75 at its dovmstream extremity . A dentated si ll, with 
dimensi ons proportiond to those for the first si 11 used on tre 1 to 
40.B ultimate model, was ins talled at the end of the apron. Fourteen 
of the 24 river outlets were ins talled i.n the model, making it possi ble 
to represent eithe.r half of the spillway.. The circular outlets were 
fitted with bell entrances·, vvhile the downstream porti ons were p ara­
bolic c urves tangent to, and terminating at, the point where the 
inverts intersected the 200-foot radius bucket. The outlets were fit­
ted with sma ll gates near the upstream end so tha t any flow combination 
could be studi ed. The outlets were numbered from left to right, look� 
ing downstream. 

The pier spacings were so  arranged that the crest represented the 
left end of the spillway . A wall, extending above the tailwater, was 
placed on the right end of the apron a.nd extend ed 3 feet 11 inches 
downstream from the si ll ( figure 17). Training wall design l was 
placed on the left side of the ap ron (figures 18 and 22 ) .  Since con­
sideration was being gi ven to opera.ti�g ri ver outlets 5 and ' 6  f irst, 
when the outlets were brought into operation at minimum tailwater and 
high reservoir elevati ons, tha t portion of the hori zont al apron im­
medi ately downs tream from the se outlets was p laced at elevation 470 . 0  
to provide deeper tailwater. 

16 . Ri ver outlet stilling basin .  With only outlets 5 and 6 
discharging into the depressed sti lling b asin at normal tailwater, 
the flow conditions were not satisfactory . Severe return eddies on 
each side carried sand and gravel upstream onto the apron whe re it 
_would have caused severe abrasion in the p rototype .  Lov1, interme­
diate training walls ( design 1,  figur e 19) were installed on each 
side of the depressed b asin. With a total discharge of 5, 000 second­
feet through the two outle ts, little scou r  occurred a.t the toe of the 
sill al though some sand was carried onto the left portion of the 
apron . When the dis charge was inc reased to 10 , 000 second-feet , the 

26 
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erosi on was materially i ncreased, with sand being carried onto the 
apron on each side of the sti lling basin. An undesirable grinding 
acti on on the a.pron was produced by a. la rge whi rl on the right. A 
la rge amount of sand was deposited on the downstream left portion 
of the apron, completely coveri ng the sill in this region . With one 
outlet dis chargi ng 5, 00 0  second-feet,  conditi ons improved b ut were 
still undesirable . 

Conside ration wa_s given to tee pos si bi li t y  of opening ei ther  
alternate outlets or even every third outlet �1en  outlets we re placed 
in operation . Further study was deferred, however, until other de­
tails in the sti lling pool desi gn were determined. The depressed 
area w�s removed to permit these othe r s tudies . 

17. Location of di version condui ts. At the completion of the 
cons truction, according to the s pe cifications, the dive rsi on conduit s 
i n  the ultimate de velopme nt would be filled wit h conc rete . Out lets 
7, 8, 9, and 10 i n  the model wer e  clos ed to . repre sent this coni iti on. 
Visual obs e rvations demonstrated tha t with the ri ver out lets only 
dis chargi ng, good con.di tions in the pool could not be obtaine d unless  
low trai ning walls were placed on each side of that portion of the 
apron immediately downs tream from the dive rsion conduit s. A propos al 
to place the diversion conduit s on the left end of the , spi llwa y, 
since only one intermediate trai ni ng wall wou ld be needed, was s tudied . 
Thi s  conditi on was represented by closing outlets 1 ,  2 ,  3, and 4 i n­
stead of outlets 7, a .  9, and 10. 

To facilit ate testing, the intermedi ate trai ni ng walls were re­
moved, it bei ng · planned to de velop the correct s hape for these walls 
after the conduit locations had been fix ed. Obs ervations were ma.de 
with  various dis charges pas si ng the dam; first with the di version 
conduit s on the left end of the spillway and then by  repeati ng the 
te sts with the conduits located accordine; to the spe cific ations. The 
left traini ng wall design had not been decided. Since its shape would 
have an effect on the s tilli ng pool, several walls were tested to ob­
tai n  comparisons.  Training wall desig ns 1.  2 ,  and 3 were tested under 
the above p rocedure (figur e  2 2 ) .  

Stilli ng pool conditions were always better v,hen the diversion 
conduit s were located accordi ng to  the spe cification drawing s .  With 
the di version conduit s on the left end of the s pillway, a strong re­
verse c urrent deposited sand in the powerhous e tailrace. This condi ­
tion became worse at high dis charges �nen wate r began spiliing over 
th� training wal l onto the hydraulic jump. R aising t he top of the 
wall to the ma ximum tailwater surface did not eliminate these unde­
si rable conditions, demons trati ng that a sloping trai ning wall could 
be developed which would give sati s factory conditions . Location of 
the diversion conduits according t o  specification drawi ngs would con-
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sequently produc e a savin g in cost of t he large t ra in ing wall which 
would p artially compensat e for the n e c essary a d diti onal int ennedia te 
t raining wall. 

18. Int ermediat e t ra ining wall studies. The oomple�ity of t he 
stilling pool pr ool em d id n ot permit the ind epe nd ent d evelopment of 
any part icul ar feature. Vfhile the initi al t ests for t he loc at ion of 
t he diversi on conduits s erved their immediat e purp ose , t hey als o 
furnishe d ma t e ria.l for the d e sign of Ei be tter  t ra ining wall on t he 
l eft sid e  of t he spillway. A new t raining wall ( d e s ign 4 ,  figur e 22 ) 
was placed on t he left of t he spillway. This wall was n ear en ough t o  
its fin al shape s o  t hat t e sts t o  det ermine a d esign for t oo interme­
diat e training walls o ould pr oceed unhind ered. The powerhouse  wall 

. was installed before t est ing was start ed. 

Wit h no int ermed i at e  t raining walls,  an up st ream fl ow onto t he 
a.pron t oward t he regi on of t he diversi on c onduit s carrie d sand ont o 
t he apron . The flow t hen d ivid ed , turning out ward and c rowding the 
outlet j ets t oward t he sid es of t he spillway (figur e 20). · A discharge 
of ne arly 300, 000 second-f eet over  the  spillway was r equir ed to pr e­
vent thi s  return flow. Necessit y for the int ermediate t ra ining walls 
was obvi ous. Tests were  made to  d et ermin e t he  d es ign of t hese wall s, 
using discha rges of 130 ,000, 200 , 000 , and 240, 000 secon d -fe et , respec­
tively , sinc e  the stilling �pool cond it ions. were  most unsatisfactory at 
t hos e flows . Fiv e d esigns w ere studi ed b efor e an a c cept able one was 
evolved. 

In design 1 ,  low t ra ining walls wit h the ir top s horizont al at 
el evation 497.0 we re placed on each sid e of t he diversion conduits 
and extend ed from t he 2.094 slop e t o  t he downst ream ext remity of the 
sill (figur e 19 ). - Con diti ons were somewhat improv ed but still r e­
mained unsatisfact ory ,  t he  gene ral fl ow cond iti ons be in g similar to  
thos e  with no walls. Above a d is cha rge of 200, 000 second -fe et t he  
spillway flow was sufficient t o  produc e an a ccept able  pool. 

Design 2 was f ormed by adding t ri angular p ie ces on the upstream 
portion of t he walls of design 1 t o  prevent t he exces sive flow over  
t he walls ont o t he Jump in the uppe r end of  t he pool. The se add iti ons 
ext end ed on a 6.46 to  1 slope, from elevati on 5 17 .0 at the buc ket to  
the horizont al wal l at ele vat i on 497 . 0  (figur e 19 ). Ele vati on 517.0 
was ohos en as the maximum el evati on o f  t he vra.1 1 ,  sinc e th is will be  
t he ta.ilwat er  for a d ischa rge of 130 , 000 second-f eet. The top of the 
wall next to the  spillway face  was bevel e d  to  minimize int erfe renc e 
with the flow down t he spillway face. · Thi s bevel was us ed on all 
subsequent t e sts. Highe r d i sc hurges  over the cr e st  pr event ed  exc es­
sive flow ov er the t raining walls near the fac e  of t he  spil lway. In 
this d e si gn stilling pool con d ition s were much improved over th ose 
for the preced in g d e s ign .  With a d is charge of 1 30 , 000 s e c ond -feet , 
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the jump w-as improved and les s sand was carried · onto the apron . Slig ht 
improveme nt was also noticeable at a discharge of 2 00 , 000 second-feet . 
At higher discharges no difference could be detected . 

T he walls downstream f rom the intersection of the 6 . 446 to 1 slope 
and the horizontal p6rtion at elevation 497 . 0_ were removed, resulting . 
in design 3 (figure 19) .  With dis charges of 130 , 000 and 200 , 000 s econd­
feet, the undesirable whi rl on the apron was more pronounced, deposit­
ing sand well up on the apron . A flow of 240 , 0 00 second-feet gave about 
the same characteris tics as the preceding designs except tha t most of 
the sand deposited on the apron was removed. 

The training walls for design 4 had horizontal portions at e leva.­
tion 517 . 0  extending 51 feet out from the face of the bucket, thence 
on a 1 . 995 slope to the horizontal ap ron at ele vation 480 . 0  (figure 19 ) .  
With this design the whirl on the apron was dis tinctly worse than in 
any previous trial . When the dis char ge was increas ed to 240 , 000 
second-feet, the sand deposited on the a pron by the lowe r flow was re­
moved. 

· comparison of designs 3 and 4 with d esign 2 showed that the exten­
sion of the walls downstream to the sill ma terially improv ed the hy­
drau lic jump . Design 2 demonstrated the advisability of building the 
walls higher near the bucket.  These two ideas were combined in design 
5 by sloping the training walls f rom elevation 517 .0  at the bucke t  to 
the top of the dentated sill (figure 19) . Good cond itions w ere ob­
tained at a discharge of 130 , 000 second- feet, with some sand carried 
onto the apron between the walls. The water flowing over the walls 
did not preve nt a good jump from forming . This condition was be tter 
than for desi"gn 2. With higher discha rges, practically the same cord i­
tions exis ted as with design 2 .  Since thes e walls presented a pleasing 
appearance and the ir flow condi tions were satisfactory�  this design was 
chosen for future tes ts with other spillway features. . . 

The left training wall design wa.s fixed, and it was installed on 
the model with piezometers on both sides of the left  interme diate 
training wall . Pres sures were ob tained with dis cha rges of 125, 000, 
200 , 000, 300 , 000, .400 , 000, and 500 , 000 second-feet, respectively, with 
outlets 7, 8 ,  9 ,  and 10 clos ed . These pressures (figur e 21 ) were used 
in the stress analys is on the design of the walls. 

19 . Studies on lef t training wai l .  During the tests to determine 
the correct location of the diversion conduits , studies  of left train­
ing wall designs 1 ,  2 ,  and 3 (section 17 and figure  22) indicated the 
need for further development of the training wall to prevent adverse 
flow conditions in the stilling pool . While better s cour conditions 
exis ted at the toe of the s loping wall of design 1 than for tre oth er 
two walls, with dis charges up to 300, 000 second-feet, water spilled over 
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· the wall s  from the powerhous e area, drowning 'the j ump adjacent ·to the 
training wall .  Test re s ults obtained with des i,g;n 1 s ug ge sted the us e 
of a s l oping wall .with its upstream portion at t he elevati on of  the 
maximum tail water .. Design 4 was a wal l :of  this type , sloping from 
e l evation 548 . 0  at the !d owns tream face - of the powerhous e .to el evati on 
53_0 . ci at . the end ·of :tl.lei- �pron ( fi gure - 22 } .  This wa� l ,  with the end 
of the po�rhouse __ i-n plac�� - wai. 'us ed in cqnneoti ori. with . the s fu di e s on 

the · :intermed.i�t� training wal l s . ' After a satis fact� ry de si gn for the . 
intermediate tra:i,nirig walls had been d.evel oped and. installed on the · ' 
model , testing was o onti_Ilued to obtain · an improved shape for the iert - . 
training wall with 'all  dis charge s .  The flow conditions in the spillway 

- sti lling pool were good, . A smal l - amount,:-'of sand was carried · into the 
povterhouse tailra,ce, and _ a hole was scoured ; at' 'the . downs tre·flJ!l toe' (>f 
the left wal l ·· at hi gh: d :is ch� ges � _ Neverthe le s s ,  thi s  design . was' con- . 
sidered a ; sa:ti s!'.ac·toryrso luti on . ', : However ,· additi ,onal testing . was 
des irable ' ·to ·determine .· !iow, - much\ �h�,- wa.11 ' oouid''b e_ " lowerecl '.,in - the region -
where the . difference . between 'spi llway �ti lling poor : and 'powerhouse . : 
tai lr'ace water-s urface  ':e levati ons  ·was smal l  • . This· would effect· a. sav-

/ • ' • ' •• • .- ·• .i." � •• 4·, �-
' -,. 

• 

. · ing in ,construc ti on c o st s .  -:.,. - : 
• - . : : �  ; .  :L, '-: · · - · . .  t;, :- . / �:: t:>: · · , .- .> \.(,:;\,:· '>,-- ., ,. .. <>- ;c :._'.(:>;}: � :. '. . ,. 
. · · -> In designs 5 � 6 ,  · and 7, . the · dovms.tr·eam 'arid of the wall was 

lowe·��d p;ogres �iye ly : t.(j : el ev'a\i o·pis ',�21. � ,; 5 13°;�0� : anji · 504 i5 /  thus . , ,  
steepening th,e : s l,ope' _�f : the, wall,  ( figur e  · 2 2 )  • · . . with a di s charge' ofi;: , ' 
sob;oqo · sec?nd�,feet nf ciirfere'nc'e ?o uld - b�'- det�cted between 4.�si_:gns ' 

. 4 e,nd· ' s � . At ' s. d,i s'o�arge ,.or , �oo _. 909 · second"".�eet m�re �te'r -· spille g.; 
over the . ·wall ' orito· · the _ 'j ump , but with: n� pronounc ed effect on the ·. 
pool . T.he hole sc6ured �t the toe 'of ' ·the " wa'l l  ·�as l arger in -_plan but· . \

. 

·not so deep . With <iesi- gn 6 �  no change in the · pool could be detected 
at · a. ·a1 soha_r ge of 300 . 0QO second-feet, but improvement was noted iri _ 
the ' .scou·r • . While _  m�re 'water spi lled over the , wall onto tlle jump when, 
the dis charge. was increased to 500 ,.bO0 Se¢ond-feet·, .:the pool Was very 
satisfactory,  wi th le ss · s oour -�hari in - any preoed.ing. 'Cle.sign .  _The ' ob -' 

, j eotionab le hole at the end of the � ll had almost disflppeared. . . ' , . .  
De§ i gn  7 prod uo·e\i c onditi ons differing but · lit;tl e :from thos� of: .de'si.gfr':": 

_ 6 • . The · increase·d s lope on the wal l allowe.d more water to ipi-il onto . , 
the hydrau·lic j ump from the powerhouse tailrace, but thi s  acti on did 
not noticeably affect the j ump . - A_ s lightly increased amount of sand 
was carried into the tai lraoe at the highe r di s cha r ges . Scour condi­
ti ons Yere very simi lar to thos e in · de sign 6 .  
' The tests clemoristre.ted tha't the trainiDt?; wa ll should be  1:u ilt to 
e levation 548 � 0 in the .. region of the · -powerhouse, with a sloping down­
stream ext:ensi on . . Both designs · 6 and 7 were consid ered sati sfactory 

· so luti-ons ,  with s c o ur c ondi ti ons s lightly be tter wi th des i gn 6. 
Sino e·_the tai lwater wi ll  be at or ne ar elevation 505 . 0  a large portion 
of  the time , the wall wi th i ts downstream extremity at elevati on 5 13 .o  
would present a better appearanc e than one whos e downstream end would 
'be submerged a , porti o,n of the time . De sign 6 was al tered slightly by 
cons tructi on cons iderati ons and accepted a s  the final design . 
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The final wal l  extended. level �;; at elevati on 548 . 0, a dis tance of 
2 0 . 67 feet dowr1stre� from the face of the powerhou se, thencce on a. 
4 . 049 to 1 s lope to elevation 5 1 3 . 0  on the apron. The modef wal 1 was 
fitted with piezometers to o btain· pres sure data. for struc tura.1-des ign •" 
purp o ses . Pre ssure s we:t'e obtained at dis char ges of 125 , ooo ;  2 00, 000, 
300, 000; 4 00 , 000 / - and · 500, 000 �econd-feet ; respe ctively. Wi:i:'ter'.:, s\lrface 
profi les along'

.
the spi i lwiiy f'aoe of the wal l  were al so mea�red at 

the se discharge s  and are shown, togetlier wi. th the pre s sur e s ;" on fi gur e 
23 . Water was a.dmi tt�d into the model ·powerhous e so tha t pr,�ssures 
were obtai ned on b oth sides of  the _rill iri this region . FloW condi•  
tions· with 1;ihe final design a.re �hdwn on figure 24.  

20 , · Divers i on· c onduit studie s .  After the . l ocati on of the d iver­
sion co�dui t s ,  the type of intermediate training wal ls , and. :�e shape· ­
.of' the ' _left training vall  had' been .determined, the d:iver sionf cortdu its 
_w�re installed in -the model to determine thei r  opera.ting charioter:i. s.:: 
t.ics ·� In· ,previous te·sts .the inte�dia t$ t raining 'ml;ls hadJbeen , ' 

· · placed with J;�e i� ,:'i:,4t si�e iao�s .al ong ·;o·nstruo tion · j oints in{the e.pro 1;1 .  
·. T o.: stre.rigthe# the se wal l s  by .making -them, part , :or . � !-beam, tlfiey -were · . 

. moved: ,iri< toward :·the .d iver'ston · o ohdui ts '. ·. TJ:iis : ne oe s sftated'- fuovirig ' the .-.. . . ci ondui t 6, \; loe·�;· 
.
iogethe'r\ tba1f .

. wa)i " prop�:s Jd " in ''�; .  or igin�l '·"spe'oi fie a- , . 
ti�ns . _.; TJ1f re� s.��- c:on1,�1:}�,}r.,rf: J�,.s}9:i·,�� � : :i?L� . : �od�l �� t)�he . . : · 
. den�ates< for the , si l l  ·were, ·resp!lced in a ccord_ance" with the · n�.w . training . 

. · wa1r: iooati
. 
o 
.. 
--�

_
}

.
·
. 
: st1gur � ·. ' t5 )\ · · · , :. l f> : . .. ·. / · : .• · -- .  , ·>; .t:,_·: · . •· - : ;_: .. ·.• · · .. :· .. -.. ·.�.:.'.·.·.·.i .• �·.·_:·· ....

. 
, .. . , 

... , . • .' .- ,. ,. ·. _ ") _., . . . ' , ·, ;· ,· ,; 

21 . Ev�bu'atiozi of the reserv�i� storage thr � gh th� di versio: J 
oonduits • . It was originally planned tbs. t between the · time of' compl�ticinJ 
of the initial · dam and that of the ultimate struc ture -the '' two. diversic)'n J 
conduit s would be c lo�ed by wooden . bulkhead s  • . Each bulkh�ad was .to' ' \ .' . . 
oont;_'in. two 3- by 3�foot 'gates,· . ·to ·be u sed in _the eva.cuation\or storagi{. 
water in· ' the ' extreme bottom o f  thfj i reservoir  after most of . the evaoua- ,' 
tion had been made through the r iver out let s .  : The . studies _of the 
diver sion c onduits were ·wi.de on the. t as sumpti on � i: ; l.Ater, plarui wer,e 
che.ng;ed, whereby the d iversi on condu it s were not, clo:sed, -�nt.i'l the :�-�se 1> ; 
on the addJti on to the upstre8Jll face of the initial cons truc ti on had ' · · ·. '.,. 
been poured to a point above the intake to the r iver . out lets and the 
diversion cou ld be :ma.de through them . The diver sion oonduit. s were . then 
plugged p�rma.nently . 

To provide . hydrau lic data for the or igi nal p lan small p lates ,  with 
holes in them to represent, the sma l l  3- by 3- foo t gates;  were piaced , "· , 
over c onduit entrances of  the mod�l . to represent the se bulkheads ( fig� 

• ure 25 ) .  Observations with the smal l  gate s  dis charging when the reser­
voi r  was bel ow the invert of the river outlets showed tmt satis faotory 
o ondi ti ons exi sted either with or  without the intermediate training 
walls . A rating curve was prepared fo r the four 3- by 3-foot gate s  
( figure 26 ) .  & 
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42 � Di  version. : Investi·gati.o ns ' of  the fl o� col)i :i. ti ons tlfrough 
the d iversiqn .Q..ondui ts during the. proposed period of construc:tfon of 
the .s econd ste:"ge , a_ccording to the original plan, led to the ope rati on 
of the diversro� c onduit s at variou s re servo ir ele vations below the 
invert <,>f the .-r iver outle t s, with eJ?.d with out the int enne dia te train-

Trig· �i�_,s .  · · _ :: 'f- �i- . · · · : :· r·,·:: .· .>,,� _: i- �. ti< · _  . ... - ,:, ; · ::;: _ - ·  . . : _ '. · - ·_ 
· . ... . . 

· > - with: t�� int�nriediate _trii �i�g ·;.,alls ' in plac�, dis ��rge s  in the . 
reglon: of 5 , 000 second�!'e.et .gave. s,ati s f,actory sti-lling 'pool _c ond it ions . 

•· Very li tti� '� sand · was carried . ont o - the · e:pron � and __ practi oally no' ·erosion 
_ . occurred downstre� ·from the s 111 ·� . When the dischar ge was ' ino reased to 
' 14, 500 ' second-r"�et.; - the pooi was sa�i sfaotory, , with a small inc rease in . . 
the ,amount- of ' s·an.d- ' oarri� d  ·onto i �he : apron� .-_ .A . dis charge of- 36, 200 , . · . . . 

· , : '  . : ;' sec.o'nc;l�feet� '. wli�c }
{ 

�s,, api�r'o#iateiyJ :thd :·. o�i-e:·cityior _the diversi on ', - ' 
· , • 

· ·-
,

· ·  · · · · • ·.. . ..... 1 :, , I �,. :· . • , ·.: .. r·! . ,- ,. ·. • , •. ., . _ . . • . ;• .  . ,,. . 
• 

,. • . _ _ . •  : . . . . 
• - · :: . . . • c ond_uits ��h : t� :re�eryo!-_r/9.-t ·:,��e if¼ver� ,of·;t h�: river o\ltlet.� , _ . gave _ ari <>-- <: .: _i�cn�.a�ed ·_ amoun� · of :_mate;J.a.l, :depc,;-�5:,te4. p,µ : · the; a,pron. :. : The --exce ssive · . 

. , ·  •• ' . · .••• � • .
• .,. ' - . •. ,-·. • ' ' 

.
• - .-, . • ' l .. · 

. . ,
.
, 

1': i., _ •
• 

·

·
�

· - · ' - • •
. 

;.
• 

:> ', •• • • 
• 

. • � ' . . • · ... . -� ' ·<<.'_;, scour .belovt ;the :: s H 1. on ,· :the,: r i ght probabiy" ' ViOtild ' not i exi" s t·· i f· the· - · o om-
.... · "' , , ·;,.. , t, -. • .• .;-,,,. " ;  -1 

.•-. .. , , ' · ; · .,..;.,. • ·• ,., , , ,. �1 ,n. •: ' , , :.s, { �, ,; , ,.. , • . ... · • , . , , .. .. . . . , . . , , 
- · ·· , - _ . ·' · -, - -plete 'model  were instal l'edj· - as �the ·- -whirl wou ld ·: extend- farther to t he -
. , _ ·J·/:?:_,;-,__,-:\. , '':_\.:. rig;ht: 13-rid wotlid'":. be,::.rijduo'�d_;� ':i.n; .. ilit-erisi ty:; <( fi

1
gure?,2 7. )  • · =::/. _:j . � . , · �- .--->::i\Y�,.\}.<, :\:·,-_: __ /t�'.i-\;1 ··-:<7::-: :::;i,::·.::·�·.:/f-:/ \:;??f--/2;;�;J:}r ;t)f·_ · ·}\:.- -:.�_/·i\\i,:"?.i\�\� :_.;: _. · ,  . __ · ; :.. · / _- -

\ .. _-- '. . .  -. . , -· " -, - ·-- � � :  .rh�· int,�rniedia 'tie '';t,ra_;ning ' wans· ·_were :reroove_d, and the test was re­

l � 

-· .: 

. - -P'.eated : :0: Di1:!_c:ha.rge s , of:-;.5 ; ootr a.nd 1_4 ,- 500 : second�feet, respectively., , · · 
, .- , --��ga-_.'.�- sa'

.
tis fa_dtor y _'. so-qui 'tondi ti oii'a�,-dovrn�tr_ee.n( fr'oni 'the .- si  ll ',:<wi th _more 

• !•,. • �·\; o• • . • •'•, • '• '•" .. �.; .: , . , '.'•
;, 

.,• •.: .  '\ "• ' ."'' .'.,�\ '� � , ."'�' ,• .:.'' • M• , • ;,._r..... : ·�··-:, \ • '' . � ' - • .; • .;.•,. •,, •'' .• , • 
• 

, '  ' • : ' • ' 
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. of sand . dep o si'tt,d_' .. ori °the'··e:px-on;·, ·e.iia· -'Yl, th . _le ss . $OOUr- d'ownstreani f:tom the 
s i ll � -; _The ·heavy scour ·downs :tr-eam-- wou�d .hit -ve ' b een ies s  if the entir e · -
apr on had been _included :on·.· the inec).el�  :: s ince the a dv:erse our rents in ' the . 

. . , · · , sti liing ,'pool ,:.wqul_d-'.'t�hen J1a-ire beenh.;�duoe'd � -: The se studie iJ indicated 
: _ : . t'hat . the in�'ennediS:_te·::. tre.ining'. 'wa l,ls 1' sh'otild be C:·tn�talled du ring .c on-

' struction of . th� l'cr� dam_ � · \ ' _ · · - · . . 
,. 

23 .:' River outlet sti.i'die s. Studie s on the l t o  40 .8 model· to de­
terznine some satis factory pro gram for b ringing the river out lets into 
operation with a fu ll reservoir  arrl a minimum tai l-water were unsuo ­
ceesf'u l .  Initial te sts on the 1 to 6 8  model with a sti lling basin 
downstream from out le t s  5 and 6 als o  gave unsatis fe.otory cond iti ons 
when vari ous p rograms were inve stigated. Observati ons on the models 
have shown tha.� after three outle .ts · are . in operati on the ta ilwater i s  
suffic iently deep to prevent excessive erosion from any add� ti onal 
outle ts tJ:iat· _ may be opene 4 .· 

A transiti on at the exi t of the outl�t was develope d whi ch could 
spread the jet more evenly over the. aprori. ( figure 28 ) .  Ori g inal _ 
rec ommendations were that thr ee alterna te outle ts , between the l eft 
intermediate training wall and, the left spillway training wall, be 
c onstruc ted with thi s spreading exit and opened fir st when placing 
the river outle ts in operati on . By the time the d esired spreading 
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exit had been completely developed, constructi on on the left end of 
the spillway had progressed too far t o  pe rmit its inclusion in that 
area. It was necessary, t herefore, to place the spreading exit s to 
the right of the intermediate training walls, ne arer the center of 
the spillway. 

The devel opment of the spreading exit was studied on a 1 to 25.5 
model of one river outlet and will be describ ed in detail in subse­
quent sections. 

24. Exit transitions on outlets 8, 10,  and 12. The spreading-exit 
transitions were installed initially near the left end of the model 
spi Uway. When it was learned that the constru ction had progressed 
too far to permit such construction in t he  prot otype , the exits were 
moved to outlet s 8, 10, and 12 b y  extending the apron, fitted with the 
proper training walls, farther to the left ( figure 2 8 ) . While this 
arrangement did not allow detailed testing of all combinations, since 
outlets 1 to 6 and the extreme right end of the spillway were not re­
presented in the model, it was considered the most practical for deter­
mining the flow action on the apron to the rig ht of the spreadin�-exit 
outlets. 

The problem resolved itself naturally int o  two parts � the 
sequence of openinb the outlets with the spreading e xits and the se­
quence of opening the other outlets . Throughout all the outlet tests 
the re servoir was maintained at approximatel y elevation 714. 0, the 
elevati on of the fixed crest of the spillway , while the tailwater was 
varied a ccording to the quanti ty of water being di scharged by the out­
lets. 

With one spreading outlet in operati on, best conditions were ob­
tained with outlet 10, while le a.st desirable c ondi ti ons occurred when 
outlet 8 operated a.lone. In the two -ou tlet combination, best condi­
tions were obtained with outlets. 10 and 12 ope ra.ting t ogether. With 
outlet 8 discharging;, the fl ow pattern was c rowded toward the interme­
diate training wall, and thi s cond i tion persis ted with the three­
outlet combination althou gh soIOO of the unsymmetri cal flow was e limi­
nated. Accordingly, the be st initial operati ng program for this 
arrangement- would be to open the spreading outlets in the order 10, 12,  
and 8.  Re sult s indic ated that improved flow patterns would be obtained 
if the spreading axi t on outl.et 8 were plaoed on outlet 14. It w ould 
improve the spreading outlet s to be op�ned from left to rig ht. 

With the three spreading-exit outlets in operati on, even-numbered 
outlet s to the right of outlet 12 wer e  opened next, proceeding from 
left to right. The flow conditions were rough, e.nd the return flow 
onto the apron from the rig ht b ec ome more pronounc �d as additional 
outlets were opened . Better re sults were obtained when three of the 
outlets to the lef't of the intermedi ute traininc; walls were opened 
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followin g the opening of the spreadin g outlet s and before any of the 
re gular outlet s  on the right were opened. When the latter method was 
repre sented by rai sin g the tai lwater ,  the a ction of the spreadin g 
outlet s wa s improved and the unde sirab le eddie s on the right were re­
duoed. 

25. Exit transition s on outlets 10 , 12, and 14. The preceding 
studie s i l lustrated the de s irabi lity of  placing the spreadin g exits 
on outlet s  10, 12, and 14 . To repre sent thi s condition on the model , 
the intermediate and the left trainin g wal l s  were moved 9-11/64 . 
inches  toward the left . Outlet s 1 t o  8 and 23  and 24 were n ot repre­
sented because of the re stricted length of the model. 

The re sults of the previous te st sug ge stea the de sirabi lity of 
openin g outlet s 10 , 12 , and 14 in that order, which proved corre ct. 
As in the pre ceding te st , observations indic ated that be st re su lt s 
would be obtained if three out let s to the left of the intermediate 
tra inin g wal l s  were to be opene d following the openin g of the three 
spreading out lets  and before an y further out lets were opened to the 
right. This produce s a deeper ts.i lwater which improve s  the action 
below the spreadin g outle ts and reduce s unde sirable eddie s. The_ re­
maining even -numbered out let s should then be opeood, be ginning with 
out let 8 and proceeding t oward the right. The odd-numbered out lets 
can then be operated in any order. Figure 29 shows the general f low 
characteri stics  with this operatin g program. 

26 . P re s sure s in outlet conduit s .  A circu lar ·and a spreading­
exit river outlet were equippe d with a.ir vent s and a l l  out lets  were 
clo sed. The air vent s were conne cted to manometers so that the 
pre s sure s  within the out lets cou ld be mea sured. With the spillway 
only operating,  negative pre s sure s were pre sent· in both outlet s. 
The se ne gative pre s sure s  varied from 6. 5 to 10 .2 feet of water , pro ­
totype ,  ror discharge s  between 200 1 000 to 500 , 000 second feet .  
The se obje ctionab le pre s sure s  wi ll be relie ved by having the air 
vent s open when the out let. c ontro l gate s are c losed . 

MODEL OF R IGHT HALF OF SPILLWAY FOR ULTIMATE DEVELOPMENT 

27 . De scription of the model . The 1 to 68 model was modifie d 
to repre sent the right half of the spillway (figure 30) . The piers 
were rearranged and the high wall, forrre rly on t:00 right end of the 
spillway , wa s moved to the left end . The topography was p laced as 
shown on figure 17. Te st s on this model w�re for the purpose of 
e stablishing satisfact ory f low condition s in the spillway around the 
right wall . Since t he se studie s were rmde be fore t he in stallation 
of the diversion conduit s in the model', the re were 14 out let s in the 
model. 
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FIGURE 29 

Out let 10 Operat ing Out let s 10 & 12 Operat ing Out let s 10. ,. 12 & 14 Operat ing 

Outlets 10 , 12 , 14 & 16 Operat ing Outlet s 10 , l2 , 14 , 16 & 18 Operat ing 

Out let s 10 , 12 , 14 , 16 , 18 & 20 Operat ing 

Reservoir Elevat i on 714 - Normal Tai lwat er Elevati ons 

RIVER OUTLET COM:BINATIONS 



28 . Studies of r ight training wall. The original design of the 
right training wall was tested fir st. This wall ended 72.5 feet up­
stream from the end of the sp illway apron and was at elevation 537 . o  
throughout, with a n  additional wing wall extending a.t  right angles 
from the end of the main training wall to the side . of the model tank. 
The original informa tion indicated that the river bank was rook. 
Loose rock was used in the model to repr esen t a strip of topography 
102 feet wide, downstream from the apron sill. A dischar ge of 125, 000 
second-feet gave satisfactor y stilling pool condi tions. With dis­
charges of 300, 000 and 500, 000 second-feet, a lar ge flow onto the apron 
fI"om the right drowned the hydraulic jump ne ar the training wall. The 
loose rock was scoured excessively at moderate discharges, indicating 
that the rock was not represented correctly on the model. The strip of 
topography downstream from the sill was replaced on the model by con­
crete, and the tests were repeated. At  the hi gher dischar ges, the re� 
turn flow on to the apron was very pronounced. The l to 1 slope on the 
hill downstream seemed to turn the water upward too sudden ly, resulting 
in a shortening effect on the stilling pool in thl t area. 

To minimize the excessive flow onto the a.pr on from the right, a 
trapezoidal shape was added to the training wall (figur e 30). This 
second design sloped from elevati.on 537 .o at the end of the original 
wall to eleva.t'ion 513 .o  at the en d of the a.pr on. The objectionable 
return flow was reduced materially. The sh or tening of th e . pool on the 
right was still present, . indicating that the slope of the topography 
should be flattened. 

Design 3 was ob tained by moving the cutoff wall to the downstream 
end of the a.pron and p lacing the .w.11 on a flatter slope with the down­
stream end at elevation 513.0 (figure 30). The cut on the rock 
topography downstream from the sill was flatten ed to a slope of 3 to 1.  
With discharges of 300, 000 and 500, 000 s econd-feet, ooni itions in the 
right portion of the s tilling pool were :rm ter ial ly i mproved. The jump 
formed wi th no undesir able return flow over the training wall onto it. 

29. Final design of right training wall. Complete informa tion 
on the rock conditions along the rig ht b ank were lacking dur ing the 
initial studies on the training wall. It  was known that a large po�­
tion of the bank was soli d rock; but the extent of the overburden was 
not known. When detai l informa tion on the position of the rock sur ­
face became available, it was represented in the model in conc rete • .  
The cut in the roo k, downstream from the a.pron sill, was placed on a 
3 to 1 slope• and a.round the toe of the wall on a 1/4 to 1 slope 
(figur e 30). The ear th overburden was placed on a 1 to 1 slope. A 
large portion of the ear th overburden would be moved downs tream during 
medium and high dischar ges. The training wall for the fi nal design 
was altered little from the design 3 (fiGur e 30 ) .  

LowerinG the rock topo graphy to its correct posi tion materially 
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improved the stillin g p o o l  conditi ons at hi gh dischar ges . The up­
stream flow over the wall from the right was n ot present at dis ch ar ges 
o f  125,000 and 300,000 second-feet . At 500, 000 secon d-feet this fl o w  
was small and had little effect o n  the jump ( figure 31 ) .  With a. dis ­
ch ar ge o f  300, 000 second-feet , erosi on was n o ticeable on  the do wn­
strea.m po rtion of the backfi 11  on the right o f  the training wall . 
When the dischar ge increased to 500, 000 seco nd-feet , this erosi o n  in ­
creased in intensi ty J so a large po rtion  o f  the backfi 11 was remov ed 
n ear the wall. This co ndition  can be prevent ed by riprapping the 
downstream slope o f  the backfill . 

MODEL OF RIVER OUTLET 

30. Des c ription o f  the model . The pr oblem o f  the spreading o f  
the jet from certain . river  outlets led t o  a mo re detailed study o f  a 
sin gle o utlet to develop pressu re data and the most  effective s hape 
b o th hydraulically and s tructurally .  The mo del was cons tructed to a 
s cale o f  1 to 25 . 5, which permitted the use o f  standard 4-inch b rass 
tubin g in the c onstru c tion o f  t he  model . Th e upstream face o f  the 
dam was represen ted by one side of  a rectangular, mtal-lined tank . 
The outlet ,  fitted with a bell en trance , extend ed out fro m the tank 
and downward on a parabo lic curve . A s ection o f  the apr on  was in­
s talled downs tream with a g rid painted on  it so  tha.t t he  spread of 
the jet c ould be measured (figur e 32 ). Pie zometers were installed in 
the o u tlet to measu re the pressur es within it, and in the sid es, the 
crown, and the invert o f  the exit s o  that pr essur e dis tributi ons in 
that region  c ould be  investigated . 

31 . Outlet exit studies . The exit design used on  21 o f  the 24 
river o u tlets was ins talled firs t .  The invert of this design was 
circular and tan gen t to  the apr on . With reserv oir water surfaces 
near the initial and the ultimate spillway-crest elevati ons, the 
p ressur es were measured on the sides and at the inv ert o f  the exit 
and within the outlet ( figures 33 and 34) . While some n egativ e pres­
sures o ccurred within the o u tlet, the y were n ot e xces sive to the 
exten t o f  causin g oavitation . Pressures and water su rface pro files 
were als o  ta.ken on the slopin g ap ron at right angles to the center 
lin e o f  the jet ( fi 6ure 34) . 

The exi t  was then modified to cause the jet to spread on the 
apron , to induce the fo rmati on o f  a hydrauli c jump mo re quickly than 
it could be fo rmed wi th the jet fro m the circular exit . Design 2 was 
a transition  fro m a semicircular invert at the end of the tube to a 
ho ri zontal line at the point of tangency . The sides of  t he  exit were 
vertical ( figure 32 ) . Desi g;n 3 was essenti a lly the same except tha t  
the sides were given a warp, changing from vertical at the exit to 
ho rizontal at the p oint o f  tangency . Observati o ns were also made on 
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FIGURE 31 

No Flow 
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OISTANCE FROM AXIS OF DAM IN FEET- PROTOTYPE 
RESERVOIR ELEVATION 641.69 

PRE:SSURES IN RIVE:R OUTLET WITH EXIT-DESIGN S 

EXPLANATION 
Pressure ele vations ore in feet 

of water prototype. 
No air was admitted into sluice. 
The pressures for Design 2 and 

J wilf t,e those for Design t .  

M A RS HA L L  FO R D  DA M 
R I VER OUT L E T S  

HYDRAULIC MODE:L STUDIE:5 - S C A L E  1: 25 .5  
P R E S S URES IN O U T L E TS 

D E S I G N S  I A N D  5 

6.- - - Pressure etevorions along crow'l . 
a--- Pressure elevations along invert. 
/\--- Pressure eleva,ions along sides. 

o Indicates side piezometers 
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design 3 with a pad in the invert downstrea.ro from the c ircular outlet 
( fi gure 35 ) .  Exit pr e s su res and water su rface profi le s  on the a.pron 
were measured for design 2 ( figure 34 ) .  All of the se designs were 
ineffective in spreading the hi gh-vel"Oci ty jet over the a.pronJ but 
they did demonstrate that effective spreading cou ld be acc ompli shed 
only by construc ting a transiti on, exit within the dam. 

Desi gn 4 was a. preliminary des ign o f  tran siti on attached t o  the 
end of the c i rcular outlet to determi ne the effectivenes s of such a. 
structure ( fi gure 35 ) .  The result s were gra.t i fyin$, with no adver se 
pressu res indicated. 

Desi gn 5 wa s  s imilar to des ign 4 but cons tructed more c arefully 
( fi gure 35 ) .  It was added to the end of the ori ginal outlet; henc e 
the pres sure and the d i scrarge c haracteri stic s were sl i ghtly in err or . 
The spread of the jet wus greater than neces sary to give a go od flow 
di stribution on the apron . As spr ead on the apron would be inc reased 
with the transi tion in  its c or rect p o sition farthe r upstream, the 
width of the transition c ould be reduc ed. The pre s sures throu gh the 
outlet with thi s  exit a.re shown on fi gu re 3 3 .  

The results o f  the preceding tests were u s ed i n  design ing a 
c onstant-area spreading exit ( design 6 ,  figure 35 ) .  A porti on of 
the ci rcular pipe was removed and the trans ition insta lled in its 
proper relati on t o  the face of the dam .  Dis char ge characteri stic s 
of  thi s tra.nsi ti on were go od, and the des i gn was adopted as fi nal. 
The details of the p rototype c o ndui t  are shovm on figure 36 . 

The proposed ai r vent was in stalled in the outlet to study i t s  
effectivenes s .  Pres su re measurements were ma.de with discharges of 
2, 500,  3, 000 , and 4 , 000 second -feet, respectiv ely., with the air ven t  
both open and clo sed, while corresp ond i ng data. was taken at  hi ghe r 
di scharges with the vent closed ( figur e  37 ) .  The outle t was cali­
brated at the same time ( figure 38 ) .  The lowest negative pressure 
was -12 feet of water with the air vent closed and the r e s e rvoi r at 
elevation 567 .8,  and a di s char ge of 2, 500 second-f eet. The minimum 
res ervoir water -surface at which the ou tlet wou ld fl ow fu 11 c ontinu­
ally with the air vent clo sed i s  shown on the di s char ge curves as 
2 , 000 second-feet with reservo i r  elevati on 553 . 0 .  At thi s  flow the 
minimum pres sure would be slightly lowe r t 11:l n for 2, 500 seco nd- feet • 
Average pres sures at low flow s ,  wi th the vent open, were higher than 
with it closed. The pres sure s became zero or p osi tive thr ou ghout 
the outlet when the di schar ge r ea c hed 4 , 000 second-feet. tli gh pres­
sur e s  were p re sent on the top of . t he transiti on for the larger di s­
char ges , the maximum - 40 feet of water - being near the upstream 
end when the water surface in the re servo i r  was eleva.ti on 7 14 . o .  

The ope rating; characteri stic s or the outlet were inves ti gate d 
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with and without air bei ng admitted through the ve nt . This was done 
by increasing the discha rge, by sma ll increme nt s ,  from re servoir 
elevation 542 . 7  to 714 . 0 .  With the air ve nt open , acceptable condi­
tions existed until the reservoir reached ele va ti on 551 . 8 .  The outle t 
flow then began to pulsate rapi dly, with the outle t flowi ng alterris. tely 
full and free . This condi tion, which prevai led until the rese rvo ir 
water surface reached elevation 610 . 0 , was co nsidered und esirable be­
cause of the vibrations which might be created in the prototype s truc­
ture. 

Acceptable conditions were obtained with the air vent clos ed  
u nti l the water surface in the re servoir reache d elevation 550. 35 . 
At this  point the outle t began to flow comple tely full and the dis ­
charge increased, drawing the forebay of the model down rapi dly to 
elevation 546 .43 where the conduit bec8..IOO aerated and the free flow 
stage reoccurred . The dis charge was decreased by this aeration, the , 
water level in the sma ll forebay of the model gradually rose to ele ­
vation 550 .4 where the outle t again flowed full, and the cyc le wa s  
repe ated . This condition cou ld not occur i n  the prototype because of 
the size  of t he reservoir and the remote possi bi li ty of ope ratiqg at 
this quantity and head .  When the re servoir reache d ele vation 552 . 8, 
the. outlet flow·ed full continually .  

Becau se the re servoir probably ne ver will be  at the se low ele ­
vations after it is filled, and, since it is likely to be receding or 
raising whi le operating near thi s  le vel, it doe s not seem essential . 
to provide air to the river outle ts :whe n the gates are comple te ly ope n .  
However, a i r  should be supplie d to the outle ts while the gate s are 
being opened and the vents should be left open when the gate s are 
closed . Flow c haracteristics of' the recommended design of ou tle t a. nd 
outlet exit are shown on figure 39 . 
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