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HISTORICAL BACKGROUND AND SUHJ.viARY 

Redesign Before the January 1937 Flood 

The Power Canal Diversion Dam in the Salt River about 100 miles 
east of Phoenix, Arizona, and 22 miles upstream from the---Reo-seve-1t Bam 
(Figure 1) was originally built during the period from 1903 to 1906 to 
divert water into a canal system for supplying water to-turbines in a 
temporary plant at Roosevelt Dam where the electrical power generated 
was used to operate machinery during the construction of Roosevelt Dam. 
After the completion of the Roosevelt Drun, the system was adapted to 
maintain a constant head on.certain power units in the permanent power­
house during the seasonal fluctuation of the water surface in Roosevelt 
Reservoir. 

In a flood in 1916, the dam was pcµ-tially destroyed, and it was not 
until 1935 that plans were made for rebuilding it (Figure 2). A 1:24 
model of the right abutment and the right end of the spillway was built 
in the Colorado Agricultural College Experiment Station Hydraulic Lab­
oratory at Fort Collins, Colorado, in 1936 to obtain a design that would 
safely and efficiently handle a flood of 150,000 second-feet. 

---------
During the flood '?r( 1916', )one section of the spillway disappeared t� 

entirely, and no one couWaccount for its location. During the 1937 
flood, after the spillway had been originally reconstructed, this section 
was found downstream from the original alinement. Soundings below the 
reconstructed dam, after the 1937 flood, showed deep scour between the 
darn and the "lost section. 11 i-:iodel studies, 1:24 scale, of this combi­
nation checked the field measurements and showed that continued flood 
flow would move the "lost section" not downstream 'eut upstrerun. Under­
mining at the upstream side would disturb its equilib+iu.m and cause it 
to roll toward the dam; in other words, an object too heavy to move 
downstream might roll upstream by under.u1ining. To prevent such an 
incident at the prototype and its consequent endangerment of the 
reconstructed dam, the old section was removed. 
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As an accurate tailwater rating curve prepared from observations 
in the field was not available, several curves were computed using 
various values of n and s in Manning's formula. The original tailwater 
curve referred to in Figure 3 as the mininn.un estimated, has n = 0.03 
and s m 0.0019. The composition of the riverbed, however, indicated 
that retrogression might further decrease the tailwater elevation •. For 
this reason, an arbitrary curve 2 feet below the minimum estimated was 
used to develop an apron and right abutment • 

.An interesting and rather startling incident, impossible to observe 
on the prototype because of the turbid condition of the flood water, was 
witnessed in the 1:24 model. The river above the dam carries a heavy 
bed load, and during a flood bars form across the dam completely covering 
it for short inte-rvals. 'leclear water of e mo e i coul e 
seen ttia O es were scoured to a depth of 12 feet along the upstream 
face of the spillway crest. The velocity of approach was high due to 
the shallow channel, and as the water passed over the crest an eddy 
formed below the upstream edge. This eddy picked up bed material near 
the upstream face of the dam and carried it downstrerun. The pocket 
increased in size until the intensity of the eddy was decreased, and it 
could no longer pick up material. The hole then gradually filled again 
from material being moved along by the stream, but while a particular 
hole was filling, another would be forming elsewnere. As a hole became 
filled, the cycle would be repeated�Ex�nination of portions of the 
original dam remaining in place disclosed scour to a de�th sufficient 
to confirm the observations in the model.� Based on these fQcts, there w� 
is reason to believe that one of the major factors of the 1916 failure 
'was piping under the dam due to the reduction of percolation length by 
the_ formation of the holes upstream. Only one section of the dam, the 
"lost section," was moved any distance fro;n its original position. 
Assuming that the major cause was piping, that one sect±on was under­
mined ai:id literally skidded downstre�n where it came to rest tilted 
upstr_eam. In the original 1937 redesign, the riverbed was heavily 
riprapped upstream from the dam to stabilize it against a recurrence of 
this failure. Immediately after completion of the original reconstruc­
tion of the prototype, a flood of approximately 68,000 second-feet 
passed over the dam in January 1937. This flood was equal to or greater 
in magnitude than the one which had caused the 1916 failure. Subsequent 
examination of the riprapping immediately upstream of the dam face 
showed no disturbance. np 

. 
Redesign After the January 1937 Flood 

/ -
The meandering of the d,_ver- upstream caused a concentration of 

flow near the intak"'e-s�ct-ron producing an extremely high headwater, 
elevation in this region during the January 1937 flood. The riprap 
downstream from this structure was washed away, and the structure was 
considered to have inadequate protection. A 1:48 model of the complete 
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structure was built in 11arch 1937,to ascertain the alterations necessary 
to give adequate protection against a flood of 150,000 second-feet. A 1 r;:o;vu 

tailwater curve approximately 4 feet lower than the minimum estimated 
(Figure 3) was used because of the uncertain and continually changing 
conditions in the field. 

In the redesign subsequent to the flood of 1937 and subsequent to 
the model tests on the 1:48 model, additional protection was provided 
in the form of a sloping apron 25 feet long downstream from the original 
redesign of apron which extended to a point 30 feet downstr · om the 1 'Si, I 
upstream face of the crest. Each of these sections had a tehbock sil -� 
at its downstream en<;i. To further minimize scour downstream :..�orrrtfie' ---
right abutment, a solid sill was designed as shown inere 30 , 

h-� 
It was determined in the 1: 48 model that an intermediate wall 

between the intake structure and the spillway would considerably minimize 
the scour do111nstream from that portion of the structure. ln fact, it 
wa� considered essential to the safety of the structure if the riverbed 
were gravel and boulders, and it would substantially improve conditions 
should the .foundation be'l.o\v the intake prove to be solid rock. 

During the coutse of the l:4c:3 model studi�s, an articulated apron 
was studied in the hope that it would conform to the future retrogression. 
It was found, however, that the articulated apron had no advantages over 
a ,olid one when both were protected by sills at the downstream ends. 
So far as known, the present construction of the dam is as shown on 
Figure JO. 

THE INVESTIGATIONS 

Study of Upstr�a.in Protection in Sectional 1:24 Hodel of Spillway (1936) 

The limited floor space in the Hydraulic Laboratory at the time the 
model tests were begun on the Power Canal Diversion Dam prevented the 
construction of a complete model of the structure. The model represented 
the right abutment and a short section of the spillway crest and was 
constructed in opposite hand.as a matter of convenience in'location in 
the laboratory. The acale ratio of 1:24 was governed by the capacity 
of the laboratory pump and by the length of crest considered necessary 
to give representative flow conditions. The model, constructed of metal 
bente and concrete, was built in a metal-lined flume (Figure 4). Provision 
was made for installation of an intermediate wall to create a 3ectional 
model of the spillwa crest. The riv�rbed upstream an.d downstream was 
represented by coarse sand. Water was measured over a 2-foot Cipo-l.let;ti 
weir supplied to he-m e through a 16-i.Jlch outlet from tRe laboratory 
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supply systffia. _ The flow passed over the spillway and tailwatefr�lat 
into a channel where it was returned to the supply system. 

Tests 1 to 13,· inclusive, concerned protection upstream from the 
spillway crest and were conducted on the 1: 21:. sectional model of a 
typic'al cross-section of the dam. The model represented about 40 feet 
of the prototype crest length and approximately 1/10 of a mile of the 
strearnbed. The purpose of the tests on this model was to study the flow 
conditions and to determine the alterations necessary to give adequate 
protection against scour adjacent and upstream to the structure. 

Test l (Figure 5) was made on the original crest with no riprap 
upstream. The need for protection was clearly indicated when at 
100,000 second-fe�t, with a tailwater 2 feet above the minimum estimated, 
holes varying from 5 to 10 f�et in depth (prototype) were continually 
being dug and filled. This same phenomenon occurred during preliminary 
st�dies on the 1 : 48 model (Figure 6). In Test 2, with the high tailwater, 
a 2-foot blanket of riprap extended 12 feet upstream at elevation 2100, 
practically eliminating the movffinent of the upstream material. 

In Test 3, the depth of the riprap area was increased to 4 feet 
(Figure 5), and the minimum estimated tailwater used. · Two identical runs 
on this arrangement gave different results. In the first, most of - the 
riprap was washed quickly over the crest between flows of W,000 and 
100,000 second-feet; in the second, less rock went over the crest and 
that remaining on the upstream side settled on approximately a l-i/2:l 
slope away from the crest . 

In Test 4, a 2-foot thickness of riprap placed on a 2:1 slope from 
elevation 2180 to 2175 and extended 15 feet upstream, gave considerable 
improvement (Figure 5). The material was disturbed by the digging action, 
but only that adjacent to the crest was washed downstream. 

In Test 6, the riprap contiguous to the crest was lowered 2-- feet and 
extended to 25 feet upstream (Figure 5). This arrangement was considered 
satisfactory when only one or two small rocks were moved. over the crest. 

In Test 8, the riprap width was reduced to 20 feet to ascertain if 
this reduction were feasible. Less desirable conditions resulted, and 
the 25-foot width was used in all subsequent tests. A more complete 
investigation on a wider sectional model with a deeper sand bed and the 
rock thickness increased to 3 feet (Test 33, Figure 7) showed that 
excellent conditions existed on 'the upstream side of the dam for all 
flows up to and including 150,000 second-feet with tailwater elevation 
2 feet below the min�nwn estimated. 1n later tests the stability of the 
material upstream with a tailwater 4 feet below the minimum estimated also 
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T E ST 1 3  
Apron  s hortened 14 feet . 

M u c h  e r o s ion occ u r ro e d  d ownstream from the s i l l  at 3 01 000 second-
le e t. T h i s  b e c o m e  w o r s e  at 5 0,000 .  The apron was evi d e n t l y  
too s h o r t .  

BECT I O N  W A S  2 0 "  ( MO D E L  I WIDE] 

F IG U R E  5 

T E S T  I 
Observo 1 ions were mode at va rious discharges from 5,000 
to 15opoo second-feet . _  The toi lwoter curve used  was t wo 
feet h igher  than the minimum e s t imated. From 5,000 to  
30,000 second -feet the  f low  over the  c r e st was  be low critical 
witn no  eros ion  downstream of si l l  and very l itt le upstre a m  
o f  the crest. Above 30,000' the jump was submerged and sand 
was depos i ted downstream of  the cre st  and on the a pron. 
Severe eros ion  occurred upstream of cre st. This erosion 
appeared the most severe at a d i scharge of 100,000 second­
feet . Ho les  vary i ng from live to ten feel d e e p  were be i ng  
contin u ous ly  dug a n d  f i l l ed  u pstream of  the cre s t. 

N O T E  
FOR ALL SUBSEQUENT T E STS OBSERVATIONS W E R E  MADE A T  DIS ­
CHARGES OF 5,000, 15,000, 30,000,  50 ,000, 100,000 A N O  150,000 SEC­
OND- FEET A N D  T H E  M I N I M UM TA ILWATER CURVE U S E D. E A C H  DIS­
CHARGE  WAS RUN APPROX IM ATELY FIVE M INUTES. 

T E S T  3 
Two identical runs were mode. In one 1 at approx imate l y  60 1 000 second­
feet, the r iprap on the r i g h t  ha l f  of the tes t  sect ion went over the  c r e st 
lea v i n g  a h o l e  12 feet d e e p  w h i c h  soon f i l l e d  w i th  sand .  By t h e  t i m e  
100, 000  second - feet  was r e a c h e d ,  most  of the r iprap had gone o v e r  
the cre s t . H o l e s  v a ry i ng f r o m  5 to 10  fe e t  d e e p  w e r e  c o nti n u o u s l y  
d u g  a nd f i l l e d  upstream o f  the cre s1 . N o  ser ious  eros i on o c c u rred  
down stream of t h e  s i l l . 
In the other run  the e ros ion  upstream w a s  more gra d u a l  c a us i ng the 
r iprop to  sett le  on appro x i m a l e l y  1 ½ . 1 s l o p e  ups tream from the crest, 
L e s s  ri prop  went  o v e r  the c re s t  and t h e  e ro s i on downstre a m  
beca m e  severe  a t  60, 0 0 0  s e co nd - feet . T h e  f l oor a t  e levat ion  
2 165  wa s s w e pt c le a n  at  a po i n t  2 4  feet  downstrea m  from the bucket 
l i p .  I n  the first run the severe  eras i o n  upstream caused l e s s  erosion 
down s t re a m .  In the s econd the moderate erosion upstre a m  c a u s e d  
more seve re  e r o s ion d ownstrea m. 

T E S T  4 
The upstream e ro s i on w a s  improved over  test  3. Some riprap was 
s t i l l  be ing ca rried over, part icu lar l y  that immed iate ly  upstream from 
the crest. E ros i on downstream was  very  severe. At 50,000 second­
feet the  f l o o r  at e l evation 2 1 65 was swept c lean from 12 to 24 fe et 
downstream from t h e  s i l  I .  

T E S T  5 
Set-u p  same as test 4 e xcept the square s i l l  rep laced  by R,e h bock 
s i l l .  The resu l ts  w e re the some as test 4 i nd ic a ti ng that  apron was 
too s h o rt. 

T E S T  6 
T h e  up_st reo m cond1t 1ons were very satisfactory. Only two  p ieces  
of r, p ra p  went over  t h e  crest  At the  complet ion of the test the 
rip r a p  ho d sett led  approx , mately 2 lee t .  There was no ser ious  
eros ion downst re a m  from t h� s i l l  a t  any  f l ow .  The  worst sc o u r  
cond it ions  occurred at  a d ischarge o f  50,000 second -feet .  The 
apron a p p e a red to be long e r  than nec e ss a ry.  

T E ST 8 
A p ron s h orte ned 4 f e et .  

The cond i t i ons downst r e a m  were as good or  better than test 6 .  
There was some u n d e r m i n i n g  at  the upstream edge o f  the r i p r o p. 
It a p p e a rs that the  25 feet of r i p ra p  upstream wo u ld be safe r , a lso 
that  more  scour be low the a pron would r e s u l t  when no sand  was 
ca rri e d  ov e r  the cre st. 

T E S T  9 
S o m e  as tes t 8 e xcept sand was removed  f ro m  the  upstream s i d e  
o f  c re s t .  M o re s e v e r e  s c o u r  r e s u l t e d  below the apron.  

T E.ST 1 0  
A pron shortened 6 fe e t  

R 1 prap ext8 n d e d  2 5  feet u p s t re a m  a n d  d r o pped t o  e l evat ion  
2 1 7 8  1m m e d 1a te l y  u p s t re a m  from crest . No apparent change  i n  
e ro s i o n  due to  shorte n in g  of the  a p r o n .  

T E S T  1 1  
Apron s h o r t e ned 8½ fe e t .  

S a m e  as t e s t  10. 
T E S T  1 2  

Apron shortened 1 1 ½  fe e t . 
The s u rface of the  j u m p  a t  ci d i s c h a r g e  of 3 0, 0 00 second -feet was 
very ro u g h , otherw ise  the eros ion  and f l o w  cond i t ions were sat is­
factor y  at  a l l  d i s c h a rges .  

U N I T E D  STAT E S  

D E P A RTM E N T  O F  T H E  I NT E R I OR 

B UREAU OF R ECLA M AT I O N  

S A L T  R I V E R  P R O J E CT - A R I Z O N A 

P O W E R  CA N A L  D I V E RSI O N  D A M  

H Y D R A U L I C  M O D E L  S T U D I E S  
M O D E L S C A L E  1 : 24 

S U M M A R Y  OF T E S T S  I TO 1 3  I N C L U S I V E  

25-2-3-PCD-3 FORT C O L L I NS, COLO, - AUG, 2 0 . 1 936 
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PITS VJHICH WERE C ONT IHUALLY BEING DUG AND FILLED 
TF.E UPS'rREAl,I F.1 CE OF SPILLWAY DUR ING _ DISCHA.RG 

130 , 000 SEC OND-FEE'I' WI'I'HOUT RIPRA.P IN PLAC E .  

Figure 6 . 
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T E ST 3 3  

T E ST 3 3  
Set- up as shown in  th e sketch .  A t e s t  s e ct ion 48 feet wide w a s  use d . D ischarges of 
10,000, 2 5,000 , 50,000, 100,000 one  150,000 second-feet were ru n .  Th ree d i fferent 
tailwoter curves we r e  � s e d : De b ter's curve,  minimum estimated curve and  a curve 
two feet l e s s  than t he m i n imum e stimoted { as per d rawing " Tai l wote r E s t i mates" by 
C.J.H. da ted  9-9 -35). E a c h  d i scharge a nd tailwoter was run unti l  a fa i r l y  constant 
cond i t ion  was reach e d .  The resu lts were sat i s factory for a l l  ta i lwater e leva t ions and 
discha r g e s  e x cept for a d ischarge af 1 50,000 second -feet wi th a t a i lwater two feet below 
the minimum e s timated . At that t a i lwater the rol l  farmed 8 feet downstream from the 
s i l l .  The sand ad jacent ta the s i l l was in constant movement  t a a depth of a ppro ximate ly  
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2 159  at a d i s tance al 72 feet downst ream /ram the s i l l .  

T E S T  3 5  

T E ST 3 6  
Some set- up a s  t e st 3 5  except t h e  c u t  a l l  wa l l  . a round t h e  o butmet w a s  ra ise d 
vert i c a l l y ta e l ev a tion 2 2 04. Th e same proce d ure was lo I l owed as in test 3 5 . 
A t  h i g h d isc h a rges with the t a i l  water two feet below the mi n i mum est imated , 
the sta nd i ng wave formed seve ra l feet  d ownstream from the end of the s i l l . 
Appare n l y  the a pron was tao s h o rt fa r t h e  l aw ta i l water . Good r e s u l t s  were 
preva lent at  t h e  lower ta i l wa t e r  e l e v a t i ons  up ta a nd i nc l u d i ng 100,000 seca n d ­
feet . A d i sc h a rg e  al  1 5 0,000 second- feet w i t h  tai l water at m in i mum e s t i m ate d 
an d a bove,  for 25 min utes g a v e  very good resu lts . An a d d i t ion a l  35 m i nutes 
with the t a i l w a t e r  lowered two feet  gave consi d e r a b l y  more e ros ion .  The sand  
a n d  ri p rap s e tt l e d  two fee t ta fou r  feet  b e l o w  t he apr an ( e l e va t i on 2 1 7 3 )  j u st 
abutment was s l i g h t l y  greater  than at any other paint. 
At the end of t h e  run t n e scou r was ta  e l eva t i o n  2 1 55 at a pa i r ,t  4 2  f e e t  d own­
strea m from th e s i l l . 

T E S T  38 
S a m e  a s  test  35 except the 2 I paved  a butment s l ope was changed ta a I ½ :  I s l ope . 
The sam e  pro c e d u re was fol lowed os i n  test 35 The steeper slope caused  more 
erosion d o w n st re a m  from the a butment. The riprap near the downstream corner of 
the o bu_t m e n t  commenced to roll at 100 1 000 second-fee t , w i th  the tailwater e levation 
accord ing t o  D e  b i e r's curve. · Th e lower tail water e l e v a t ions increased the 
eras ion .  A f l o w  o f  150,000 second -feet for a period of 40 minutes s coure d a hole 
35 fe et  w i d e by 72 fee t  long to t he floor at e l evat i on  2 1 54.  The upstrea m  end at th is  
e l e v ation was a bo u t  50 fe e t  from t h e  end of the apron .  Th e sand and r iprop 
imme d i a te ly  down st.ream from t h e  a p ro n  was washed out and settled to e l e v a tion 
2167. 

T E S T  34 
Same set-up as test  33 except th ree feet of 
ripr a p  was placed for 30 feet  down-st·rearn 
of the s i l l .  The riprap v a r i ed from six i nches  
to  two feet  in  s i ze .  R u rrs were made  sim i la r  
to those of  tes t  3 3. There  w a s  na apprec iable 
d i fference from the resu  Its obta ined in  test 
33. At  150, 000 second- fee l the riprap was 
c a roied ta  e l eva tion 2 160 from a poin t  28  
feet downstream of-the s i l l  to a po int 76 feel 
downstream of the s i l l .  

T E S T  3 5  
Set- up as s h own in  s k e tch .  Th i s  a butment was t h e  
s a m e  a s  t hat a n  t h e  spe c i f i ca t i on d raw ing  "25- 0-1 300 
exce pt t he upstream p a rt of t h e  a b u tment was moved 
15  feet  upstre a m. Th e some d i sc h a rges and t a i l w ater 
curves were used as in test 33. The condi tions on the  
m od e l  were satisfactory u p  to a nd i nc l uding 100,000 
second -feet. At 150,000 secon d - f e et satisfactory candi­
tion s ex isted with the minimum estimated toilwater and 
with the to i lwote r  e leva tion accord ing to De b l e r' s curve. 
With _a t a i l w a ter one foot be low the min imum estimated, 
the r iprap at the dawn s t ream corner of the a butment 
sta rted ta wash out. W i th a ta i lwater two feet below 
the m in imum e s t i ma ted� a hole was scoured to e leva­
tion 2 1 5 4  in  50 minutes . The hole was approx imate l y  
20  feet wide an d 48 feet long w i th  t h e  upstoeam end about 
eight feet d ownstream from tee end of the a butment. 

T E S T  3 7  
Set-up same a s  test 3 6  except the apron was 
lengthened I I! feet, mak ing  i ts  tota l l ength 26½  
feef. Th e mode l  d i scharge was gra d ua l l y  
increas e d  ta  150,000 second ·fe e t .  Th is  d is c harge, 
with the ta i lwater two feet below the min imum 
estimated 1 was m a i nta ined for 30 minutes. The 
scour was much less than i n  test  36 . The sand  
and r iprop sett led ta  elevat ion  2 1 7 2  i m med iately 
d ownstrea m from the s i l l. The scour was ta 
e leva tion 2 1 6 0  at a point 2 8  feet downstream 
from s i l l .  

U N I T E D  S T A T E S  

D E P A R TM E N T  O F  T H E  I N T E RI O R  

B UREAU OF REC L A M A T I O N  

S A LT R I VE R  P R O J E C T - A R I Z O N A  

P O W E R CA N A L  D I V E R SI ON D A M  

H Y D R A U L I C  M O D E L  ST U D I E S  
M O D E L  S C A L E  1 : 2 4 

S U M M A RY O F  T E S T S  33 TO 38 I N C L U S I V E  

25·2-3-PCD· 7 FT. co1,..1,.. 1 N s ,  co 7 0. -- SEPT -1:1-3& 



indicated ample protection. The upstream arrangement, as shown in 
Test 6, except with J feet of riprap was used in the final design of the 
prototype (Section C-C, Figure JO) .  

Study o f  Protection Downstream from Spillway in 1 :24 Sectional Model ( 1936) 

Preliminary visual tests concerning the protection downstream from 
the spillway indicated that the original design of cross-section of the 
dam ( as built in 1906) would serve for all discharir,es if sufficient 
tailwater depth were maintained. Since there was no accurate t,ailwater 
rating curve, the structure was at first studied using the mininrum 
estimated tailwater curve (Figure 3). · 

In Test 1, with a 2-foot Rehbock sill at the end of the apron 
40 feet downstream �rom the upstream face of the dam (Section B-B, 
Figure 2, and Test 1, Figure 5), there was practically no scouring of 

· the riverbed fer any discharge, indicating that the apron wa� too long� 

In Test 2, the apron was removed and a sill placed immediately 
downstream from �he original crest section with a 10-foot strip of riprap 
4 feet in thickness immediately downstream from it. This arrangement 
gave practically the same results.· Subsequently, the tailwater elevations 
used in the first two tests were found to be 2 feet ahove the minimum 
estimated, and the satisfactory res�lts were attributed to this fact. 

An upward sloping curve added to the downstream end of the crest 
section to form a bucket (Test 3,  Figure 5 )  was tested with the minimum 
estimated tailwater, and no riprap downstream from the dam. Two identical 
runs on this arrangement gave different results . In one the rapid _move­
ment of the material fro;n the upstream side of the dam replaced that which 
was washed away downstream with the resuli that there .was very little 
sco�ring indicated. In the other, a more gradual transportation of 
material from upstream allowed the scour _to reach the floor of the model, 
elevation 2165, 24 feet downstream from the edge of the bucket in a very 
short time. The conditions in both cases were obtained between flows of 
60,000 and 100,000 second-feet. 

A 1-foot square sill placed at the downstream edge· of the crest 
(Test 4, Figure 5 )  was very unsatisfactory as was a 2-foot Rehbock sill 
placed in the same position. At 50,000 second-feet severe erosion 
occurred, which exposed a large area of the model floor . 

As the original design of apron arrangement with an overall length 
of 40 feet had not been tested with the minimum estimated tailwater, it 
was reinstalled (Test 6, Figure 5 ) .  Very little erosion occurred at any 
flow up to and includinP, 150,000 second-feet. Thus, the apron ai�peared 
longer than necessary. The apron was shortened by increments to 36, 34, 
31-1/2, 28-1/2, and 26 feet (Tests S to 13, inclusive, Fi_q:ure 5 ) .  The 
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scour increased as the apron length decreased, but did not appear serious 
until the 26-foot dimension was reached. The 28-1/2-foot length (Test 12) 
was considered satisfactory, although considerable erosion occurred when 
no material was passing over the crest . T o  be on the safe side, an 
overall length of 30 feet was recommended (Section B-B, Figure 27) .  

Pressures and Water Surface Profiles 

W�ter surface profiles and pressures over the crest (Tests 29 to 32, 
inclusive) were taken for different tailwater elevations and discharges, 
using the 28-1/2-foot length of apron . Slight negative pressures 
(Figure 8)  occurred on the crest at discharges of 25, 000 and 50, 000 second­
feet, but became positive for all higher discharges . 

Model Study of Right Abutment to Scale of 1 : 24 (1936) 

The intermediate wall in the model was removed, giving an arrangement 
representing the right abutment according to the original design and about 
60 feet of the adjacent prototype crest. Tests 14 to 28 were made· to 
study the flow conditions in the vicinity of the right abutment- tq deter­
mine necessary alterations to prevent serious erosion. The minimum: 
estimated tailwater .curve was used. Severe scour occurred downstream 
(Test 14) from the end of the apron and along the �utoff wall of the 
original abutment with a discharge of 150, 000 second-feet (Figure 9-A and 
B ) .  Visual tests indicated that improvement might be obtai:r-ied by extend­
ing the upstrearn portion of the 'abutment . It was extended upstream in 
increments of 10, · 10, and 5 feet (Fb:ure 10 ) , No appreciable change 
resulted after the first extension. The second, however, gave more accept­
able conditions, while the third proved entirely satisfactory (Figure 9-C 
and D ) .  

During these investigations, all the riprap covering the sloping 
concrete - surface of the right abutment was washed away except that on 
the downstream corner. The surface of the broken rock was therefore 
lowered to the elevation of the top of the cutoff wall. The strips of 
paving on the 3:1 slopes on the upstream and downstream sides of the 
abutment next to the bank were· not considered necessary so were replaced 
by r i prap which prov,ed very satisfactory. These slopes were therefore 
riprapped for all subsequent tests . 

Shortly after obtaining a reasonable ?esi�n of the right abutment 
capable of withstanding a flow of 150, 000 second-feet with the minimum 
estimated tailwater curve, additional information on the characteristics 
of the riverbed indicated the tailwater miP.ht be lower than used in 
previous tests. The model was then tested -- (Test 19) using an arbitrary 
tailwater curve 2 feet · below the minimum estimated, Figure 3 ,  Do't>m.stream 
material, including riprap, was carried away, expos,ing the downstream 
cutoff wall to a: considerable depth. Improvement occurred when the 
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PLA N OF  T H E  A B U T M E N T  A T  TH E R I G H T  E N D  DA M 

TEST 1 6  
D I M E N S I O N  "A" EQUA LS 10 F E E T  

E L . 2 1 85 :t 

The d i s c h a r g e  wa s brou g h t  u p  to 1 50,000 se co n d - f eet , s top p i n g  m o m e n t a r i l y  at 50, 000 
a n d  100 ,000 s ec o n d - feet .  T h e  r i p r o p ( e l e va t i o n  2 1 73 ) ,  a d j a c e n t  to t he con c r e t e  
a b u t m ent  a n d  a p p r ox i m a t e l y  50 f eet  d own st r e a m  f r o m  t h e  s i l l ,  s to ried  t o  wa s h  o u t  
I n  l e s s  t h a n  t w o  m i n u t e s  a h a l e  w a s  d ug ,  i n  t h i s  a r e a ,  l o  t h e  m o d e l  f l oo r  a t  

F I G U R E  1 0  

e l e v a t i o n  2 1 6 5 .  I I  w a s  e v i d e n t  th a t  t h e  u p s t r e a m  a b u t m e n t  s h o u l d  b e  m o v e d  f u rt h e r  
u p s t r e a m .  E x c e p t  a s  n o t e d ,  t h e  f l o w  a b o u t  t h e  r e s t  of t h e  m o d e l  w a s  en t i r e l y  s GJ t i s fac tory . 

T E  ST 1 7  
D I M E N S I O N  "A" E Q U A LS 20 F E ET 

Th e d i s c h a r g e  w a s  bro u g h t  u p  to 1 50 ,000 s e cond - f e e t ,  s t o p p i n g  m o m e n t a r i l y  at 50, 000 
a n d  100 ,000 s e c o n d - fe e t . S ome of the r i p r a p  ( e l e v a t i o n 2 1 7 3 ) ,  at t h e  d ow n s t re a m  
c o r n e r  o f  t h e  a b u t m e n t ,  wa s h e d  o u t ;  t h e  r e m a i n d e r  s e tt l e d  u n t i l  t h e  t o p  o f  i t  w a s  
a p p r o x i m a t e l y  a t  2 170 . T h e  m o d e l  was  r u n  f o r  45  m i n u tes W i t h  n o  f u r t h e r  c h a n g e  n o t e d . 
Th e r i p r a p  i n  t h i s  a r e a  was be t we e n  6 i n c h. e s  a n d  2 f e e t  i n  s i z e .  It se e m e d  p r o ba b l e  
t h a t  i f  o n l y  2 - f o o t  r i p ra p  h od b e e n  used  n o  e r o s i o n w o u l d  h a ve occ u r r e d . 

T E ST I 8 
D , M E N S I O N  11A

11 
E Q U ALS 25 F E E T 

T h e  d i s c h a r g e  wa s b r o u g h t  u p  t a  1-5 0 ,000 s e co n d - f e e t , s top p i n g  mom en't o r i l y  at 50,000 
a n d  100, 000 s e c o n d - f e e t .  C ond i t i on were v e r y  s a t i s fa c t o r y .  Th e r e  w a s  no t e n d  e ncy 
f o r  the r i p r o p  ( e l evat i o n 2 1 73 ) a l on g  t h �  e d g e  of the d o w n s t r e a m  a b u t m e n t  t o  m ove . 
Th e m o d e l  w a s  r u n  f o r  s i x t y  m i n u t e s  w i t h  n o  c h a n g e  in c o n d i t i o n .  

U N I T E D  STATES 
DEPARTMENT OF TH E I N T E R IOR 

B U REAU OF R E CLAM'ATION 
SA'L T R IVER PROJECT- AR IZONA 

POWER CANAL D IV E R S I O N  DA M 
H Y D RA U L I C  M ODEL STU DI E S  

MODEL SCA L E  I :  24 
SUMMARY OF TE STS 1 6  TO 18 INCL. 

D R A W N . .  J .M .  B .  S UB M I T T E D  . .  

TRA G E D .  _J: � Y: .- ,V_.� --� . . . .  R EC O M M E N D E D  . .  

C H ECKED . . . . . . .  A P P R O V E D . 

25-2 -3 -PCD - I  FORT C O LL I N S ,COLO. 8 - 22 - 36 



downstream edge of the abutment was extended level at elevation 2173 
( Figure 11), but prolonged operation produced severe ,erosion. The 
streamward side of the downstream abutment section was made vertical by 
removing the portion of the 2 : 1  paved slope below the crest (Figure 11) ,  
but this gave no improvement in scour conditions . Several minor alter­
ations to the apron, including variable length sections in this vicinity 
gave slight improvement. However, the shallow sand bed below the model 
and the short approach to it were believed to contribute to the severe 
conditions, so the model was reconstructed before additional tests were 
conducted. This desien, which had proven satisfaGtory with the minimum 
estimated tailwater was then considered inadequate when severe scour 
( Test 35 ) qccurred along the downstre� ed�e of the abutment (Figure 12-A 
and B ) . 

Practically the same results were obtained with a vertical abutment 
(Figure 12-E and F ).  Slopes of 1-1/2: 1 and 3 :  1 on the streamward side 
of the abutment gave more erosion than the original 2:1 slope, 
Figure 12-A and B and Figure 14-A and B .  The 2 : 1  slope was used in all 
subsequent tests . 

The investigation of numerous variable length aprons ad,iacent to 
the abutment (Figure 13) resulted in a design (Test 42) which would, 
without too much erosion, handle a flood of 150,000 second-feet 
(Figure 14-C, D, E, and F ) .  There was very little scour with +,he minimum 
estimated and higher tailwater elevations. Lowering the tailwater 1 foot 
increased the erosion slightly, while dropping it an additional foot 
materially increased it. The results were not considered critical because 
the cutoff walls were not completely exposed and very little of the riprap 
adjacent to the structure was washed away, most of it settling . as the fine 
sand was washed away from between the particles. This design (Test 42, 
Figure 13) was recommended and was embodied in .the construction of the --_, 

prototype during t.he Winter of 1936-37. 

Field Data on February 1937 Flood 

On February 7 arid 8, 1937, a few days after complet�on of the 
reconstruction of the prototype, a flood with a peak capacity of 
6$,000 second-feet passed over the dam. T�e meandering . of the river 
upstream caused the flood to be concentrated near the intake structure 
(Figure 15 ), thus distorting the relation between tailwater and headwater 
to such extent that the riprap protection downstream from the apron in 
this area was washed away. With the possibility of larger floods, these 
conditions were critical. A laboratory reinvestigation was necessary. 
A model was built to a scale of 1: 4$ to represent the entire . spillway 
and the approach and tailwater conditions (Figure 16) .  This model was 
also constructed and studied in the Colorado Agricultural Experiment 
Station at Fort Collins, Colorado. As additional area was then available 
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F I G U R E  I I  

T E S T  1 9  
Same se t - u p  a s  t e s t 18 . A ta i l w a t e r c u r v e  t wo f e e t  l o wer  t h a n  the  m i n i m u m  est i m a t e d  
{ a s pe r d r a w i ng " Ta i l w a t e r  Est i mate s " , d a t e d  9- 9 - 35 ,  G . J . H . ) ,  was u s e d . N o  se r i o u s  
e r o s i o n occ u r r e d  f rom O t o 1 0 0 , 000 se c o n d - f e e t . A t  1 5 0, 000 s e c o n d - f e e t , a s  i n  t e s t 1 6 ,  
t h e  r e g i o n  a ro u n d  t h e  d own- s t r e a m  ed g e  o f  t h e  a butment was  e r oded to t h e  mod e l f l o o r  
{ e l e v a t i o n  2 1 6 5 ) . I t  ' r e q u i r e d  1 5  m i n u t e s to e r o d e  to t h e  f l oo r  a s  a g a rn s t  two m i n u t e s  i n  
t e s t  1 6 . T h e  magn i t u d e of t h e e r o s i o n  was a bo u t  · t h e  s am e  i n  both  t e s t s . The  s c o u r 
d ow n s t re a m  of t h e  s i 1 1  was compa r a b l e· w i t h  t h a t  o f  t e s t  16 a nd was not. c o n s i d e re d  s e r i o u s  . 
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EL .2 190± E L . 2 1 8 5  ± 
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P LA N  OF ABUTMENT  

T E S T  20 
D I M E N S I O N  "A" EQUA LS 25 FE E T  

Se t - u p  a s  s hown i n  ske t c h . Same t o i l w ate r a s  Tes t 1 9 . No s e r i o u s  e r o s i o n  oc c u r r e d  f ro m  
O to 100, 000 s e c ond - f ee t . At 1 5 0 , 000 s e c o nd - f e e t  t h e s a nd downstream of t h e  a b u t ment 
sta r t e d  to e r ode . A f t e r 50 m i n u t e s  a t  t h i s' d i s c ha r g e  a h o l e , c omme n c i ng 28 f e e t d ownstre a m  
o f  t h e  a b u t me n t  a n d  2 8  f e e t l o n g , wa s scou r e d  to t he f l o o r  a t  e l e v a t i o n 2 1 6 5 . 

T E S T  21  
D I M E N S I O N  "A" EQUA LS 30 FE E T  

Se t - \J p  a s  s h own i n  s ke t c h . Same t a i  I w a t e r a s  t e s t  1 9 . Same re s u l t s  a s  t e s t  
2 0 .  No s a n d  c o m i n g  ov e r . t he  dam. i n  te s t s 2 0  a n d  2 1 .  

T E S T 22 
D I M E N S I O N  "A" EQ U A LS 30 F E E T  

Set - u p  a s  s h o w n  i n  s ke tc h  e xc e pt t r i a n g u l a r  s i  I I  t wo f e e t  h i g h  was p l a c e d  a t  
t h e  d owns t r e a m  e d g e  of the  l e v e l pa r t  of t h e  a b u tment { e l e v a t i o n  2 1 7 3 ) .  S a me 
re s u l t s a s  t e s t 20 except  t h e  s c o u r was  more  r a p i d . 

T E S T  23 
Same os t e s t  2 1  e xc e pt t h e re was  no r i p r a p  d ow n s t r e a m  of t he c re st . E r o s i o n 
was more se v e re t h a n  i n  t e s t  2 1 . 

T E S T 24 
Same a s  t e s t  2 1  e x c e p t  an a re a  42 ' x 60 ' d own s t re a m  f ro m  the  a but ment was r i p ­
ra pped  t h r e e  f e e t  i n  d e pt h ,  l e v e l  a t  e l . 2 1 7 3 .  A c;l i s c h a r g e  o f  1 5 0 , 000 s e c .- f t .  
fo r  9 0  m i n u t e s  p ro v e d  s a t i s f a c t o r y .  R i p r a p  20 f e e t  d ownst r e a m  f r om edge  of 
a b u t m e n t  se t t l e d  to e l e v a t i o n 2 1 7 1  a nd the  f l o o r  was e x posed beyond  t h e  e n d  
o f  t h e  r i p r a p p e d  a re a .  

SECT I O N  
T E S T  2 2  

U N I T E D  STAT E S  
DEPARTM ENT O F  T H E  I NTER IOR 

BUREAU OF R EC LA MATION 
S A LT R I V E R  PROJECT - A R IZONA 

T E S T  24 

POWER CANAL D IVE R S IO N  DA M 
H Y DRA U L I C  M O DEL ST U D I E S 

MODEL SCALE I :  24 
SUMMARY O F  TESTS 1 9  TO 24 INCL. 

D R AW N  . .  J,M , B .. . . . . . . . . SU B M I T T E D . 

T R A C E D .  _J_. E, V._-_v. G_. M , . . . R E C O M M E N  O E D . 

C H ECK E D  . . . . . . . . . . . . .  APPR O V E D  . .  

25- 2- 3-PCD-4 FORT COLLI N S , COLO . B - 27 - 36 
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F I G U R E  1 3  

T E S T 3 9  
Same setup a s  test 35, exc ept the 2 :  I p a v e d  abutmen s lope w a s  r e p l a c e d  by a 3 : 1  s l o p e .  The same proced ure 
was fo l lowe d a s  i n  test  35.  Some eros i o n  occurred 30 fe e t  down s tr a a m  from the end of the apron for 100, 0 0 0 
secon d - f e e t  w i t h  the t a i l w a t e r  accord i n g  to De b i e r 's curve .  The  r i p  rap a long the down stream portion of t h e  
a b u tm e n t  ro l l e d  downstream a n d  a hale 3 f e e t  d e e p  wa s form e d .  A s  the ta i l water was  low e red t'ie hole became 
deeper  but  a lwa ys reached  a poi nt of sta bi l ity and  never erod e d  d e e p  enough  to expose the  bottom of the c utoff 
wa l l . With a d i sc h a rge  of 1 5 0,000 s e c ond - feet and the  t a i lwater ele v a t ion  acc ord ing to De b l er's curve a ho le  was 
scoured to the fl oor ( e lev .  2 1 5 4 ) in  1 5  m i n u te s .  Te n m i n utes a t  the m i n i m u m  esti mated ta i l water a n d  te n m inutes 
at two feet b e l o w  m i n i m u m  e st i m ated increa sed t h i s  scou r. At the end of the ru n an o re a 38  fe et wide by  60 feet 
long with the upstream end a b o u t  70 feet d ownstream from the s i l l  was scoured to the floor ( e l evat ion  2 1 5 4 ) .  
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T E S T  4 0  

Same os  test  35 e x c e pt va r ia ble l e n gth  a p r on was used (s e e  
s ke tch) . T h e  sa m e  proced ure was fol l o w e d  a s  i n  test 35 .  Cond i ­
tions w e re s a t i s fa : tory for a l l  d isch a rg e s  up to a n d  inc l u d i ng 
1 50 , 0 0 0  s e c o n d - feet w i th the m i n i mum e s t i mated ta i l water. At 
100, 0 0 0  secon d-feet, with the ta i lw a te r  two fe e t  b e l o w  t he 
m i n i mum est i m a ted, some o f  the  ri p r a p  w o s  rol l e d  away fro m  b e low 
the s i l l  at  a po int d i r e c t l y  d o w n s t re a m  from t h e  i n tersec t ion  of the 
c r e s t  a n d  t h e  2 : 1  slope .  E ro s ion in t h e  a bove  m e n t i on e d  o rea 
b e c a m e  seve re a t  150, 000 sec ond- feet with the to i l water elevation 
two fe et  b e l o w  the m i n i mum e s timated. T h e s e  f low c o n d i t i o n s  
were m a i n ta in e d  for 3 5  m i n u tes .  At the end  of the run the scour 
was  to e l ev. 2 1 60 a l on g  the cut-off wa l l  d i r e c t l y  downstre a m  fro m 
the intersect ion  o f tl:1 e cre s t  ond the 2 : 1 s l ope. N o  eros i o n  
occ u re d  e ls e w h e re.  

T E S T  4 1  
S a m e  as test 40 exc ept v a r i a b l e  l e n g th apron  a l te r e d  a n d a 
4 - foot Reh b ock s i l l  p la c e d  at the d o w n s t re a m  e d g e  of the a butment 
on l y  ( s e e  s ke tc h ) . T h e  s a m e  pro c e d ure was  fo l l owed a s  in t e s t  35. 
S at i sfa c tory res u l t s  were o bt a i ned for a l l  d i sc harges up to a n d  
i n c l u d i n g  1 5 0,000 s e c o n d - f e et w i t h the  m i n i m u m  esti m ated to i l­
wate r .  W i t h  the m i n i m u m  est im ated t a i l woter very  s l i g h t  e r o s i on 
occurrerJ i m m e d i a t e l y  down stream from the  l a rge s i l l .  T h i s  d i s ­
c h a rge  w ith th e ta i l wa te r  t w o  fe et be l o w  m i n i m u m  esti m a t e d  
erod e d  t h i s  a r e a  t o  el e va t i on 2 1 6 3 . The  s o n d  a n d  rip ,'a p 
im m e d iate ly downstre a m  from t h e  rest  of t h e  apron sett te.d to 
e l e va t i on 2 1 6 7. 

T E S T  4 2  

Sarn e as t e s t  4 0· e x c e pt a 4 - toot Reh bock s i l l  w a s  used  on t h e  
port ion  of t h e  a p ron  farthest d own s t r ea m .  A l s o ,  2 - f o at p laced  
r iprap five feet i n  d epth , w a s  e x t e n d e d  20 fe e t  d o wnst ream from 
the 4 - foot  s i l l .  Twe l v e r u n s  of 20 m i n u t· es  ea c h  were m a d e .  The 
sa n d  bed w a s  not d i s tu r b e d b e tween. r u n s , t h u s  g iv ing  v e r y  
s ev e re o p e r a t i n g  cond i t i ons d u r i n g  t h e  l a tt e r  part  o f  t h e  t es t, 
R u ns were  m a d e  at d i s c h a r g e s  of 2 5 , 0 0 0, 50,000 , 100, 000 a n d  
1 50,000 s e c o n d - fe e t  w i t h  ta i lwate r  e l e v a t i o n s  accord ing  t o  th ree 
c u r v e s  ( f i g .  25- 2-3-PCD- 8 ) .  Ve r y  sati s f a cto r y  re s u  I t s  w e r e  
o b t a i n e d  fo r a l l  d i s c h a rg e s  .w i th t a i l w a t e r  e l eva tion a cc ord i n g  to 
De b l e r 1 s cu rve a n d  the  m i n i m um est im a te d  cu r v e .  Cond it ion s 
w i th ta i lwater a c cord ing  t o  t h e  arb i t ra r y  c u rve w e r e  more  
severe  but t h e  scour  a dja cent to t h e  cutoff wa l l  was n o t  be low 
e l e v a ti o n  2 1 6 6 . The so nd  and r i p ra p  i m m e d iate ly  down s trea m 
f r o m  t h e  d e n t a l s  sett l e d  to e l e va t i on 2 1 6 8 .  

U N I T E D  STA T E S  
DEPARTMENT O F  THE I N T E R I O R  

B U REAU OF �EC LAMATI ON 
SAL,T R IVER PROJ ECT - A R IZONA 

POWER CA NAL D I V E R S ION DA M 
H Y D R A U L I C  M O D E L  STU D I E S  
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in the laboratory, the res,6ictions of space, prevalent at the time of 
the construction of the 1:24 model of a section of the structure did not 
then exist. · / 

The model was constructed of concrete p�aced between · sheet metal 
templates which served as guides for screeds in shaping the surface of 
the model dam. The dentated siil .was made of redwood and was fastened 
to the spillway aprori by bolts embedded in the concrete. The model was 
placed directly on the floor of one of the laboratory tanks, and the area 
representing possibly 2/10 of a mile of the full width of the riverbed 
was enclo·sed by low wooden walls made watertight with asphalt emulsion. 
Brass rods 1/4 inch in diameter were fastened to strips of galvanized 
metal placed oh the tank floor. The tops of these rods served as ·guides 
for placing the sand an� gravel which represented the topography. 

A maximum mod.el discharge of 9 .39 second-feet, corresponding to a 
prototype discharge of 150, 000 second-feet was measured by a 4-foot 
Cipolletti weir . Rock baffles quieted the flow before it entered the 
streambed above the dam. An adjustable weir at the downstream end of the 
model was used to. regulate the tail water .  

The field data shown on Figures 17 and 18 and on  a number of 
photographs received after the flood of February 7 and 8, 1937, were 
used in adjusting the performance of the 1: 48 model so  that it would 
represent the prototype conditions as far as feasible. 

Studies on 1 :48 Model of Power Canal Diversion Dam (1937)  

In the preliminary tests the flow upstream from the dam was 
concentrated to _approximate the prototype conditions shown on the photo­
graphs taken during the flood ( Figure 15 ) .  The concentration of flow near 
the intake structure could not be maintained in the model with the riverbed 
built of fine sa�si . _ The sand upstream from the model spillway crest was 
replaced by a coarse grave:

f
. ests indicated inadequate scour protection 

for the left �- e am with discharges above 60, 000 second-feet and 
the tailwater 2 feet below the minimum estimated . Because of the close) 
agreement up to 40, 000 second-feet between the tailwater in the field y 
during the first part of the 1937 flood and the arbitrary curve used f

J testi�g the 1 :  24 model, that curve was used for these investi a;ations . 

Scour contours for the February 1937 flood, with_ the section of the 
old dam dovmstream from the left side and usinr-,; 51,000 second-feet for 
the peak flow, checked the prototype remarkably well (Figure 17) . The 
results would have ch�cked even better had a peak flood of 67, 300 second­
feet been used on the model, as it was later determined that the peak 
flow was of that order. - After a discharge curve prepared from current 
meter measurements of the February flood failed to agree with a previous 
United States Geological Survey rating curve, the peak flow on the model 
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was chec.ked to determine if a more likely extension of the rating curve 
( Figure 18)  were correct . Two staff gages were installed in the model, 

· one 30 feet ( prototype) upstream from the crest axis on the left intake 
wall, · and ·t.he other on the 2 :  1 slope of the right abutment at the axis 
of the dam. Prototype flows of 17,500, 25,750, 42,800, and 51,000 second­
feet for which field data have been obtained were used for the test . The 
staff gages were observed for each flow, and -the depth on the crest was 
obtained over the entire length of the dam. For the first two flows the 
surface on the wall of the intake section checked the prototype elevations, 
while those at the right abutment were too low. These lower elevations 
were attributed to a relatively smooth and differently arranged streambed 
below the model dam. The tailwater was raised until the proper elevation 
was obtained at the abutment. It was necessary to raise the tailwater TW to elevation 2182 for a discharge of 17,500 and elevation 2184 for 
25,750 second-feet . The staff reading at the intake was not affected by 
the increase in tailwater ct·epth, so this method was used for subsequent 
runs for which prototype data were available . When an attempt was made 
to check the water surfaces for 42,800 and 51,000 second-feet,_ an unrea 
sonably deep tailwater was required to give the proper reading on the 
intake s.taff gage, and the water surface at the right abutment was 
considerably above the recorded prototype elevation when the intake gage 
read correctly. This condition �as corrected by maintaining the desired 
water surface · elevation at the right abutment with the tailwater regulating 
device, while increasing the flow until the desired readinl?, was obtained 
on the intake staff gage . A discharge of 50,000 second-feet was required 
to obtain water surface elevations comparable to the prototype for the 
estimated 42,800 second-feet, while 67,300 second-feet were necessary to 
give the proper· elevation for the estimated 51,000 second-feet. From 
these studies it was concluded that the maximum discharge for the flood 
of February 7 and 8 was nearer the 68,000 second-feet obtai�ed by a smooth 
extension of the ratins curve (Figure 18) than the 51,000 second-feet 
obtained by extension to fit the old United States Geological Survey rating 
curve. Discharges of 100,000 and 130,000 second-feet were also studied. 
The absence of prototype data for these discharges made it impassible to 
extend the rating curve accurately.  However, the prototype curve should 
not vary much from the approximate extension obtained on the model . The 
water surfaces across the dam for the various flows were plotted, and a 
new rating curve for the staff gage on the intake wall obtained. A new 
rating curve for the United States Geological Survey station, including 
discharges up to the peak flood, was also 'prepared from these data 
(Figure 19) .  

As soon as the prototype flood data had been checked, studies to 
obtain a design capable of handling 130,000 second-feet with a tailwater 
2 feet below the minimum . estimated, were begun . A solution for this 
discharge was sought first because it was the largest discharr:e that the 
laboratory pump could conveniently supply for a 2-hour run . 
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The height of the dentated sill was increased to 3 feet (Test 14, 
Figure 20) ,  as the first step in preventing scour below the �pron, but 
no appreciable improvement was noted. 

A solid 20-foot strip of pavement without a sill placed downstream 
from the apron, sloping from elevation 2173 to 2179 (Test 13 ) improved 
conditions but did not eliminate erosion near the left end of the dam. 
A solid 25-foot extension sloping from elevation 2173 to 2169 ��th a 
3-foot dentated sill at the downstream end (Test 16, Fi .�re 20) proved 
very satisfactory except at the extreme left end below the intake section . 

An articulated extension of 20 feet slopin ::' from elevation 2173 
to 2169 with a 3-foot Rehbock sill at the end (Test 17, Fi �ure 2l i also 
gave ample downstream protection to the central portion of the spillway 
but failed to protect that portion of the riverbed downstream from the 
intake. 

Extensions and additions of various types were used to p revent scour 
downstream from the left end of the dam and intake (Figure 17) .  None 
proved entirely satisfactory when the model was operated for an appre­
ciable length of time until the left intake wall be�ow the dam was 
straightened and used in conju,nction with the articulated apron. For 
all arrangements except this the eddy which formed immediately downstream 
from the intake next to the bank whirled the sand and riprap from behind 
the sill and exposed the cutoff wall to a depth of at least 6 feet. 
Apparently the straightened wall assisted in improving the conditions for 
the relation of head and tailwater used . 

About the time the . articulated apron was being seriously considered 
as a solution, additional field data were obtained which indicated that 
a lowering of the tailwater had taken place after the peak flood in 
February 1937. To be on the safe side a tailwater curve 4 feet below 
the minimum estimated (Figure 3 )  was used in further s·tudies. When this 
tailwater relationship was used on the previous arrangement of downstream 
protection, severe scour resulted reaching elevation 2159 near the 
downstream edge of the right abutment and elevation 2155 below the intake 
section in 2-1/2 hours (model ). The scour downstream from the intake 
section was not considered serious as a rock channel was indicated in 
that area. 

This' rock channel was installed on the model (Test 20, Figure 21), 
and different arrangements made around the right abutment using varia­
tions of the articulated apron to prevent scour downstream. t�one of the 
designs worked satisfactorily because the short apron sections became 
undermined and dropped with the result that the material washed away 
from the cutoff wall of the existing apron and the scour eventually 
reached the same depth in each case. 

')0 
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T E S T  16  

T E ST 12  
The model a r rangement. was t h e  some as t h e  f in ished 
prototype ( Jan .  1 937 ) except for a va r i ab le  l e ngth 
apron w i t h  4-foot denta l s  added to the l e f t  end of the 
structu re . In ! h i s test the c u t-off  wa l l  of t he apron, 
.except in  t he reg ion of the v a r i a b l e  l ength  a pron was 
exposed to a depth va r y i ng from 4 to 6 fee t ,  
The scour reached e l e va t i on 2 1 6 1  a pproximate ly  40 
feet _down strea m . f rom the s p i l lway a p ron . 

T E S T  1 3  
Some as test 12 e xcept for t he add it i o n  of a 20 foot 
s l o p i ng apron w ithout a si I I  on i t s  dow s t reom e n d, 
wh ich was at e l evati o n  2 1 70. No i mprovement in t he 
scour  was noted over test 12 . .  The scour reached 
e levat ion 2167 just  downstream f rom the end of the 
apron .  

T E S T  14 
Sa me as test  13 ,  except for a 3-foot s i l l p l aced down­
s t ream from the i nta ke sect i o n  and a long the 'end of 
the s l o p i ng apron; a l s o  t he 20 foot s l op ing  apron was 
cont i nued across to the I et t abutment a nd the down 
ste a m  end of t he var iab le  length  apron  be low the 
i n t a ke sect i o n  was mode level at e le va t ion  2 1 70. No 
ser ious  eros i o n  was observed except in on area 
i m e d i ate l y downstream and to the r i g ht of the inta ke 
sect i o n  where the scour reached a depth of 7 feet 
below the apron . 

T E ST 1 5 . 
Some as the f in i shed prototype ( Jon. 1937 ) except a 3-
foot s i l l , e x tended to the left i ntake wa l l ,  wa s used 
in p l ace of t he 2 -f e e t  si I I . The scour was ser ious  
downstream from the  l e f t  i n take wa l l  of the structure 
expos i ng the cut-off wa l l  to a depth of 7 feet i n  
m a n y  p laces . 

T E S T  1 6  
Same os t he f i n i s hed prototype ( Jon.  1 937 l except a 
25 foot s l op i ng apron with its downstrea m e nd a t  
e l e vat ion 2 169 was added.  A 3 foot s i  I I  w a s  p l aced on 
the end of t h i s  ·apron . No se r i o u s  scou r occu rred 
except j u s t  downstream from the  i ntake sec t i o n .  The 
resu l t s  were not  apprec i ab l y  d i ffe rent from test  14. 
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T E S T  17  
Some as  finished prototype (Jan. 1937 ) except a 20-foot art icu lated apron 
sloping from elevation 2173 ta elevation 2 1 69 with 3-faat Rehbock si l l  at 
,ts downstream end, was placed along the downstream edge of the spillway. 
Apron sections were ten feet wide . The l eft  intake wall was straightened. 
There was no scour just downstream from the si l l .  However, when on additio­
nal run of 2 hours was mode with the tailwoter 4-feet below the minimum 
estimated, serious scour occurred downstream from bOth abutments. 

T E S T  18  
Some as test 17 except three short apron sect ions were extended 2 feet, 
3 feet and 4 feet downstream from the 3-foot Rehbock si l l  to prevent scour 
at low discharges with no ta, I water A discharge of 20,000 second-feet 
was run with a ta i lwater of 2 1 7 3 .  No serious erosion occurred along the 
apron either with or without the apron extenions. 

FOR ALL SUBSEQUENT TESTS THE TAILWATER USED WAS 4-FEET BELOW 

THE MINIMUM ESTIMATED INSTEAD OF 2-FEET BELOW. 

T E S T  19 
Some as fini shed prototype (Jon. 1 937 ) except that on articulate(! apron 
extending 20 feet downstream and sloping from elevation 2 1 73 ta 2 1 69 ,  with 
a 3- faot Rehbock si l l  placed a t  the downstream end,was placed across the 
entire length of the spi l lway.  The left i n take wa l l  was stroigntened and 
rack topography was placed in the left s ide .  Serious scour occurred 
downstream from the intake along the sharp edge left an the rack topography. 
Scour occurred to e l evat ion 2161 downstream from the right abutment. 

T E ST 20 
Sarne as lest 19 except that the rock topography was revised to more closely 
approximate the prototype , a l so, a longe"r articulated apron was used dolNfl· 
st ream from the variable length portion near the right abutment. Improved 
scour conditions were noted downs1ream from the intake section , while those 
at the righ1 abutment were wor�e . 

T E ST 2 1  
Some a s  finished protolype (Jan. 1937 ) except a n  apron level a t  e levation 
21 73, w,th a 3·foot Rehbock s i l l  at its downstream end, was extended 30 
feet downstream.  4-foot s i  I I at right abutment was extened 3B feet ta 
the lef t . 5 sections of a rticulated apron,20 feet long were placed down­
stream from the right abutment and the left intake wall was straight . 

· No serious erosion occurred except downstream from 1he r ight abutment 
where the scour reaclted elevation 2 155.  

T E S T  22 
Sarne as test 21 except 3 sections of articulated apron were used instead 
of extending the 4-faot s i l l  38 feet to the left . Serious scour, reach­
ing on e levation of 215 1  still occurred downstream from the right abu t ­
ment . 

TEST 23 
Sarne as f in ished prototype /Jon. 19371 except an apron sloping from elev­
ation 2173 to 2169 wo5 extended 25 feet downstream with a 3 -foot Rehbock 
si l l  on the downstream end of its central port ion . Additional extension 
near the right abutment level at elevation 2169 . 3-faat trapezoidal si l l  
downstream from both abutments. Noserious erosion resulted during the 
first run so the mudel was operated on oddit i nol 2 hours a t  a d ischarge 
of 150,000 second-feet with the toilwoter at 4 feet below the minimum 
estimated . The rear of the s i l l  was st i l l  covered with sand except on t he 
rock topography in the region of the in take section. 

T E S T  24 
Sarne set-up as test 23 except the 3-foot t r iangular s i l l  was used across 
the ent i re width of the apron extension . Afler a d ischarge of 150 ,000 
second-feet far 2½ hours the bock of the s i  I I  was sti l l  completely covered . 
The slope of the sand downstream from lhe sil l was much steeper than in  
test  23 

T E S T  25 
Sarne set·up as test 23 except o 20·foot sloping apron ta elevation 2 169 
used instead of the 25-foal one. After a d i scharge of 150,000 second-feet 
for 2 hours , the erosion was greater than at the end of test 23. 

T E S T  26 
Sarne set-up as test 23. A cumulative test was mode using discharges of 
30,000, 60,000, 90,000, 120,000 and 150,000 second-feet with the to i l  water 
4-feet below the minimum estimated. The results were satisfactory assum­
ing the rock topography downstream from the i n take section was correct. 



The ends of three sections of the articulated apron were lowered 1,  
2, and 3 feet to ascertain what would happen if, in the course of 
operat1ons, some of the sections became lowered • .No .change was detected 
for the 1-foot drop when the model was operated for 2-1/2 hours at 
130,000 second-feet. Only slight scour occurred with the 2-foot lowering, 
while severe scour with undermining back of the cutoff wall of the 
existing apron was obtained fer the 3-foot drop. The severe action in 
the latter case was ascribed to currents created by the fl�w of water 
through the opening upstrea.rn from the sill between the lowered section 
and the adjacent section. 

A test to determine the consequences of the flash flood with 
practically no tailwater downstream from the apron was made. Extensions 
of 2, 3, · and 4 feet were placed downstream from short sections of the 
articulated apron. The purpose of these extensions was to prevent 
erosion by the jets issuin � fr9m the back cf the downstream sill. In 
all cases, the tailwater increased so rapidly that a water cushion 
formed on the sloping apron upstream from the second sill and no serious 
erosion resulted. Moreover, the extensions never functioned as scour 
protection . Of the quantities tested , 20 , 000 second-feet faVe the worst 
conditions. This test was not repeated on the recommended design, as 
it was indicated that the 5-foot additional apron len�th would serve to 
improve conditions by lengthening the cushioning pool between the sills. 
Unless there was severe retroi:;ression of the riverbed, the sill on the 
sloping apron woulp always be submerged when water was flowing. 

The articulated apron desisn was abandoned when a solid sloping 
apron gave equal results alon� the central portion of the spillway and 
when it seemed impossible tc adequately protect the abutments by using 
the narrow anron section. A level apron extendin � JO feet downstream 
was tested t; save the excavation required in con;tructing the sloping 
design : This was not satisfactory as the maximum depth of scour moved 
upstream nearer the apron causing a much steeper slope of the riverbed 
immediately downstream from the sill . Articulated sections and solid 
extensions below the right abutment (Figure 21 ) were of no benefit, and 
the 25-foot sloping apron with the 3-foot Rehbock sill was arrain 
installed. A level extension downstream and to the left of the riO'ht 

. 0 

abutment with a trapezoidal sill along its edges proved adequate when 
the model was operated at 130,000 second-feet for 2-1/2 hours. The 
maximum depth cf scour which reached elevation 2159 occurred some dis.­
tance downstream. Slight improvement was obtained below the intake 
when a short length of the 3-foot trapezoidal sill was placed at that 
end of the apron. Conditions in this region were still severe but were 
not considered serious because borings made during th� original construc­
tion of the dam indicated solid rock in this region. 

After this design had proven satisfactory for 130,000 second-feet, 
the laboratory pump was reworked for hi�her speed, and the model was 

32 



tested for 150, 000 second-feet. Some increase in erosion was obtained 
at this flow but no critical change occurred. , The , desi�n was . considered 
satis-factory. The model was then operated at- various discharrr,es to 
investigate the conditions throughout the flood ranr,e. Very desirable 
results were obtained ad ,jacent to all parts of the structure except the 
intake section. The riprap downstream from the apron in this region 
washed downstream at 60, 000 second-feet , and the conditions became more 
severe as the flow was increased to 150, 000 second-feet when a large area 
of the model floor, elevation 2151, was exposed (Figures 22 and 23) .  

This condition seemed objectionable unless the rock surface below 
the intake section was solid and near the elevation shown by borings made 
in 1905. Because of the uncertain composition of �he foundation and 
because of the unkno-wn depth and extent of the rock surface, tests for 
improvement were made assuming a riverbed (composed ) entirely of f,ravel 
and boulders. The first attempt involved extensions similar to those 
used below the right abutment together with various sill arrawrernents. 
None of this type proved effective so other methods were tried. 

The top of the intake section was raised above the water surface 
for 150, 000 second-feet. This only served to accentuate the larger eddy 
which formed below the intake section and caused the erosion to occur 
more rapidly. A wall extended alongside the intake to the end of the 
apron made very little difference. These tests indicated that the scour 
could be minimized only by eliminatino: the violent eddy and these walls 
were removed. The left downstream wall of the intake was replaced by a 
warped wall extending 27. 75 feet - downstream from the end of the apron. 
The conditions were somewhat improved but not sufficient to warrant the 
cost of the chanr-r,e in the wall . 

Studies of the flow dovmstream from the section indicated the 
formation of two distinct prisms of water, one below the spillway where 
the flow moved swiftly downstream at a low elevation, the other below the 
intake where 3. hir;:her tailwater formed due to the decreased quantity of 
water per foot passing over the sluice section of the intake. This latter 
prism, or body of water, havin[s a surface higher than the first crowded 
to the ri7ht and directed the edre of the fast-movin ,"'. j et along the 
riverbed ca�sing deep scour. 

Apparently a separation of these two prisms until they reached 
approximately the same tailwater elevation would let each :oass unmolested 
downstream and prevent crowding of the high-velocity ,Jet , thus minimizing 
erosion fro1r. this source. An intermediate training wall seemed the 
likely solution, and one of excessive length and 18  inches prototype 
thickness was installed (Test 36)  directly downstream .from the right wall 
of the intake structure (Fig;ure 24) . This wall separated · the two bodies 
of water, as anticipated, pract�call;y eliminatin<s the edd;y next to . the 
bank and producing about the same depth and slope of erosion on the riP.ht 
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side of the wall as had been previously obtained 'below the central 
portion of the spillway. Deeper scour occurred on the left side of the 
wall which was attributed to the current directed against the wall by. 
the warped apron floor of the intake structure . The existing prototype 
design downstream from the left intake wall was reinstalled and the end 
of the apron floor was lowered to elevation 2172.2 adjacent to the wall 
to prevent undercutting of the footing durin!_" construction . (Figure 24 ) .  
A section · of the 3-foot dentated sill was placerl at the end of the apron . 
This alteration eliminatea the concentration a�ainst the left side of the 
intermediate wall and less erosion resulted even though the wall seemed 
too low. 

After this scour-winimizing method was developed, the problem of 
obtaining the most economical size of wall was studied . The wall was 
raised to prevent interference by water flowing over the top onto the 
spillway jet and shortened 22 feet to a point (Test 37 ) where the dif­
ference in water depth alonr, the two sides of the wall was about 1 foot 
prototype at the downstream end . The 3-foot Rehbock sill was moved 
upstream until the front face was at the oorner of the left intake wall 
( Figure 24) .  The results were substantially the same as with the longer 
wall . However, the eddy along the bank became sli�htly more pronounced 
and crowded the flow from the intake structure toward the wall causing 
slightly more erosion on that side than on the spillway side . 

The fact that this increase was at the downstream end indicated that 
the wall could not be shortened, especially at the base . The water sur­
face on the intake side seldom reached to within 2 feet of the top, and 
the wall was lowered for the next test . With the downstream limit deter­
mined, attention was transferred to the upstream end. The walls previously 
tested were constructed partly on the existing prototype apron . As this 
complicated the construction, the wall was cut vertical at the junction 
of the new and old construction and the upstream end given the shape of a 
parabolic pier nose (Test 38) .  The top of the wall was cut on a slope 
making it similar to the design obtained by model studies for the training 
walls on the J:farshall Ford Dam (Figure 24 ) •· The wall was overtopped 
slightly at 150, 000 second-feet, but this arrangement gave gocd results 
with the Rehbock sill in place . The necessity of this sill was clearl:t 
shown when it was replaced by the trapezoidal shape and the conditions 
became more severe below the intake section (Figure 25 ) . 

A 2-hour run at 150, 000 second-feet produced more scour than in 
previous tests . The wall was revised and _lengthened 10 feet so that its 
total lenr,th beca.r.ie 69 feet and the 2-hour run was 'repeated . Favoracle 
results occurred, especially when compared with a similar run usin,:,: no .--­
wall (Figure 26 ) .  This intermediate wall (Test 38, Figure 24 ) was recom- \ 
mended in the event the rock foundaticn near the intake section proved I 
unsound or was found to be at a lower elevation than indj cated by the ) 
borings made in 19C5 . _/ 
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A. River bed before run 

A. River bed before run 

B. Discharge 150, 000 second-feet 

REHBOCK SILL 

B .  Discharge 150, ooo ·second-feet 

TRIANGULAR SILL 
1: 48 MODEL 

C .  Bed after one-hour run 

C. Bed after one hour run 

COMP .ARISON OF INTERMEDIATE TRAINING WALL vlITH 
DIFFERENT TYPE OF SILL DOWNSTREAM FROM THE INT.AKE SECTION 
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A. Without intermediate training wall 

B .  With inte:rmediate training wall 

l: 48 MODEL 

Figure 26 

RIVER BED AFTER DISCHARGE OF l5O , ooo SECOND�FEET FOR 2 HOURS (MODEL) 
"WITH T.,A.n;WATER 4-FEET BELOW MINJMUM F.STIMATED 



• .  

CCNCLUSICNS 

Large objects, such as the displaced section of the ori.'!inal dam, 
should not be left immediately downstream from a dam similar to the one 
discussed . Undermining at the 1ipstream side of such an ob ,iect will occur, 
and the object is li ely tc move upstream to dama1_7,e the toe of the dam . 

A major factor causin � failure of the oririnal dam was due to 
piping resulting from severe scour at the �pstream face of the drun. This 
condition was shown on the model, but was im�ossir.le . to observe on the 
prototype. 

The best protection upstream from the dam consisted of a blanket of 
riprap 25 feet wide and 3 feet deep placed along the entire len�th of the 
spillway (Fisure JO). . 

Protection for the downstream parts of the dam considered best 
prior to the 1937 flood and based on uniform flow over the spillway con­
sisted of a JO-foot apron with a · 2-foct Rehbock sill at the end . Hinimum 
scour was obtained downstream from the end of the apron and along the 
cutoff wall of the ri,q;ht abutment by extending the upstream portion of 
the abutment 25 feet, extendin,g; the. apron in trds area, and usin·e a 
4-foot instead of a 2-foot Rehbock sill (Fif!,Ure 27 ) . 

The best redesign for dam protection downstream after the 1937 flood 
consisted of: 

a .  A 25-foct sloping apron extension with a 3-foot 
Rehbock sill in the spillway section (Fi<;ure JO) 

b. A section of level apron, with a 3-foot trapezoidal 
sill, extended downstream from the right abutment 
(Figure JO ),  and 

c. An intermediate training wall iJr ... 'Tlediatelj' 
downstream from the right wall of the ·intake 
structure . This wall is required only of the 
rock foundation in this area is proved unsound 
or is at a lower elevation than indicated by 
the borings made in 1905 

Slight negative-crest pressures, that occur at 25, 000 and 
50,000 second-feet flow , are not considered serious. 
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