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H1STORICAL BACKGROUND AND SUMMARY

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 hoosevelt Dam
(Figure 1) was originally built during the period from 1903 to 1906 %o
divert water into a canal system for supplying water to turbines in a
temporary plant at Roosevelt Daw where the electrical power generated
was used to operate machinery during the construction of Roosevelt Dam.
After the completion of the Roosevelt Dam, 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 Heosevelt
Reservoir. '

In a flood in 1916, the dam was partially destroyed, and it was not
until 1935 that plans were made for rebuilding it (Figure 2). 4 1:24
model of the right abutment and the right end of the spillwey was built
in the Colorado Agricultural College Experiment Station Hydraulic Lab-
oratory at Fort Collins, Colorado, in 1936 to obtair a design that would
safely and efficiently handle a flood of 150,000 second-feet. :

During the flood of 1916, one section of the spillway disappeared
entirely, and no one could account 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
dan and the "lost section." Iiodel 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 but upstream. Under-
mining at the upstream side would disturb its equilibrium and cause it
to roll toward the dam; in other words, an object too heavy to move
downstream might roll upstream by underuining. To prevent such an
incident at the prototype and its consequent endangeruent of the
reconstructed dam, the old section was removed.




v

R

sBOULDER
AN

N
)

L vansman

;

(FIRAND FUANC
NN P ARK

Ashfork "

BARTLLTT
DANISITE >

13 .
-

AMORMON FLAT DAM

FhoIONK o
. . -

q 50

O

LRNOSEVELT DAM

s

& .

Scale of Miles

o _i ‘Nogales

DPCANIR CANAL

DIVERSIQON DAM

:
LS
i

CAME CREE R
GAGING S5TA.

MY %id O

e wr

Sournenn

R YR T TRy

i
Tempe %ﬁ‘:x

WeS Tt Ay

P

_

Steowart
Mbrc daegdoe

. STEWART :

et

""ROOSEVELT *~
DAM

i

; BU{?‘“‘L"T"};
PR o -
i e,
.

=
1 Q’f‘?»

. L
; i \
- )
\'\ :": + 5
A o i \
: - .

Ed
L

¥
™.
P
3

o >

Horse Mesa

SPECIFICATIONS No. 715 FIGURE |
“ ' “"‘. ( v ‘x . "ot

(/ ‘:.:'n “‘\\ ' ‘ ‘ ..5;.;;0:": Vi fa

\ . L v P " LODGH

Y Oy > g ; ) S .
' X ‘ X . .;' i iw& ) IR ‘;, ¢ ‘

’ ) BARTLETT . i LoTe T e - 4
oo S {: DAMSITE o e IR

]
oy
3
’
¢ '
’ ST
- . i
1
v d
H
Py
e
o
N ’VW
: ¥
) . ;
9 Ty e A T :
Lo, ] R |
Tae oo T '
<f ? ‘/ L H
! -
- Re L -
. " ot i hNL
. ) .
2 d ;
PN FPOWFR
i -

. e CANAL
L~ i DIVERSION
DAM -

b vk

t N gRAvEL
. \;‘szposm:'.

e MTN. DAM J. Lk !
o i wnggon |
2 doaike A
y t A ] !
i MORMON '% - ;
. t ; FLAT DA R I
/ Hw |
& CA ! { , - : !
P Lorg,y i
GRANITE i | GOVERNMENT .’,’ | ke La-% ‘_.c;p N : ’ )
REEF DAM [ 1 . Cottonwood e / N i h i - ; :
{ | Soringt i . N A ,/,\ :
: A v ‘ TORTILLA | N (o )
J; 1 i . 1A . caMp % N ] | ) O ;
J o ; ; v/ | HARCLAYS N / P WREEVIS RAN
: { p ¢/ L Case . i \ o\ \\ { ¢ o, “ ’
. vy A - o W 0 ‘
3 LT / L S MARICOPA ™ ICO. > _* S BERAN .
‘ : “PINAL COJ 3 o : \ .
i s ! AN :
i / ! : : k
i Vi / N 8 :
i & ; i 1 . |3 ]
Lo b i NS ) West o o .
Vi ' | o L Yeer
i/ B . \ ™
'/ APAC'IL. . ) N
APACIE ( THAIL HUNCTION / 1 \‘ \\,
Rl e T — \ ! Mo k
i ! ;
: ! NATIONANIL FORE ST A
\ \ | GUARTER \\
ey & | ‘j‘ ! ® CIRCit U ., N
* | g r feire
. t ——
8 : ‘ DEPAI LT CE Y S INTEINR ’
LACHANAN & < 8 o moErAG O RECLAMATION
AN Teg o 'y, X S5ALT RIVER PROJVECT - ARIZOMNA
olg ! Tis it
z|Z A 2 LOCATION MAP
e ! a N I ::.\_ . N,
- / % ’ il 3 <2 -
) J | . R L nin v e Py '/i/[/ozu;?
e - T Y saacen st sl coaarenair 22T eledlen
RO 27" R N ey O f YR IA i o B - A Tt : 1.e4-
) . i ! I ; AT g g Crenen BYCd APPAOVED Aot

RHE. M e Gomeriar

REV

27759 I DENVER, CLY OCT 11,1338 [25.0-7”




FIGURE 2

i . i
- e e oo e et . ‘
. s .
, | Y . v e
I/ ! [’/’ : / . . . “ “ i verr ’{ rest
i I/ ' ! f
; !
‘«’ 'I \-l ; EGRY G0 - B \\
! /! ‘ :
I ! T
; j ; £ rigL 5 : L :
H ) aet.Sty LT Pove only it directed I
) i , 7 {’ \ in the fieid. Pl
/ . ! ' S . ) P Riprap only if directed
! = : ,‘ ., Basting structure i i the field.
i i : - b A ;
f i R {4 M ot : :
! : o ; ljw_ RS a8 Siwee gute, o ;
' N . i .4 : . . Loy A
/ ; \ i - ERUERIRTRR S PR W s ey Ty i "l'v ,""i‘ ';Jil\_?-n A s S __/u.__ i
/ . ) Y N
/I -~ /oo &M, on rock: B o " ;
Y [ j M Mrs. on sand and gravel, fro. N
~ ; .
/ ! ‘ ; SECTION A-A N
i | ! - e . — . .
I, A % , ] { ; 400 3¢ :
/ ‘o o ! .
] ;o ro ; i f of crest ' - 3
! s P : / - L 2" Keys af contraction ; R
/ Coy / ot . inints. : s
Lo / / / e B nwses Y ; R
,; ;' ' F / f; 2' Riprap o ' i 50"
[ : ! : . .
' S ; ! i Compocted bockfili Riprap .,
L ; ) i \ with selected - . - .
} b ) ! ‘ \ " marcrlgl from .
! oy ! P\ . excavution. W AAEN :
R R I e \Dxcavate ‘o 560 - Silt. sond, grovel, e
+ § \ / H \ o “1 £ 7800 \ ! ' ond cobbles, v 7 N -
o - ! S B ; \ :: : R ) \ | 4 £1.2164.0 - ;;2-6?61 - g - Compacted backfill.
A - o: - T . ; o = =oU~= -
: ." "I & iy Confrucf:on pomts @ ‘l L o & ! Spoil bonk areq.
: -~ about 50' ‘C."S \\ :ﬁ Soderzraoo i | SECTION B-B
: - : 3 Do TYPICAL SECTION OF CREST
00 ' ; : X 3 .
B ‘\ s 5 Riprop-£! L,ygog, -/ AT Reinforced concret ~% of crest
. Y LY / T ';’ paving. \ ~Exishng porfion of crest.
ENNY 3 uuuu?.nm uugu"n TUH .auU,.U.L-ru TLCUTY 41.4 L umqnuuuuaﬁ No. 10-2° Mesh 400" - -
Concrete apron N ek _L/r-‘»\ ! § ,/,‘ f . e ~\ i , i 1 wire nefting .- :
?n//f ”w f?(]}jll‘?d MATNTT O L € Crest! (F re T i b ,_‘ . T ; . s
1 - IS ; Ty oy Vo H - PR < = <+ L 64 ki
s B R e L S S s R
- e . i . L L1800 v h b - —_— CRengt =7
"O".)»,O;,of!‘l(»‘ o : ; ”l S c e . 5 I m T M‘,‘.“’ - - A MR -6 & m inie concrefe ,
£1 2204 ¢ : (A = : T ° 3 N mpact kfill - &= EI 21730 :
Rock il et b Lrest £ [zwo 25 / - ™ FE S Compacted backfil B OM-
L Forbor of old crest femove Portion of ol o pr’ fermove ol gy g Y S SRR
ortly of ditected in the field. e 4 d‘r?(/fefi n [ﬁe r e/d” 7y e \‘3 ] "R Excavate for = Silt, sand
i 500 / b }oy 3 Riorep inspection of . by el and Compacted buckfill
\ H ; % P L existing cutoff. 2 2 gg gl‘;/ and..»
: : ! : ¢ 5 . 180° Ag.:,
To, i ! ! / Y [ I )
% %mvgé/l, | ! / ' R ) ¢ SR I S A ‘ SECTION C-C
- ] \ ; : ‘ - . . TYPICAL SECTION THRU EXISTING PORTION OF CREST
1 ; : ) . ~
H N \ ; ! Vo 3 o -z’g g' -
] t i ool ‘ ~ H .
! 1 PLAN .- W Present ground : . Strip to vriginat embankment
: i gl 2206.00
! ’ Vo ) oo .‘ o o surfoces  ygrigmr—l— . or compacted gravel.
! ~ {/ ; SCALE OF FEET o \ ‘ v -y ®
! [} // \, B : :
/ ~— b / co : ' o -3 Riprap
i B [ & ! , ! -
' Iy ! !
[l 1k ; i LS
/ “n | ' : v ' F .. ;E1.2173.06
! ) 8 ! Sy - N Culoff .
! : i ’ ; Lot y Selected gravel and boulders g RO IRk
h " P s . - from wetr excuval;on
/ i i o [ j N .
/ ! A& 8 L /oo SECTION D-D
/ I’ g ,‘ & .‘A . ) . K \ ,( ‘TJ ) ORIGINAL DESIGN OF RECONSTRUCTION .
/ [N ; ’ , [ R S Selected  embenkment malerial
SN o s007-0° . fresent ground ey, OHd 0 " fuayers. " ) DEPARTMENT OF TnE INTERIOR
£12206.0 : o fo) + N g ' surfuce. | 3l . e P Strip o original embaniment BUREAU OF RECLAMATION
L BN 287.8¢ resen’ quu"d suriate e U : * or compacted grove!. SALY RIVER PROJECT-ARIZONA
e T s s ‘. at crest. . T ST T -
Rock  fill. b Crest- £1.2180.25, B L / T e e e , Compacted graove! :Sporl bank areu. POWER CANAL DIVERSION DAM
¥ “ﬁ - = i e 51085 00 % :
3—«»'{: \ : Ormginal embunkment. PLAN AND SECTIONS
B -- i
i _ ’ - - SECTION E-E baawn € on svamarrree DL LU
: Frobabie rock . . o I 0 v ar oy TRACLD Han RECOMMENDED /
UPSTREAM PROFILE Y O Curcnen £34 s :
l 28‘0‘93 ltxvun (TR AYQ. o 1935 lZS‘D'ISOO




As an accurate tailwater rating curve prepared trom 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 minimum estimated, has n = 0.03
and's = 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 minimm 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 1:2L nodel, The river above the dam carries a heavy
bed load, and during a flood bars form across the dam completely covering
it for short intervals. In the clear water of the model it could be
seen that holes 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 downstrean. 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. Examination of portions of tne
original dam remaining in place disclosed scour to a depih sufficient
to confirm the observations in the model. Based on these facts, there
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.: its original position.
Assuming that the major cause was piping, that one section was under-
mined and literally skidded downstream where it came to rest tilted
upstream. In the original 1937 redesign, the riverbed was heavily
riprapped upstream from the dam tc stabilize it against a recurrence of
this failure. Immediately after completion of the original reconstruc-
tion of the prototype, a flood cf approximately 68,000 second-feet
passed over the dam in January 1937. This flood was equal to or greater
in magnitude than the one wnich had caused the 1916 failure. Subsecuent
exawination of the riprapping immediately upstream of the dam face
showed no disturbance.

Redesign After the January 1937 Flood

The meandering of the river upstream caused a concentration of
flow near the intake section 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. 4 1:48 wmodel of the couplete
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structure was built in iMarch 1937, to ascertain the alterations necessary
to give adequate protection against a flood of 150,000 second-feet. A
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 subsequant to ’ L
the model tests on the 1:48 model, additional protection was provided e
in the form of a sloping apron 25 feet long downstreaa from the original =
redesign of apron which extended to a point 30 feet downstream from the
upstream face of the crest. Iach of these sections had a Rehbock sill
at its downstream end. To further minimize scour downstreasm from the
right abutment, a solid sill was designed as shown in Figure 30.

It was determined in the 1:48 model that an intermediate wall
between the intalte structure and the spillway would considerably minimize
the scour downstream from that porticn of the structure. in fact, it
was considered essential to the safety of the structure if the riverbed
were gravel and boulders, and it would substantially isuprove conditions
should the foundation below the intake prove to be solid rock.

During the course of the 1l:4d model studies, an articulated apron
was studied in the hope that it would conform to the future retrogression.
It was found, nowever, that the articulated apron had no advantages over
a solid one when both were protected by sills at the downstrean ends.

So far as known, the present construction of the dam is as shown on
Figure 30.

THE INVESTIGATLICNS

Study of Upstrean Protection in Seetional 1:24 Model of Spillway (1930) i

The liuited floor space in the Hydraulic Lsboratory at the time the
model tests were begun on tne Power Canal Diversion Dan prevented the
construction of a complete model of the structure. The wodel represented
the right abutwent 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 scale ratio of 1:24 was governed by the capacity
of the laboratory pwap and by the length of crest considered necessary
to give representative flow conditions. The model, constructed of metal
bents and concrete, was built in a metal-lined flume (Figure &4). Provision
was made for installation of an intermediate wall to create a sectional
model of the spillway crest. The riverbed upstrea: and downstream was
represented by coarse sand. Water was measured over a 2-foot Cipollewti
weir supplied to the model through a lé6-imch outlet from the laboratory
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supply system, The flow passed over the spillway and tailwater regulator
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 1:24 sectional model of a
typical cross-section of the dam. The model represented about 4O feet
of the prototype crest length and approximately 1/10 of a mile of the
streambed. 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 1 (Figure 5) was made on the original crest with no riprap
upstream. The need for protection was clearly indicated when at
100,000 second-feet, with a tailwater 2 feet above the minimum estimated,
holes varying from 5 to 10 feet in depth (prototype) were continually
being dug and filled. This same phenomenon occurred during preliminary
studies 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 2180,
practically eliminating the movement of the upstream material.

In Test 3, the depth of the riprap area was increased to 4 feet
(Figure 5), and the winimun 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 60,000 and
100,000 second-feet; in the second, less rock went over the crest and St
that remaining on the upstream side settled on approximately a 1-1/2:1 . B
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 downstreau.

1n 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 3, the riprap width was reduced to 2 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 minimun estimated. 1n later tests the stability of the
) material upstreas with a tailwater 4 feet below the minimum estimated also
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" sanp

Severe eroslon occurred upstream of crest.  This erosion
gppeared the most severe ata discharge of 100,000 second-
feet. Holes varying trom five to ten feef deep were being
continuously dug and filied upstream of the crest,
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Y o

(E1 21807 ’ :

o 2vis | (REEIRY
T . E1 2174

: 2073 = E1 2073y

102 RIPRAP

El 21657y

E\ 21757 £ 2173 £1.21787 .

E1 21737y

102" RiPRAP Lo 12

¥ Ei. 2165

TEST 4

Do ms s emn e e =G0
£ 2180 .
EL2178
y

B .
S e s i £1.2173"

NOTE
FOR ALL SUBSEQUENT TESTS OBSERVATIONS WERE MADE AT DIS-
CHARGES OF 5000, 15,000, 30,000, 50,000, 100,000 AND 150,000 SEC-
OND-FEET AND THE MINIMUM TAILWATER CURVE USED. EACH DIS-
CHARGE WAS RUN APPROXIMATELY FIVE MINUTES,

TEST 3
“wn identical runs were made.  In one, of approximately 60,000 second-
fee! the riprap onthe right half of the test section went over the crest
leaviig a hole 12 feet deep which scon filled with sand. By the time
100,00v second-feet was reached, mostof the riprap had gone over
the crest. Holes vur‘ylng} from 510 10 feet deeo were continuously
dug and %illed upstream of the crast, No serious eroston occurred
downstream aof the sitl.
n the othar run the erosion upstream was more ?naduol coustng the
rprap to deftle on approximalely i§.! slope upsiream from the cres!,
Less riprap went over the crest and the erosion downstreom °
become savere ot 60,000 second -feet, The floor at elevation
2165 wos swept clean at o point 24 feet downstream from the bucket
hip. in tha first run the severe erosion upstream caused less eroswon
downstream. tn the second the moderate erosion upstregm coused
more seveére arosion downsiream.

TEST 4
The upstream erosion was improved over test 3 Some riprap was
still being conried over, particularly that immﬂdlofel)/ upstregm from
the crest, Erosion downstream was very severe. At 50,000 second-
fee! the floor at elevation 2165 was swep! clean from 12 to 24 feet
downstream from the sill. ’

TEST §
Set-u? some as test 4 except the square sill repioced by Rehbock
sili. The results were the same as test 4 indicoting that apron was
too short -

TEST 6

110 2 miPRaAR---T
© 2173

Ef 2165 °77y

Tre upstresm conditions were very sgtisfactory. -Only two pleces
of riprap went over the crest. At the complietion of the test the
riprap had settled approximately 2 feet. There wos no serious
erosion downstream Prom!he sl gt any flow. The worst scour

TEST 6
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TEST 13

TEST I3
Apron shortened !4 feet
Much ergsion sccurred downstream from the sall gt 30,000 second-
feet. This become worse at 50,000 The opron was evidently
too short,

(BecTioN was 207IMODEL ) WIDE ]

conditions occurred at o discharge of 50,000 second-feet. The

goron appeared to be longer than necessary.

TEST 7
Same gs tes! 6 except upstream fopography raised to eievation
2180,  The results were the same as in test 6

TEST 8
' Apron shortened 4 fee?
The conditions downsi~eam were as good or better than test 6.
There wgs some undermining ot the upstream edge of the riprop.
It oppecrs that the 25feet of riprap upstream would be safer,also
that more scour celow the apron would result when no sand was
carried over the crest

TEST 9

Same 05 test 8 excep! sand was removed from the upstream side
of crest. More severe scour resulted below the apron.

TEST 10
Apron shortened 6 feet
Riprap extended 25 feet upstream and dropped to elevation
278 immediately upstream from crest No apparent change n
aroswon due to shortening of the apron.

TEST 1)
Apron shortened Bj feet.
Some os test 10

TEST 12
Apron shortened ity faet,
The surface of the jump at a discharge of 30,000 second-feet was
very rough, otherwise the erosion and Hiow conditions were satis-
factory a? ol discharges.
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FIT3 AT LEFT XD OF SPILLWAY AND ADJASEN™ (0 THE INTAKE 7CRKS.

PITS WIICH WERE CCHTINUALLY HXING DUG AMD FILLED
THE UFSTREal FaCk OF SPILLVAY DURING A DISCHARG
130,000 3ECUID-Frs WITHCUT RIPRAP Il PLACE.




FIGURE 7

RECRTRE T

£1.2175--y

o
P 6 10 2' RiPRAP

EL2i7iy.

APPROXIMATE SAND
ELEVATION AFTER RU

FLOOR ELEVA

.(‘.-_...,...4......-_-..w..-.»-..v72'...~-~...-_......._.---.‘..--.‘.....,.:

£ UEL 2178

SAND

oo

TION 2152

TEST 33

TEST 33
Set-up 0s shown in the sketch. A fest section 48 feet wide was used Discharges of
0,000, 25,000, $0,000, 100,000 and 150,000 second-teet were run.  Three different
tollwater curves were used: Debler's curve, mimum  estimated cyrve and g gurve
two feet less than tne mumimum estimated{as pee drawing” Tailwater Estimates” by
C.JH. dated 9-9-35) Each discharge and laiwater was run until g faiely cofistant
condition wos reached. The results were satisfgctory for all tadwater elevations and
dischanges except for a discharge of 150,000 secand-feet with ataisgter two fee! below
the minimum estimated. At thgt taitwater the rotl formed B feet downstream from the
sill The sond pdjacent ‘0 fthe sill was in canslant movement ta d depth of goproximately
hve feet below tre aprcr (elevotion 2173} When the nun was completed the sand was
af elevotion 2171 just gownstream of the sifl.  The bed had scoured toan elevation of
2159 ot g distance cf 72 feet goanstream from the st
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TEST 36

Some set-up os test 35 except the cut off wall around the gbutmet was raised
vertically to elevation 22C3  The same procedure was foliowed as in test 35
Lt high discharges with the taiviwater two feet below the minimum estimated,
the standing wave formed severg! feet downstream from the end of the siii,
Appareniy the gpron wos too short for the low foilwater  Good resuits were
prevalent ot thelower toiiwater elevations up to and sncludmg (0,000 second-
feet A discharge of 150,000 second~feet with taitwater of muntmum esfimated
and above, tor 25 minutes, gove very good results  An gsiitiong' 35 minutes
with the tailwater iowered fwo feet gave considerabty more erosion. The sand
and riprap sattied two feet to four feet below the apron(etevation 2173) just

tutment was shightiy gregter tngn at ary oiner pont

At the end of the run the scour was to elevotion 2:55 ot g pondt 32 feet down-
stream from the st

TEST 3e

Sume astest 35 except tne 2 | paved ghutment slgr was chongedto a i§ | slope.
The same procedure was foliowed gsin test 35,  Tne steeper siope coused more
eroswon downstregm from the cbutment The ciprgp aear the downsiregm corner of
the gbutment commenced to rotl gt 100,000 secand-feet, with the taiwuater elevgtion
accord:ng to Debier's curve  The lower toidwater elevations incregsesd the
erosion. A fiow of 190,000 second-~teet tor g pericd of 40 minutes scoured o hole
35 teel wide by 72 fee! iong to the fioor ot elevat.on 2154 The uptiregm end of s
elevation wcs gbout SO teet from the end of the cpron  The sand ond rprap
mmed:gtely downstream from the gpron was woshed out und sattied g elevation
26T +

TEST 34

Same set-up as test 33 excep! three feet of
riprap was ploced for 30 feet down-stream

of the sit, The mprap vonied fromsix inches
to two feet insize. Runs were made similar
tothose of test 33 There was no appreciobie
difference from the results obtaned in test

33 At 150,000 second-feet the riprap was
carred Yo elevation 2180 from o point 28
teet downstream of the sifi to a paint 76 feet
downstream of the sill

TEST 35

Set-up 0s shawn in sketch  This gbutment was the
same os that on the specification drawing *25-0-1300
except the upstream port of the acbutment was moved
15 feet upstream.  The same discharges ond tailwater
curves wera used osintest 33 The condibions on the
maodel were sohsfactory upto and incltuding 100,000
second -feet. At 150,000 second-feet satisfociory condi-
tions existed with tnhe minimum estimoted tailwgter and
with the tailwgter elevation gccordingto Deblen's curve.
With g tgiiwater one foo! below the minimum estimated,
the riprop at the downstregm corner of the ghutment
storied o wasn out.  With g taiwater two feel below

the minimym estimated, q hole wgs scoured fo elevo-
tion 2154 1n 50 rminutes. The nhole wes approumataly

20 feet wide and 98 feet long with tne ugStream end about
egnt feet downstregm from'the end of the abutment.

.

TEST 37

Set-up same as test 36 except the apron wos
seﬂ?ihened i feet making s total length 26}
feef. The model discharge wos gradually
ncreased 10 50000 second-feet . This discharge,
with tha tgiwater twe feet below the minimum
eshimated, was maintoined for. 30 minutes. - The
sCour was much iess thanin test 36  The sand
ord riprop settied to elevation 2172 immediately
gownstream from the si!t, The scour was to
elevation 2i60 ot g pont 28 feet downstregm
from sill.
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indicated ample protecticn., The upstream arrangement, as shown in
Test 6, except with 3 feet of riprap was used in the final design of the
prototype (Section C~C, Figure 30). )

Study of Protection Downstream from Spillway in 1:2L 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 discharges if sufficient
tailwater depth were maintained. Since there was no accurate tallwater
rating curve, the structure was at first studied using the minimum
estimated tallwater curve (Figure 3).

In Test 1, with a 2-foot Rehbock sill at the end of the apron
L0 feet downstremn from 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 was tco long.

In Test 2, the apron was remcved and a sill placed immediately
downstream from the 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 above the minimum
estimated, and the satisfactory results 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 minimun
estimated tailwater, and nc riprap downstream from the dam. Two identical
runs on this a:rangement gave different results. In one the rapid move-
ment of the material from the upstream side of the dam replaced that which
was washed away downstream with the result that there was very little
scouring indicated. In the other, a more gradual transpertaticn 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 edpe of the crest
(Test 4, Figure 5) was very unsatisfactcry as was a 2-foot Rehbock 8ill
placed in the same position. At 50,000 seccnd-feet severe erosion
occurred, which exposed a large area of the model flecor.

As the eriginal desien of apron arransement with an overall length
of 4O 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 1ncludinp 150,000 second-feet. Thus, the apron arpeared
longer than necessary. The apron was shortened by 1ncrements to 36 34,
31-1/2, 28-1/2, and 26 feet (Tests 2 to 13, inclusive, Fisure 5), The




scour increased as the apron length decreased, but did not appear seriocus
until the 26-foot dimension was reached, The 28-1/2-foot length (Test 12)
was considered satisfactory, although considerable erosioen occurred when
no material was passing over the crest. To te on the safe side, an
overall length of 30 feet was recommended (Section B-B, Figure 27).

Pressures and Vater Surface Profiles

Water surface profiles and pressures over the crest (Tests 29 to 32,
inclusive) were taken for different tailwater elevations and discharpes,
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 pesitive for all higher discharges.

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

The intermediate wall in the model was removed, eiving an arrangement
representing the right abutment according tc the original design and about
60 feet of the adjacent prototype crest. Tests 1L to 28 were made: to
study the flow ccnditicns in the vieinity of the right abutment to 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 cutoff wall of the
original abutment with a discharge of 150,000 seccnd-feet (Fizure 9-A and
B). Visual tests indicated that improvement misht be obtained by extend-
ing the upstream porticn of the abutment. It was extended upstream in
increments of 10, 10, and 5 feet (Firure 10). No appreciable change
resulted after the first extension. The second, however, save more accept-
able sonditions, while the third proved entirely satisfactory (Fisure 9-C
and D).

During these investigations, all the riprap covering the sloping
concrete surface of the right abutmept was washed away except that on
the downsiream 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 riprap which proved very satisfactory. These slopes were thearefore
riprapped for all subsequent tests.

Shortly after obtaining a reasonable design of the right abutment
capable of withstanding a flow of 150,000 second-feet with the minimum
estimated tallwater curve, additional information on the characteristics
of the riverbed indicated the tailwater micsht 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, Ficure 3. Downstream
material, including riprap, was carried away, exposing the downstream
cutoff wall to a censiderable depth. Improvement occurred when the
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PLAN OF THE ABUTMENT AT THE RIGHT END DAM
TEST 16

DIMENSION 'A" EQUALS 10 FEET

The discharge was brought ug 10 150,000 second-fee!, stopping momentarily ot 50,000

and 100,000 second-feet. The riprap {(elevotion 2173), adjocent to the concrete

cbutment and approximately 50 feet downstreom from the sill, storfed to wosh out

In less than two minutes a hole wos dug,in this area, !o the model floor at

elevgtion 2165 1! was evident that the upstreom obutment should be moved further
upstrecm. Except as noted, the fiow about tre rest of the model was entirely sonsfbctory,

TEST 17

DIMENSION "A" EQUALS 20 FEET
The dischorge was brought up to 150,000 second-feet, stopping momentarily at 50,000
and 100,000 second-feet. Some of the riprap (elevation 2173y, ot the downstream
corner of the gbutment, wagshed out; the remoinder settled until the top of it was
approxtmately ot 2170. The model was run for 45 minutes with-no further chaonge noted.
The ripraop inthis area wos between 6 inches and 2 fee! insize. It seemed probable
that if only 2~foot riprap had been used no erosion wouid have occurred.

TEST 18
D.MENSION "A" EQUALS 25 FEET
The dischorge was brought up to 130,000 second-feet, stopping momentari,y ot 50,000
ond 100,000 second-feet. Condition were very satisfoctory. There was no tendency
for the riprap {efevation 2173} along the edge of the downstream obutment o move.
The model was run for sixty minutes with no change in condition,
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downstream edge of the abutment was extended level at elevaticn 2173
(Figure 11), but prolonged operation produced severe erosion. The
streamward side of the downstream abutment section was made vertical b
removing the portion of the 2:1 paved slope below the crest (Fisure IIX,
but this gave no improvement in scour conditions. Several minor alter-
ations to the apron, including variable length sections in this vicinity
gave slipht improvement. However, the shallow sand bed below the model
and the short approach to it were bellieved to contribute to the severe
conditions, so the model was reconstructed hefore additional tests were
conducted. This desipgn, which had proven satisfactory with the minimum
estimated tailwater was then considered inadequate when severe scour
(Test)35) oceurred along the downstream edge 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 investigaticn of numercus variable length aprons adjacent to
the abutment (Figure 13) resulted in a desien (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 the minimum
estimated and higher tailwater elevations. Lowering the tailwater 1 feoot
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 desien (Test 42,
Figure 13) was recommended and was embodied in the ccnstruction of the
prototype during the Winter of 1936-37.

Field Data on February 1937 Floed

On February 7 and 8, 1937, a few days after completion of the
reconstruction of the prototype, a flood with a peak capacity of
68,000 second~feet passed over the dam. The 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 1:48 to represent the entire spillway
and the approach and tailwater conditions (Figure 16). This model was
also constructed and studied in the Colorade Apricultural Experiment
Statien at Fort Collins, Colorado. A4s additional area was then available




FIGURE

TEST 19
Some set-up as test 18, A toilwater curve two faet lower thon the minimum estimoted
(as per drawing "Tailwater Estimates", doted 9-9-35 C.J.H.), wos used. No sertous
erosion occurrad from O to 100,000 sccond- feat. At 150,000 second-feet, as n test 16,
the region ground the down-siream edge of the abutment was eroded to the model floor
lelevation 2165). It required 15 minutes to erode to the floor @s against two minutes in
test i6. The magnitude of the erosion was about the same in both tests. The scour

downstream of the sill was comparoble with that of test 16 and was not considersd serious.
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PLAN OF ABUTMENT
TEST 20

DIMENSION "A" EQUALS 25 FEET
Set-up os shown in skeich  Same toilwater os Test (9. No serious erosion occurred from
0 to 100,000 second-feet. At 150,000 second-feet the sand downstream of the abutment

starred to erode. Afrer 50 minuies ot this discharge a hole commencing 26 feet downstregm
of the abutment and 28 feet long,was scoured fo the floor at eievation 2165.

TEST 2! -
DIMENSION "A" EQUALS 30 FEET

Set-up as shown n sketch. Same toilwater as test 9. Some results os fast
20. No sand comny over fbe dam in tests 20 ana 21.

TEST 22
DIMENSION "A" EQUALS 30 FEET

Set-up as shown in sketch except trianguiar sill two feet high was placad at
the downstraam edge of the level part of the abutment {elevation 2173). Same
results as test 20 except the scour was more rapid.

TEST 23
Some as test 21 except thare was no riprap downstream of the crest. Erosion-
was more severe than in test 21.

TEST 24
Some as test 2/ except on area 42' x 60  downstream fram the abuiment was rip- SECTION
rapped three feet n depth, level at el.2173. A discharge of 150,000 sec.-ft. TEST 22
for 90 minutes proved soflsfocror¥,Ruprop 20 feet downsiream from adge of
cbutment settled to etevation 217! ond the flgor was exposed beyond the end
of the ripropped areq.
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FIGURE 13

TEST 39
Sarme <atup astest 35 except the 2°) paved-abutmen slope was raplaced by a 3! slope. The some procedure
was followed os intest 35 Some erosion occurred 30 feet downstream from the end of the apron for 100,000
second-feet with the tailwater according to Debler's curve The riprap along the downstream portion of the
abutment ralled downstream ohd a hole 3 feet deep was formed.  As the failwater wos lowered the hole become
deepen but nlways recched apoint of stability and never eroded aeep enough to eypdse the bottom of the cutoff
wall. Witha discharge of 150,000 sacond-feet and the toilwater elevation according to Debler's curve o hole was
scoured tothe floor lelev.2154) 1n 15 minutes. Ten minutes at the minimum estimated faliwater.and ten minutes’
at two feet below minimum estimated increased this scour Afthe end of the runan area 38 feet wide by 60 feet
long with the upstream end about 70 feet downstrearn from the sill was scoured to the floor (elevation 2/154),

\

TEST 40

Sarne as test 35 except variable length apron was usedisee

w3 ) g L M._esreps@”g‘_—_57!i' aom sketch). The same orocedure was followed as in test 35 CGondi-
pTen e T ' tions were sotisfactory for all discharges upto and including

3 190,000 second -feet with the minimum estimated toilwoter. At
100,000 second-feet, with the tailwater two feat below the
mintmum estimated, some of the riprap was rolled away from below
the sill at g point directly downstream from the intersection of the
crest and the 2.! slope. Erosion in the above mentioned area
tecome severe at 150,000 second-feet with the tailwater elavation
two feet below the minimum estimated. These flow conditions
were mamntained for 35 minutes At the end of the run the scour
was to elev. 2160 along the cut-off wali directly downstream from
the intersection of the crest and the 2:1 slope. No erosion
occured elsewhere

TEST 4l

Some as test 40 except variable iength apron ottered and o
d-foot Rehback sill placed at the downstream edge of the abutment
kY oniy {see sketch}. The same procedure was followed osin test 35,
Sotisfactory results were obtained for all discharges upto and

) in¢luding lg’0,000 second-feet with the minimum estimated tfail-
e water. With the mimimum estimated taiiwater very slight erosion
’ occurrad immediately downstream from the large sill. This dis-
TEST 40 - charge with the tailwater two feet_beiow minimum eshmatea
eroded this area to elevation 2163. The sand and riprap
immediately downstregm from the rest of the agpron settied to
efevation 2167 :

N

TEST 42

Sane as test 40 except a 4-foot Rehbock sitl was used on the
. portion of the apron farthest downstream. Also, 2-foot piaced
QuUAaL STEPS 575> | riprap five feet indepth,4as extended 20 feet downstream from
: L the 8-foot sill. Twelve runs of 20 minutes each were made. The
sand bed was not disturbed between runs,thus giving very
severe operating conditions during the latter part of the test.
Runs were made gt discharges of 25,000,50,000,100,000 agnd
150,000 second-feet with failwgter elevations according to three
curves (fig. 25-2-3-PCD-8). Very satisfactory resuits were
obtained for gli discharges with tailwater elevation gccording to
Debler's curve and the minimum estimated curve. Conditions
with toilwater gccording to the arbitrary curve ware more
severe but the scour adjacent to the cutoff wall was not below
REHBOCK SILL 4 HIGH . elevation 2166. The sand and riprap immediately downstream
INSTEAD OF THE REGULAR from the dentals settled to alevation 2168,
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FIGURE 13

TEST 3¢9
Same setup astest 35, axcepr the 2'1 paved-abutmen slope was reploced by a 3! slope, The same procedure
was followed as intest 35 Some erosion occurred 30 feet downstream from the end of the apron for 100,000
second-feet with the tailwoter according te Debler's curve. The riprap along the downstream portion of the
abutment rolled downstreaom ahd o hole 3 feet deep was formed.  As the tailwoter was lowered the hole became
deeper but niways reached a point of stability and never ercded deep enough to erpose the bottom of the cutoff
wall. Witha discharge of 150,000 second-feet and the tailwater elevation according to Debier’s curve o hole was
scoured tothe floor (elev. 2154 ) in 15 minutes. Ten minutes of the minimum estimated tailwater.ond fen minutes®
at two feet below minimum estimated increased this scour. At the end of the run an area 38 feet wide by 60 feet
long with the upstream end about 70 feet downstrearn from the il was scoured to the floor (elevation 2154).

N

TEST 40

Snme as test 35 except variable iength apron was usedi(see
s - BSTEPS @ 719257} - sketch). The same procedure was followed as in test 35. Condi-

" [ tions were satisfactory for all discharges upto and including
y C ELai7st | . 130,000 second-feet with the minimum estimated tailwater. At
i CA \ ! l 100,000 second-feet, with the tmilwater two feal below the

. = ‘p)\ v minimum estimated,some of the riprap was rolled away from below

} the sil at g point directly downstream from the intersection of the
crest and the 2.1 slope. Erosion in the above mentioned area
become severe at 150,000 second-feet with the tailwater elevation
two feet below the minimum estimated. These flow conditions
wore maintoined for 35 minutes. At the end of the run the scour
) was 1o elev 2160 along the cut-ofl wall directly downstream from
EL 2173 -nnret % the intersection of the crest and the 21 slope. No erosion
. ’ occurad elsawhare.

F :
SRR 5 : TEST 41
CONCRE TE -~ ' Same as test 40 except variable tength apron altered and o
} - 4-foot Rehbock sill placed at the downstream edqge of the abutment
e R oriy {see sketch), The same pracedure was followed as intest 35,
Satisfactory results were obtoined for all discharges upto and
including 150,000 second-feet with the minimum estimated tail-
water. With the mimmum estimgted tailwater very slight erosion
cccurrad immediately downstreom from the large sill. This dis-
TEST 40 charye with the taldwater two feet beiow minimum estimated
eroded this area to elevation 2163. The sand and riprap
1Tmediarel downstream from the rect of the apron settled tfo
etevation ’

i

TEST 42

Same astest 40 except a 4-foot Rehbock sill was used on the
portion of the apron tarthest downstream. Also, 2-foot piaced
riprop five feet indepth,was extended 20 feet downstream from
the d-foo! sil. Twelve runs of 20 minutes each were made. The
sGng bed was not disturbed beftween runs,thus giving very
severe operating conditions during the lotter part of the test,
Runs were made at discharges of 25,000,50,000, 100,000 and
150,000 second-feet with tgilwater elevations according to three
curves (fig. 25-2-3-PCD-8). Very satisfactory results were
obtamned for oil dischorges with tailwater elevation according to
Debieris curve and the minimum estimated curve. Conditions
with tatlwater gccording to the orbitrary curve ware more

‘ 1 severe but the scour adjacent Yo the cutoff wall was not below
REMHBOCK SILL & HIGH ‘ elevation 2166. The sond ond riprep immediately downsiream
INSTEAD OF THE REGULAR. from the dentals settlied to gievation 2168.
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in the laboratory, the restrictions 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 placed between sheet metal
templates which served as guides for screeds in shaping the surface of
the model dam. The dentated sill was made of redwcod and was fastened
to the spillway apror 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 enclosed by low wooden walls made watertight with asphalt emulsion.
Brass rods 1/4 inch in diameter were fastened to strips of galvanized
metal placed on the tank floor. The tops of these rods served as guides
for placing the sand and gravel which represented the topography.

A maximum model discharge of 9.39 second-feet, corresponding to a
prototype discharge of 150,000 second-feet was measured by a 4-foot .
Cipolletti welr. 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 ta regulate the tailwater.

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 {1927)

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 sand. The sand upstream from the model spillway crest was
replaced by a coarse gravel. Tests indicated inadequate scour protection
for the left end of the dam 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 ketween the tailwater in the field
during the first part of the 1937 flood and the arbitrary curve used for
testing the 1:24 model, that curve was used for these investi-atiens.

Sceur contours for the February 1937 flood, with the secticn of the
old dam downstream from the left side and usin~ 51,000 second-feet for
the peak flow, checked the prctotype remarkably well (Fimure 17). The
results would have checked 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 flocd failed to agree with a previous
United States Geological Survey rating curve, the peak flow cr. the model
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was checked to determine if a more likely extension of the rating curve
(Figure 18) were correct. Two staff papes were installed in the model,
one 30 feet (prototype) upstream from the crest axis on the left intake
wall, and the cther 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 seccnd-
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 lensth of the dam. For the first two flows the
surface on the wall of the intake section checked the prototype elevaticns,
while those at the risht abutment were toco 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 necegsary to raise the tajilwater

to elevation 2182 fcr 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 depth, so this method was used for subsequent
runs for which prototype data were availatle. 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 readings on the
intake staff zage, and the water surface at the right abutment was
considerably above the recorded prototype elevaticn when the intake gage
read correctly. This condition was corrected by maintaining the desired
water surface elevation at the right abutment with the tailwater resulating
device, while increasine the flow until the desired readines was obtained
on the intake staff eage. A discharge of 50,000 second-feet was required
to obtain water surface elevatiocns comparable to the prototype for the
estimated 42,800 second-feet, while 67,300 second-feet were necessary to
give the prcper elevation for the estimated 51,000 second-feet. From
these studies it was concluded that the maximum discharge for the flocd

of February 7 and & was nearer the 68,000 second-feet obtained bty a smooth
extension of the ratinz curve (Figure 18) than the 51,000 second-feet
obtained by extension to fit the old United States Geolcgical Survey rating
curve., Discharses cof 100,000 and 130,000 second-feet were also studied.
The absence of protctype data for these discharges made it impossible to
extend the rating curve accurately. However, the prototype curve should
not vary much from the approximate extension obtained cn the model. The
water surfaces across the dam for the varicus flows were plotted, and a
new rating curve for the staff zage on the intake wall obtained. A new
ratin~ curve for the United States Geological Survey station, including
discharges up to the peak [locd, was alsc prepared from these data

(Figure 19).

As soon is the prototype flced datd had been checked, studies to
obtain a design capatle c¢f handling 130,000 second-feet with a tailwater
2 feet below the minimum estimated, were hersun. A solution Tor this
discharge was sousnt {irst because it was the largest dischar~e that the
laboratoery 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 apron, but
no appreciatle improvement was noted.

A solid 20-foot strip of pavement without a sill placed downstream
from the apron, sloping from elevation 2173 to 2170 (Test 13) improved
conditions btut did not eliminate erosicn near the left end of the dam,

A solid 25-foot extension sloping from elevation 2173 to 2169 with a
3-foot dentated sill at the downstream end (Test 16, Ficure 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 Rehhiock sill at the end (Test 17, Firure 21) also
gave ample downstream protection to the central portion of the spillway
but failed to protect that porticn of the riverbed downstream from the
intake.

Extensions and additions of various types were used to prevent 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 below the dam was
straightened and used in conjunction witi the articulated apron. For
all arrangements exceprt 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 al 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 sericusly considered
as a soluticn, additicnal 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 / feet below
the minimum estimated (Figure 3) was used in further studies. When this
tailwater relationship was used cn the previous arrancement cf downstream
protection, severe scour resulted reaching elevation 2159 near the
downstream edge of the richt atutment and elevaticn 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 cn the model (Test 20, Figure 21),
and different arrangements made around the richt abutment using varia-
tions of the articulated apron to prevent scour downstream. None of the
designs worked satisfactorily because the short apron sections tecame
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.
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NOTE FOR ALL TESTS ]
The m 1el discharge representing 130,000 second-feet was maintained for 212- hours with the tailwater 2-

Flow was concenirated on left end of spillway to represent conditions
Gravel was used to represent the river bed upstream from the dam .and

practically no sand passed over the spillway during the tests. The materlal used for riprop passed
through a 3-tnch mash and was retained on o - inch mesh screen,
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TEST 12
The model arrangement was the same as the finished
prototype (Jon. 1937} except for ¢ variable length
apron with 4-foot dentals added to the left end of the
structure. In this test the cut-off wail of the apron,
except in the region of the variable length apron was
exposed to a depth varying from 4 to 6 feet,
The scour reached elevation 2161 approximately 40
feet down stream from the spiliway opron.

TEST 13
Same as test 12 except for the addition of a 20 foot
stoping apron without o sill on its dowstream end,
which was o! elevation 2170. No improvement inthe
scour was noted over test 12. The scour reached
elevation 2167 Just downstreom from the end of the
apron.

TEST 14
Same os test 13, except for a 3-foot sill ploced down-
stream from the intoke section and along the end. of
the sloping apron; clso the 20 foot sloping apron was
continued ocross to the left obutment and the down
steam end of the variable length apron below the
intake section was mode level at elevation 2170. No
serious erosion was observed except in aqn orea
imediotely downstreom ond to the right of the intake
section where the scour reached o depth of 7 feet
below the apron.

TEST 15
Same as the finished prototype (Jan. 1937 )} except a 3+
foot sill, extended to the left intake wali, wos used
in place of the 2-feet sill. The scour was serious
downstream from the left intoke wall of the structure
exposing the cut-off wall to o depth of 7 feet in
many ploces.

TEST 16
Same us the finished prototype (Jan. 1937) except a
25 foot sloping apron with i1ts downstream end gt
elevotion 2169 was added. A 3 foot sill wos placed on
the end of this apron. No serious scour occurred
aexcept just dowr.stream from the intoke section. The
resuits were not appreciably different from test 14,
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POWER CANAL DIVERSION DAM
SUMMARY OF TESTS I7 TO 26 INCL.

TEST 17
Same os finished prototype (Jan. 1937) except o 20-foot articulated apron
siaging from elevation 2173 to elevation 2169 with 3-foot Rehbock sitl at
1+s gownstream end, was placea along the downstreem edge of the spillwoy.
Apron sections were fen feet wide  The teft intake wall was stroightensd.
There wos no scour just downstraam trom the sili, However, when an odditio-
nal run of Z hours wos made with the tailwoter 4-feet below the mimmum
eshimated, serous scour occurred downstream from both cbutments

visiwiw]

TEST I8
Same o5 fest 17 except three short opron sections were exfended 2 feef,
3 feet ond 4 feet downstreom trom the 3-fool Rehbock sill to prevent scour
at low dischorges with no torlwater A discharge of 20000 second-feet
was run with g taitwater of 2173 NO serious erosion occurred along the
apron esther with or without the apron extenions.

) FOR ALL SUBSEOUENT TESTS THE TAILWATER USED WAS 4-FEET BELOW
EL269 THE MININUM ESTIMATED INSTEAD OF 2-FEET BELOW
¥

TEST {9
Same os finished pratotype fJan. 19371 except thot an orhiculoted apron
extending 20 feet downstreom ond sloping from elevatian 2173 10 2169, with
a 3-foot Rehback sl ploced at the downstream end,was ploced across the
entire length of the spiiway. The left intoke wail was stroigntened and
rock fopogrophy wos placed intne left side. Sertous scour occurred
downstreom from the intake clong the sharp edge left on the rock topography
- Scour occurred 10 etevation 2161 downstream from the right abutment

€L 2173~

TEST 20
Same os test 19 exzept that the rock 10poqraphy was rewvised to more closely
-3 S approvimate the pretotype,also, a longar articuloted opron wos used down:
/ . EL 2189~ stream from the voriabie length portion neor the right gbutment. Improved
g scaur conditions were noted downstream from the intake section, white those
P ! IL i P { ; at the right abutment were worse.

WEWE WIS

- i 0

TEST 2!
Some as hmshed prototype (Jon 1917 ) except an opron level ot elevahion
2173, with @ 3-foot Rehbock sl of s downstreom end, wos extended 30
feet downsiream. 4-foot siil gt right abutmen! was extened 38 leet 1o
the ieft. 5 sections of articulated opron,20 feet iong were ploced down:
stream from the right abu® ment and the ieft intake wall was Straight,
NO serious erosion occurred except cownstreom from the nght abutment
where the scour reached elevation 2i55

; 3 s y TEST 22

© ks Same os test 21 except 3 sechions of articulated opron were used nstead
g1 e 273 of extending the 4-foot silt 38 feet 10 the ieft. Serious scour, reoch-
L‘ [

N g on elevation of 2151 shil occurred downstream from the rignt cbut -
ST STwawE W [y EvevrwIwCy) mant

TEST 23
Same as hinished prototype (Jan. 1937) excect an apron sloping from elev -
ation 2173 10 2169 was extended 25 feet downsireom with o 3-foot Renbock
stlt on the downstreamn end of s central portion. Additional extension
near the rignt gbutment level ot elevation 2169 3-foot teapezowal syl
downstream {rom both abutments. Noserious erosion resuited during the
fhrst run so the model wos operoted an oddting! 2 hours ot a discharge
of 150000 second-teet with the taiwater ot 4 feet pelow the mimmum
estimated The recr of the sil wos stul covered with sond except on the
@ack 10DOYrophy 10 the region of the intake Section

TEST 24
Same set-up os test 23 excep! the 3-foot trianquiar sill was used across
the entite widtn of the opron extension  After o dischorge of 180000
second-feet for 2} hours the back ¢f the sill wos shit completely covered.
The sicpe of *he sana downstream from the sill was much steeper than in
test 23

TEST 25
Some set-up g5 test £3 excep! o 20-%00t sioping apfon o elevation 2169
used instecd of the 25-toot one  After a discharge of 150,000 second-feet
for 2 hours, the erosion was greater than at the end of test 23

TEST 26
Some set-up 0s test 23 A cumulotive test was made using discharges of
30,006, 60,000, 90,000, 20,000 ond 150,000 second-feet with the tailwoter
4-teet belgw the nuwwmum estimated. The resuits were sohisfactory assum-
ng the rock 10pogrophy downstream from tha intake sechion was correct.

TEST 23 8 26




The ends of three sections of the articulated apron were lowered 1,
2, and 3 feet to ascertain what would happen if, in the cocurse of
operatlons some of the sections became ]owered. No chanpge was detected
for the 1-foot drop when the model was operated for 2-1/2 hours at
130,0C0 seccnd-feet. Cnly slight scour occurred with the 2-foot lowering,
while severe scour with undermining back of the cutoff wall of the
existing apron was obtained for the 3-fcot drop. The severe action in
the latter case was ascribed tc currents created by the flow of water
threough the opening upstream from the sill between the lowered ssction
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 L feet were placed downstream from short sections of the
articulated apron, The purpose of these extensicns was to prevent
erosion by the jets issuin~< from the back cf the downstream sill. 1In
all cases, the tailwater increased so rapidly that a water cushion
formed on the sloping apron upstream from the second sill and no serious
erosicn resulted. Moreover, the extensions never functioned as scour
protection. Uf the quantities tested, 20,0C0 second-feet rave the worst
cenditions. This test was not repeated cn the recommended desien, as
it was indicated that the 5-fcot additicnal apron lenrth would serve to
improve conditions by lengtheninz the cushioning pcol between the sills.
Unless there was severe retrorressicn of the riverbed, the sill on the
slcping apron would always be submerced when water was flowing.

The articulated apron desi~n was abandoned when a solid sloving
apron gave equal results alone the central portion of the spillway and
when it seemed impossible tc¢ adequately protect the abutments by using
the narrow apron secticn. A level apron extending 30 feet downstream
was tested to save the excavation required in constructing the sloping
design. This was not satisfactory as the maximum depth of scour moved
upstream nearer the avrcn causing a much steeper slope of the riverbed
immediately downstream from the sill. Articulated sections and solid
extensicns below the right abutment (Fipure 21) were of no benefit, and
the 25-foot sleoping apron with the 3-foct Rehbhock sill was arain
installed. A level extension downstream and tc the left of the right
abutment with a trapezecidal sill aleng its edges proved adequate when
the model was operated at 13C,0CC second-feet for 2-1/2 hours. The
maximus depth of scour which reached elevation 2159 occurred some dis-
tance downstream. JSlisht 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 reqion were still severe but were
not considered serious because borings made during the original construc-
tion of the dam indicated solid rock in this region.

After this desizn had proven satisfactory for 130,000 second-feet,
. the laboratory nump was reworked for hisher speed, and the mocdel was
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tested for 150,000 second-feet., Some increase in erosion was ohtained
at this flow but no critical change occurred. The desinn was considered
satisfactory. The model was then operated at various discharres to
investigate the ccnditicns throughout the flood ranre., Very desirable
results were obtained adjacent 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 larpge area
of the model [loor, elevation 2151, was exposed (Flpures 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 the foundation and
because of the unknown- depth and extent of the rock surface, tests for
improvement were made assuming a riverbed (composed) entirelv of pravel
and boulders. The first attempt involved extensions similar to those
used below the right abutment together with various sill arran-ements.
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 cnly 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 eliminatin~ the violent eddy and these walls
were removed. The left downstream wall of the intake was replaced hy a
warped wall extending 27.75 feet downstream from the end of the apron.
The conditions were somewhat improved hut not sufficicnt to warrant the
cost of the chanre in the wall.

Studies of the flow downstream from the section indicated the
fermaticn of two distinct prisms of water, cne below the spillwar where
the flow noved swiftly downstrear at a low elevation, the other helow the
intake where a1 hirher tailwater fcrmed due to the decreased quantity of
water per foot passinr over the sluice section of the intake. This latter
prism, or body of water, havin~ a surface higher than the first crowded
to the ri-ht and directed the edre of the fast-movin~ jet along the
riverbed causing deep scour.

Apparently a separation of these two prisms until they reached
approximately the same tailwater elevaticn wculd let each pass unmclested
downstream and prevent crowding of the high-velocity jet, thus minimizing
erosion {rom this scurce. An intermediate training wall seemed the
likely sclution, and one of excessive length and 1f inches prototype
thickness was 1nsta11ed (Test 36) dlrectlv downstream frcm the richt wall
of the intake structure (Fisure 24). This wall separated the two todies
of water, as anticipated, practically eliminatine the edd:r next to the
bank and preducing about the same depth and slope of erosion on the risht
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side of the wal®l as had been previcusly obtained helow the central
portion of the spillway. Deep2ar scour occurred on the left side of the
wall which was attribtuted to the current directed against the wall by
the warped apron flocr 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 tc 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 placed at the end of the apron.
This alteration eliminated the concentration acainst 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 mcst economical size of wall was studied. The wall was
raised to prevent interference by water flowing over the top cnto the
spillway jet and shortened 22 feet to a point (Test 37) where the dif-
ference in water depth along the two sides of the wall was about 1 foot
prctotype at the downstream end. The 3~foot Rehboek sill was moved
upstream until the front face was at the corner of the leff intake wall
(Figure 24). The results were substantially the same as with the longer
wall, However, the eddy along the bank became slirhtly more proncunced
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 cculd 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 tc the upstream end. ,The walls previously
tested were constructed partly on the existing prototyme apron. As this
complicated the construction, the wall was cut vertical at the junction
of the new and old constructicn and the upstream end given the shape of a
parabolic pier nose (Test 38). The tecp of the wall was cut cn a slope
making it similar to the design obtained vy model studies for the training
walls on the Marshall Ferd Dam (Fizure 24). The wall was overtopped
slightly at 150,LCO second-feet, hut this arrangement gave gocd results
with the llehbock sill in place. The necessity of this sill was clearly
shown when it was replaced Yy the travezoidal shape and the conditicns
became r.ore severe below the intake section (Figure 255,

A 2-hour run at 150,000 seccnd-feet produced more scour than in
previcus tests. The wall was revised and lengthened 10 feet so that its
total lensth tecame 69 feet and the 2-hour run was repeated. Favoratrle
results occurred, especially when compared with a similar run usine no
wall (Fizure 26). This intermediate wall (Test 38, Fipure 24) was recom-
mended in the event the rock fcundaticn near the intake section prcved
unsound cr was found to te at a lower elevation than indicated by the
borings made in 19C5.




NOILOES HMVINT HHL WOUA WYHHISNMOQ TIIS 40 AJAL INIEIJLIIq
HITM TIVM ODNINIVHL ZIVICHWIHINT 40 NOSTHYJWOO
TAQOW g4+ T

TIIS dVINDNVIYL

Figure 25

unJd L00Yg 8uo J63J8 pog ‘) 180J-PuUooes_ Q00 ‘06T e3IBYOSTq ‘g 610184 Psq JeAld 'V

TIIS MD09HId

und noy-suo J63Je pag ) 398 J-puooes 000 ‘04T SBIBYOSTT g und 8J0Jeq paq J0ATY VY




With intermediate training wall

1:48 MODEL
RIVER BED AFTER DISCHARGE OF 150,000 SECOND-FEET FOR 2 HOURS (MODEL)
WITH TAILWATER 4-FEET BELOW MINIMUM ESTIMATED




CCNCI.USICNS

Large obtjects, such as the displaced section of the ‘orisinal dam,
should not be left immediately downstream from a dam similar to the one
discussed. Undermining at the vpstream side of such an object will occur,
and the object is likely tc move upstream to damage the toe of the dam.

A major factor causinc failure of the oririnal dam was due to
piping resulting from severe scour at the upstream face of the dam. This
condition was shown on the model, but was imnossibhle to otserve 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 lenoth of the
spillway (Fizure 30). .

Protection for the downstream parts of the dam ccnsidered best
prior to the 1937 flood and bhased on unifcrm flow over the spillway con-
sisted of a 30-foot apron with a 2-foct Rehbock sill at the end., Finimum
scour was obtained downstream from the end of the anron and along the
cutoff wall of the rieht abutment by extending the upstream porticn of
the abutment 25 feet, extending the apron in this area, and using a
L-foot instead of a 2-foot Rehbock sill (Fieure 27).

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

a., A 25-foct sloping apron extension with a 3-fcot-
Rehbock sill in the spillway section (Fi~ure 30)

b. A section of level apron, with a 3-foot trapezoidal
sill, extended dcwnstream from the right abutment
(Flwure 30), and

c. An intermediate training wall immediately
downstream f{rcm 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 borinzs made in 1905

Slight negative-crest pressures, that occur at 25,0C0 and
5C,C00 second-feet flow, are not considered sericus.
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