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Granite Reef Diversion Dam Hydraulic Model Study 

Introduction 

Background 

Granite Ree f D iversion Dam (fi gure l ) was constructed from 1906 to 1908 by the Bureau or Reclamation. T he 
Jam, part of the Salt River Proj ect (SRP), is located on the Sal t Ri ver 4 miles downstream from the conl1uencc or 
the Salt and Verde Rivers. east of Phoenix, Arizona. The dam divert water from upstream storage re. ervoirs to 
the irrigation canal system. 

Figure l . Granite Reef Di ve rsion Dam. Unknrmn dare and discharge. Conal 
hearh1·orks con be seen on rhe norrh side ofrhe ril'er 1 upper-righr) and solllh side 
(/r)\\'er-lejiJ. In rhe cenrer ofrhe spil!mtr (upper-left!. rile hwlroulicjump is 1101 
rewined on rite do11·ns!reum apron. Crwzire owcroppings on 1lze norrh and sowh 
1·ides o{rhe do\1'/Hireum apron rerain !he hw/r(//!lic jwnp ro near rhe bose of/he dam 

T he 20-rt-high di vers ion 
t.l<ml ( figu re 2) consis ts or 
a I ,000- rt- long ogee­
shapet.l cres t across t11e 
river at El. 13 10 ft. w itJ1 a 
75-ft- long downstream 
apron at El. 1290 ft. 
Canal headworks and 
sluiceways me present on 
bo tl1 the north ant.l soutl1 
sides of the t.l<ml. The 
sluiceway gate sills are 
located <ll El. 1302 rt w itJ1 
four gates on the nortl1 
sluiceway ant.ltwo gates on 
the south sluiceway. T he 
canal heat.l gate sill s. 
located at El. 1306 ft. 
prov ide diversion 
capacities or 2.000 ant.l 
1.600 ft1/s for the north 
ant.l south canals. 
respectively. 

1-lisLOrical ly. erosion 
J~m1age ha.-, occu rret.l in 
the ri\·er immediately 
UO\\ nstream or the 
diversion t.l~un ant.l both the 
nonll ant.l south 
sluicev,;ays. Figure I 
displays typ ical heha\·ior or 
the hydraulic jump. w hich 
sweeps o!T most or tl1e 
downstream apron ant.l is 

hclt.l hack by t11e outcropping or granite rock at t11e nortl1 ant.l sou tl1 enos or t11e apron. RecenL ero. ion has caused a 
scour hole at tl1e end or the existing apron estimated to be more tlum 20 n Jeep resulting in apron sections ant.l 
pmts of the 12-ft-Jeep by -1--ft-wit.le cutoll \\all washing out and requiring replacement. 



El.1310.0··. 
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head works 
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-----Crest-weir - 1000' --------

South Side Canol 
head works-- ... __ _ 

New apron (1916)----·"---~~~~~=~~~~i=f=-====~ 
-Sluiceway ~-Displaced slobs replaced 

2" Weep holes in center/ , with new 18" slobs, 
of each slob in two / / connected with steel 

. . upstream rows------ ::_Supplementary apron cables. (1916) 
-~-Boulder and mortar of s'x 10'x 18" slobs, 

paving as modified connected with cables. (1916) 
in 1916. 

PLAN 

Footbridge--. .---EI.1325.0 

Crest of weir-- .. 
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~~~~~~ 
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SECTION C-C 

Heodgote sill EL1306.0·: 

Figure 2. Plan and sections of Granite Reef Diversion Dam. The plan view and section C-C do not show 
historical and currem damage or replacement of the 18 inch thick apron with 6- to 8-ft mass concrete. Most of 
the supplememary apron is currently washed out. 
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Purpose of Study 
The purpose of this model study was to: 
• determine the stage-discharge characteristics of the ogee crest with the forebay silted to El. 1307 ft (partially 

silted) and El. 1310 ft (fully silted), 
• determine the spillway apron length at the existing elevation that will retain the hydraulic jump for various 

flows, 
• design and test sills that will effectively convert the existing apron to an energy dissipater that will force the 

hydraulic jump on the existing apron and reduce erosion downstream, 
• design and test a stepped spillway overlay to dissipate energy and to retain the hydraulic jump on the existing 

apron, and 
• measure velocities in the modeled river channel downstream from the recommended alternative to determine 

the need for additional channel protection. 

·conclusions 

Stage-discharge relationships were developed for two levels of sediment upstream of the dam. The relationships 
were developed for the south stilling well location. The relationships show that the discharge decreases as the 
sediment level increases for a given head ( figure 5). The stage-discharge measured at the south stilling well could 
be negatively affected by standing waves caused by shallow depths and deposition of sediment. The stage­
discharge relationship presented in this report should provide values that are in the middle of the ranges that will 
likely be encountered. 

Extending the existing apron horizontally to any reasonable length proved inadequate to retain the hydraulic jump 
because the depth of tail water is inadequate. The spillway apron length required to retain a hydraulic jump on 
apron was greater than 180ft, which is less economically viable than other alternatives studied. Also, sensitivity to 
changes in tailwater, caused by further degradation of the river channel, would remain. 

Several sills and secondary stilling basin configurations were tested to force a hydraulic jump on the existing 
apron, and to reduce erosion downstream. Configuration No. 7 shown in figure 16 is the recommended option. 
The 5-ft-high sill is located 50ft upstream from the end of the existing apron, has a steep upstream slope, and a 
1: 1 downstream slope. The sill produced a well-formed hydraulic jump, good energy dissipation, self cleaning, 
and minimal downstream abrasion. A 50-ft-long secondary stilling basin is placed at El. 1285 ft to prevent erosion 
from residual turbulent energy. It also minimizes the required downstream river channel protection. Riprap 
design for the immediate downstream river channel was developed using Configuration No. 7. 

Constructing a stepped spillway on the downstream slope of the existing spillway will dissipate little energy. Steps 
did not dissipate enough energy to retain the hydraulic jump on the existing apron. This could be combined with 
other methods studied, but the cost would probably not be economically viable. 

Downstream riprap guidelines are provided. The average river velocity may still create erosion downstream of the 
diversion dam structures. If riprap is used downstream of the secondary stilling basin, it should have D50 of 
22.2 inches in diameter, minimum thickness of 45 inches, 35-ft in length, and slope down to El. 1265 ft or bed 
rock. As an alternative to rip rap, a 20-ft -deep cutoff wall may be used. 

Hydraulic Modeling Preparation 

Model Construction 

The Granite Reef Diversion Darn sectional or two-dimensional model was studied in a laboratory flume that was 
36-3/16 inches wide. A 1:30 geometric scale was chosen to maximize the height of the model within the flume 
facility. This scale allowed for the projected reservoir head required for 200,000 ft3/s and for a 14-ft drop below 
the existing downstream apron elevation. The construction was mainly marine quality plywood and high density 
urethane. 
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Figure 3 shows the dimensions of the pertinent features of the model, as initially constructed. Upstream of the 
darn, 120 ft of the silted forebay was modeled. The flow transitions from the floor of the flume to the modeled 
reservoir silt level on a 240-ft ramp. The ogee crest and apron are modeled after the April 9, 1917 drawings. The 
existing 75-ft downstream apron was modeled just downstream from the spillway. Three removable apron sections 
downstream of the existing apron provided flexibility in the apron study. 

The sectional model provided good results, assuming that flow over the diversion darn is uniform across the entire 
width of the river channel and no influence is anticipated from the sluiceway flows, topography, and rock 
outcropping within the spillway, and the flash gates on the crest of the darn have equally overturned. 

Similitude 

Froude law relationships were used in this study to ensure the fluid's dynamic similarity. The Froude number was 
chosen because the hydraulic performance of the model and prototype structures are primarily dependent on 
gravitational and inertial forces. The Froude number is: 

v 
F=-

JLg 

where Vis the velocity, L is the characteristic length, and g is the acceleration of gravity. Froude similitude is 

achieved by setting the model's Froude number, Fm. equal to the prototype's Froude, Fp, number, such that 

F m ::::: V m ~ gPLP ::::: 1 
FP VP gmLm 

where, m refers to the model and Prefers to the prototype. The 1:30 scale model of Granite Reef Diversion Darn 
has the following scaling relations: 

Length ratio: 

L =L IL = 1130 r m p 

.Velocity ratio: 

115.477 

Discharge ratio 

Qr = Lr 512 = (1 I 30)512 = 11 4929.5 

Time ratio: 

Tr = L/12 = (1130)112 = 115.477 

These ratios are used by multiplying the prototype value by the appropriate ratio to obtain the model value. For 
example, the prototype discharge of200,000 ft31s is scaled to a 1:30 Froude scale model discharge by 

2oo,ooofe 1 s = 4057 3 1 s 
4929.5 ft 

Because the model was limited to 90.45 ft of the 1,000-ft spillway, this result needs to be multiplied by the modeled 
crest width to total crest width ratio (90.4511000) which gives 3.670 ft31s. 

1 Hydraulic Laboratory Techniques, p. 51, United States Government Printing Office, Denver, 1980. 
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[1. 1310.0' 

~'-6" -"' 
[1. 131Q.O' 

H 1~7' -' I r~= / ~ El '"' / [ od O ""'" 

6 0 "'" 1-J L [ I ~ 75' 45' -----o-+--- 40' - ---t 

5'-0 23/32' J I 
l(f -4 23/3?' ~ 

Figure 3. Granite Reef Diversion Dam model. Protozvpe dimensions are shown. The photograph shows the fo re bay is partially silted (E/. 1307 ft). The 
fore bay has been constructed to model two different silted conditions: f ully silted (EI. 1310 ft) and partially silted (EI. 1307 ft) . 
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Tailwater Stage-Discharge Relationship 

ln March 1982. backwater and scour studies2 were perfom1ed from river cross sections surveyed in lY80. The 
studies were performed for the design of a cour control structure for the inverted siphon that is approximately 
-+00 ft downstream from Granite Reef Diversion Dam. [n 1990. a eros sec tion at the scour co ntrol structure was 
n:. urveyed and a backwater study perfom1ed to determine existing conditions. The tail water stage-di charge 
relationship at the scour control structure is shown in table 2. It was assumed that the tail water for the diversion 
dam was the same as the stage-discharge relationship at the scour control structure. 

The four stage-di scharge relationships used in thi~ model ~tudy to analyze the hydraulic jump characteristics arc 
shown in tahlc ::?.. The \·~dues from the two studies and the n1lues used in this study are plotted in figure-+. These 
assumptinn ~ were verified u:-ing photographs of the dam operating under known discharge:-. 

Table I . St;Jge-discharge n: lationship for the ~cour 
control structure. The report yc<u· from which each row 

or data Glllle from. is indicated in Ule first column. 

Study 

1990 
1990 
1990 
1982 
1982 
1982 

Water Surlace 
Elevation (ft) 

Total discharge 
(fe/sl 

80,000 
120,000 
190,000 
245,000 
290,000 
360,000 

Stage 
(ft) 

1298.9 

1302.0 
1306.6 
1309.5 
1311.9 
1315.2 

Table::?.. Tai l water stage-discharge nllucs 
used in model study. 

Total discharge Stage 
(ft3/s) (ft ) 

50,000 1296.5 

100,000 1300.5 

150,000 1304.0 
200,000 1307.2 

··-- ..... ··-··.- .... . ......... -. .. . ·····-- .... -·- .... ... .. , 
"310 

·J··s 

'302 

•JC() 

"298 

' 1296 
so . ..:oo 1 r"' rr 1SD,:C,., 

Discharge (ft3/s) 

• Pre-~1 us Study R-=slll!s 

! ~~,j '~r !hJS ','.)·:10 Stl,.; 

! 

i 

Figure-+. Tail\\ater stage-discharge rclationshir file resu/11 C!/ rl1e ,Horch IY82 und J<.JYIJ lfltdies are 
filorred 1rirh rhe 1·u/ues usedjor rhi.1 \fll(/r. 

: L". S. Bureau or Reclamation 1\lcmorandum: Scour Cn!llrol Structure-- Salt Ri\cr Siphon. Granite Reel 
.-\qucduct. Central Ari;ona Project. Ari;ona. J unc 30. l lJ8 ::?.. 
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Investigation 

Ogee Crest Stage-Discharge Relationship 

To determine the reservoir stage-discharge relationship of the 1,000-ft-wide ogee crest, two fixed surfaces were 
used to model a fully silted forebay and a partially silted forebay. The fully silted forebay used a flat fixed surface 
at El. 1310 ft. The partially silted forebay modeled a flat fixed surface at El. 1307 ft. Since this was a sectional 
model, three-dimensional effects caused by upstream river bends, variations in depth, localized deposition of 
sediment, and non-uniform overturning of flash gates are ignored. The stage-discharge relationship is independent 
of downstream conditions due to supercritical flow on the spillway. 

The model with fully silted fore bay displayed characteristics of a 
broad-crested weir. This included a Froude number near one 
(near critical flow) over the silted portion of the forebay and the 
associated standing waves that are common to flow approaching 
critical state. The amplitude, size, and positions varied greatly 
with change of discharge. Results of these tests are presented in 
table 3, and figures 5, 6, and 7. 

While modeling a partially silted forebay (El. 1307 ft), standing 
waves were only noticeable during the higher flows. The 
results are shown in table 4, and figures 5, 6, and 8. 

SRP currently uses two equations to estimate discharges over the 
ogee crest. Both are presented in figure 5 for comparison. 

The change in amplitude, size, and positions of the standing 
waves with respect to discharge, indicates that given any flow, 
the depth measurements at this diversion dam could widely 
vary while the forebay is fully or mostly silted. This suggests 
that the diversion dam is generally not a good measurement 
device while the forebay is mostly silted. This phenomenon is 
worse for higher discharges. 

It is difficult to quantify how much error is present in the 
discharges measured with the sectional model. The three­
dimensional approach flow will cause varying unit discharges 
across the ogee crest, with the river bend upstream, variations 
in forebay bottom elevation, and various discharges from the 
two sluiceways also contributing to the error. 

. The stage-discharge relationships presented should provide 
values that are in the middle of the ranges that will likely be 
encountered for these silted conditions. 

Table 3. Stage at south stilling well to 
discharge relationship for fully silted forebay. 

Prototype Reservoir elevation at 
discharge south stilling well 

(fe/s) (ft) 

25,000 1314.6 
50,000 1317.1 
75,000 1319.1 
100,000 1320.7 
125,000 1322.4 
150,000 1323.8 
175,000 1325.1 
200,000 1326.3 

Table 4. Stage at south stilling well to 
discharge relationship for partially silted 

forebay. 

Prototype Reservoir elevation at 
discharge south stilling well 

(fe/s) (ft) 

25,000 1314.3 
50,000 1316.0 
75,000 1317.4 
100,000 1318.7 
125,000 1319.8 
150,000 1320.7 
175,000 1321.8 
200,000 1322.5 

The best fit lines for the fully silted and partially silted conditions shown in figure 6 were generated from a linear 
regression of the head to the apparent discharge coefficient. These are used with the standard weir equation, 
Q = CLH312

, where Q is the discharge in fe/s, Cis the discharge coefficient, and His the applied head in ft. For 
the fully silted condition, the discharge Q = (3.13+0.0295H)(l000)H312 is shown in figure 5 The partially silted 
condition uses Q = (2.13+0.196H)(l 000)H312

• 
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Reservoir Water 
Surface Elevation (tt) 

1326 r 
1324 r---

1322 r-

1320 ~ 

1318 

1316 

131-1 

t312 

0 

r 

r 

50,000 

+,_----------~----------~ 
-----Fully Silted Forbay 

-- Forebay Silted Jo Elevation 1307 II 

- 3-Feb-1984 Chart (C=3 8) 

- SCADA Data (C=3 33) 

100,000 150,000 200,000 250,000 

Discharge (tt
3 

/s) 

Figure 5. Stagc-Jischa.rgt: r.:laLinnship or Lhe ogec crcsl rrom lahoraLory rcsull~ anu di scharge 
equation:, currcnliy useu by SRP. Since !lie )111/r silled fo re bar belnn·ed like u lm)(ld-cres!ed ll'eir, 
i111erpolming discflorge rel({[ionsflip )clr silted conditions be lOll' 1307 ji is inodl'i.whle. 

Reservoir Water 
Surface Elevation (ft ) 

1326 

132-1 

1J22 . 

1320 

Co313.00295•H ~ • • 

~// 
1318 

1316 f-

• 1314 " 

1312 . 

2.5 3 35 

Applied Head. H {tt ) 

1G 

1·1 

12 

• 
10 

8 

C= 2 13-0.196"H 

• Fully Silted Forebay 

• Forebay Silted to Elevalion 1307 ft 

2 

45 

Coefficient 

Figure 6. Discharge col'llicicnL~ t'or ll1c ngcc crcsL for boll1 silLeu conditions. fil e l!tfliUiions 11 ere 
~ent.'rclledji ·om u !nu:ar re~ression cl(!!u: llew/1o tile upp11rent discharge coejjicient. 



Figure 7. Fully silted forebay with prototype discharge of 
200,000 fe/s. The standing waves are ~pica! of flows that 
have a Froude number close to I. F,=0.53. 

Existing Spillway Apron Length Extension 

Figure 8. Partially silted forebay with prototype discharge 
of200,000 ft3/s. Standing waves are not as prevalent as 
with the fully silted condition. F,=O. 58. 

This portion of the study was to determine the minimum apron length required to retain the hydraulic jump on the 
apron with existing tailwater. Tests were conducted for discharges of 50,000, lOO,OOO, 150,000, and 200,000 fets. 
It was assumed that friction losses would increase with apron length until enough energy was lost that the 
hydraulic jump would form. 

The configuration of the model during this test is shown in figures 3 and 9 with the forebay level modeled at 
El. 1307 ft. The procedure to determine the apron length included raising the tailwater to the elevation indicated 
by table 2, and documenting the location of the hydraulic jump. For discharges of 50,000, 100,000, 150,000, and 
200,000 ft3/s, the required length to the upstream toe of the hydraulic jump was equal to or greater than 180ft 
downstream from the toe of the dam. Tt was determined that the jump was likely being forced by the sudden drop 
at the end of the 240-ft-long section. 

9 



Testing determined that the position of the jump was 
very sensitive to the tailwater stage. It was noted that 
for a discharge of200,000 fe/s, a jump would form at 
the base of the darn if the tail water elevation was at or 
above 1310.9 ft. This implies that if an additional 
3. 7 ft of tail water were provided, the jump would be 
forced at the base of the darn for the existing 
75-ft-long apron. 

The required apron length appears to be longer than 
what would be feasible. 

Sill and Secondary Stilling Basin 

Sills to force a hydraulic jump on the existing apron 
were investigated because the apron length study did 
not provide favorable results. All testing was 
performed with the forebay silted to El. 1307 ft, 
because that configuration created higher velocities 
down the spillway slope. 

Once testing began, it became apparent that a si ll at 
any location on the existing apron could not provide 
enough energy dissipation by itself. This was due to 
the di.fference in elevation between the existing apron 
( 1290 ft) and the invert elevation of the river (about 
1285 ft.) . This 5-ft energy head and the head from 
having a 3.75-ft- to 5.625-ft- high sill required 
additional energy dissipation. Secondary still ing 
basins ofvarying lengths and elevations were also 
examined during these tests to dissipate the energy 
from the high velocity eddies and jets downstream of 
the sill. 

Several different sill and apron configurations were 
tested. Configurations were eliminated if they did not 
fit the following criteria : 

Figure 9. Looking downstream at the extended apron. 
The hydraulic jump appears to be forced by the sudden 
drop at the end of the model. 

• The configuration forms a good hydraulic jump upstream of the sill. 

• The configuration has the lowest average bottom velocities downstream of the secondary stilling basin that will 
minimize size and cost of the secondary stilling basin and downstream river channel protection. 

• The configuration is not sensitive to tailwater elevation. 

• The configuration has self-cleaning characteristics upstream of the sill, with minimal abrasion and sediment 
impact on the upstream slope. 

• The configuration has a minimal amount of sediment trapped in the area immediately downstream of the sill , 
and minimal abrasion on the backside of the sill and apron. 

Consideration was also given to the fact that a sill built at the end of the existing apron may be less expensive to 
construct due to the ability to tie into the existing cutoff wall. The thickness of the concrete apron upstream of the 
cutoff wall is unknown across the width of the diversion darn. An additional goal of the study was to determine an 
economically feasible solution. All sill and stilling basin combinations tested were examined \\ ith ease and costs of 
construction considered. 
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Seven of the tested sill and secondary stilling basin configurations are presented in this report. Most of the 
configurations were only tested to the point where one or more of the criteria were not satisfied. The following 
discussions and photographs are for 200,000 fe/s unless otherwise stated. 

Sill Configuration No.1 
Sill configuration No. 1 is shown in figure 10. For this configuration, three sills with varying heights at the end of 
the existing concrete apron were tested. Sills tested had heights of 1.875 ft, 3.75 ft, and 5.625 ft. Each had 
vertical upstream and downstream faces. 

The 1.875-ft sill did not retain the hydraulic jump on the upstream apron at the proper tailwater elevation of 
1307.2 ft. This sill was tested no further. 

The 3.75-ft sill performed well with good energy dissipation at the predicted tailwater; however, at 200,000 tr/s it 
swept out if the tailwater dropped 3.75 ft lower than the estimated elevation. Description of the performance of the 
3.75-ft sill as the tailwater is reduced is given in table 5. During this test, a force of 4,809lb/ft-length was 
measured on the upstream surface for discharge of200,000 ft3/s. 

Table 5. Description of3.75-ft-high sill performance with varying tailwater. 

Tailwater Elevation Description 
(ft) 

1307.2 Jump forming against toe of spillway. 
1306.3 Beginning of jump at toe of spillway, rough tailwater. 
1305.5 Beginning of jump 18ft downstream from the toe of spillway. Rough tailwater 
1304.9 Beginning of jump 33 ft downstream from toe of spillway. Smooth tailwater. 
1303.5 Jump swept off apron. 

The 5.625-ft sill maintained the hydraulic jump on the apron for any tailwater elevation, however, the downstream 
water surface was extremely rough. 

In the case of the 3.75 ft and 5.625-ft sills, additional protection would be needed for erosion prevention 
downstream of the sill. The flow plunging off these sills created high-velocity jets that would impact the 
downstream surface and require a secondary stilling basin 75-ft to 100-ft long with riprap beyond that. These 
configurations were determined unacceptable, due to the inability to clean the sediment from the upstream area of 
the sill, and the amount of additional protection required downstream. 

Sill Configuration No. 2 

Sill configuration No.2 is shown in figure 11, and was designed to improve sediment cleaning in the upstream 
area ofthe sill. It was a 5-ft-high sill with a 1:1 upstream slope. 

For a discharge of 50,000 ft3/s, the hydraulic jump was well formed; however, the sill did not self clean. For 
discharges between 100,000 ft3/s and 200,000 ft3/s, with normal tailwater, there are two stable conditions for the 
first stilling basin. Either the hydraulic jump was stable on the first stilling basin (desirable), or.the jump was 
swept out and was stable in the secondary basin. The latter of the two was the case shown in the photograph in 
figure 11, and produced undesirable high velocity jets in the downstream river channel. 

For tailwater elevations that correspond to 100,000 ft3/s, 150,000 ft3/s and 200,000 ft3/s, and with 10 percent 
additional discharge, the hydraulic jump was swept out of the basin. This configuration was determined 
unacceptable due the sensitivity of the hydraulic jump to the tailwater elevation and the possibility that three­
dimensional effects would cause sweep out of the jump. 
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1\ El. 1290' 
El. 1307' 

~------------75' ------~----~ 

Figure 10. Sill configuration No. 1. This configuration was tested with three different sill heights, 1.875 fl, 3. 75 fl, and 5. 625 fl . The hydraulic jump swept 
out for the 1.875-fl sill. The 3. 75-ji sill was determined best for minimizing downstream waves, but did not clean sediment from the upstream area of the sill, 
because the jet does not imping on the sill. 
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1\ El. 1286' 

------ 75' t / ~ 
[1. 1~7' 
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Figure 11 . Sill configuration No. 2. The hydraulic jump can sweep out for discharges from 100,000 to 200,000 jt% and normal tailwater. The photograph 
shows a discharge of 200,000 fl3 Is, normal tailwater, and the swept out hydraulic jump. 
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Sill Configuration No.3 
Sill configuration No. 3 is shown in figure 12. This configuration had the sill25 ft upstream of the end of the 
apron, and used steep upstream and downstream slopes. This configuration did not clean the sediment from the 
area upstream of the sill. It also caused plunging into the secondary stilling basin similar to configuration No. 1, 
which requires a longer secondary stilling basin. It also did not have the construction advantage of configuration 
No. 1, which could be constructed by tying into the cutoff wall of the existing apron, thus requiring a more 
expensive installation. This option did not provide any additional advantages. 

(~ 

El. 1YJ7'j \_ 100'0~ _l 

' n 5' 

I 3'-6 ~ r- t t 
75' 14'-4 1/'l' 

~25'-
+ 

Figure 12. Sill Configuration No.3. This sill did not clean sediment from the upstream area of the sill, 
caused a plunging flow into the secondary basin similar to configuration No. 1, and would require a 

· longer secondary stilling basin. 

Sill Configuration No.4 
Sill configuration No.4 is shown in figure 13. This configuration had the sill 50ft upstream of the end of the 
apron, and used Steep upstream and downstream slopes. This configuration created a well-formed hydraulic jump 
at the base of the spillway and good sediment cleaning characteristics in the area upstream of the sill. However, 
this configuration trapped sediment in the wake zone immediately downstream of the sill, which may cause 
significant abrasion damage to the existing apron and the sill. 

Sill Configuration No.5 

Sill configuration No. 5 is shown in figure 14. This configuration had the sill 50ft upstream of the end of the 
apron, and used a 1:1 upstream slope and a 2:1 downstream slope. This configuration was designed to keep the 
flow attached to the downstream face of the sill, thus cleaning the area downstream of the sill of sediment. It was 
also designed to reduce sediment and hydraulic impact on the upstream surface. However, the flow still separated 
from the leading upper edge of the sill, and the sediment behind the sill was not swept clean. During testing, the 
sediment worked its way upstream on the downstream face of the sill, which may indicate potential for significant 
abrasion damage on the downstream and top sill surfaces. 

Comparisons of photographs and video clearly showed that the hydraulic jump is not as well formed as the 
hydraulic jump in configuration No. 4. During this test, a force of 5,612 lb/ft-length was measured on the 
upstream sill surface for a discharge of200,000 ft3/s. 

Sill Configuration No. 6 
Sill configuration No.6 is shown in figure 15. This configuration had the sill 50ft upstream of the end of the 
apron, and used a 1: 1 upstream and 1:1 downstream slopes. This configuration was designed to reduce the amount 
of concrete used in configuration No. 5. It also retains some sacrificial concrete for the sill, and minimizes the 
movement of the sediment on the existing apron in the area downstream of the sill. However, the hydraulic jump 
was not well formed in the area upstream of the sill, and displayed the characteristics of sweeping out with low · 
tailwater similar to configurations No. 2 and 5. 
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El. 1307' EL 1286' 

[1. 1280' 
75' 

..__ ______ 50' or 75' 

Figure 13. Sill configuration No. 4. Yl1e photograph shows a well-formed hydraulic jump in front of the sill. The area upstream of the sill is self cleaning due 
to the high impact on the upstream slope of the si II for all flow rates. The flow separates off the upstream edge of the si II and causes a strong recalculation 
zone behind the sill that will retain typical river sediments. 
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Figure 14. Sill Configuration No. 5. The photograph shows that the hydraulic jump is not well formed in front of the sill. The area upstream of the sill is self 
cleaning due to the high impact on the upstream slope of the sill for all flow rates. The flow separates off the upstream edge of the sill and causes a strong 
recalculation zone behind the sill that will retain typical river sediments. Sediment in the model displayed a lot of movement on the downstream slope and top 
of the sill. This may indicate a lot of abrasion damage to the downstream and top surfaces. 
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El. 1280' 

f------ so· 

L 50' or 75' 

Figure 15. Sill configuration No. 6. The photograph shows that the hydraulic j ump is not well formed in front of the sill, and is not dissipating much energy. 
For lower tailwater, the jump completely sweeps out fo r this configuration. Sediment downstream of the sill displayed less movement than in configurations 
No . 4 and No. 5. 
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Configuration No. 7 - Final Design 

Sill configuration No. 7 is shown in figure 16, and is the preferred configuration for the sill and secondary basin. 
The 100° upstream slope was designed after configuration No.4 to develop a gOod hydraulic jump. The 1:1 
downstream slope was designed after observations from No.6. 

This configuration develops a good hydraulic jump and good sediment cleaning characteristics upstream of the sill 
for discharges from 50,000 ft3/s to 200,000 ft3/s. Some sediment was trapped in the downstream area of the sill, 
but displayed less movement when compared to other tested configurations. 

This configuration maintained a hydraulic jump for discharges up to 250,000 ft3/s and minimal tailwater. Minimal 
tailwater describes the condition when the tailwater elevation is at the lowest that can be set in the model, and is 
restricted only by the secondary basin and the downstream topography in the model. This indicates that this sill 
configuration can tolerate large variations in unit discharges over the ogee crest due to three dimensional effects. 
The downstream three-dimensional effects due to variations of river bottom elevation and effects from the 
sluiceways are unknown, but this option should be minimally sensitive to these effects. 

During discharge up to 200,000 ft3/s, the flow impacts the existing apron just downstream of the sill. The 50-ft­
long secondary stilling basin at El. 1285 ft as shown in figure 16 helps to reduce jet velocities before the flow 
reaches the downstream riprap section. 

The design discussed in the Downstream River Channel Protection section of this document was developed using 
this configuration. 

Velocities were measured to help determine the elevation of the secondary stilling basin, and to assist in the design 
of riprap. The maximum velocities were not significantly lower for the secondary stilling basin at El. 1280 ft. 
Therefore, the secondary stilling basin at El. 1285 ft is recommended and all remaining testing was conducted with 
that configuration. 

Providing a maintenance access through the sill was partially investigated for configuration No. 1. What was 
tested created major downstream turbulence, and this line of investigation was discontinued in favor of 
investigating better sill designs. If this is to be investigated in the future, it is recommended that a sill with the 
same profile as the main sill be placed 15ft downstream from the main sill, and 15ft of overlap be provided on 
each side. That investigation may vary sill heights and overlaps lengths. 

Stepped Spillway 

Another purpose of the study was to investigate a stepped spillway as an option to dissipate energy. Dimensions 
for the stepped spillway model are shown in figure 17. The design was developed to maximize step height and 
minimize the volume of concrete. 

Very little energy was dissipated by flow over the steps (figure 18). This is indicated by similar depths on the 
existing apron, and similar hydraulic jumps at the dropoff at the end of the existing apron. 

It was determined that the 10.7-ft overtopping head (critical flow on top of crest for 200,000 ft3/s) was too great for 
the 20-ft drop to dissipate much energy. 

Additional appurtenances with the steps could be used to force the jump on the existing apron, but little benefit and 
high cost were expected from using the steps, so this option was abandoned. 
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El. 1307' El. 1286' 
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Figure 16. Sill configuration No. 7. This is the recommended configuration. The photograph was taken with minimal tailwater to show that the hydraulic 
jump will not :;weep out under any conditiOn for discharges up to 200,000 fr Is. It appears that a 1:1 downstream slope may be best for this option. This has a 
similar wake condition downstream of the sill, but allows some sacrificial concrete compared to a vertical downstream face in case of severe abrasion. 
Sediment downstream of the sill displayed less movement than in configurations No. 4 and No. 5. 
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Figure 17 Prototype dimensions of modeled stepped spillway. 

Figure 18. Side view of modeled stepped spillway and existing condition. It appears that extremely little energv 
loss can be attributed to the steps, which is indicated by similar depths on the existing apron, and similar 
hydraulic jumps at the dropojf at the end of the existing spillway. 
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Downstream River Channel Protection 

Velocities were measured near the bottom of the channel for the preferred option. Velocities immediately 
downstream of the secondary basin and 80ft further downstream are shown in figures 19 and 20. Velocity data 
are presented in table 6 and show a decrease in bottom velocity caused by a minor flow separation off the sill of the 
secondary basin . The turbulence from the basin is settled out 80ft downstream, where the maximum bottom 
ve locities were recorded. 

Table 6. Bottom velocity data downstream of tl1e secondary stilling basin for 200,000 re/s . 

Location Average Velocity, 1 Standard Average Velocity+ Average Ve locity + 
Downstream from Deviation 1 Standard 2 Standard 
Secondary Basin Deviation Deviations 

(ft/s) (ft/s) (ft/s) (flls) 

[mmediate ly 6.07 1.94 8.01 9.95 
downstream 
80 ft downstream 8.76 1.32 10.08 11.4 

ff tl1e riprap is des igned using tl1e average bottom ve locity at 80 ft downstream plus two standard deviations, the 
design ve locity is 11.4 fLis. The average ve locity calculated in the downstream ri ver channel for 200,000 re/s i. 

Velocity 
(ftls) 
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Figure 19. Tota l velocity ncar the bottom, immediately downstream fro m secondary stilling basin .. Frequency and 
OIIIOillll of time above lhe design velociry should be considered \\'hen selecring rhe design velocity. 
es timated to be about 9.4 fl/s . A conservative es timate of il1e turbulence near the bollom is auained from fi gure 20 . 
. -\dding two standard deviations to this calculated average ve loc ity produces a des ign ve locity of 12 rt/s . 

Using 12 fLis, tl1e U. S. Bureau of Reclamation· s 3 rip rap sizing criteria, tl1e Dsu of tl1 e rip rap shou ld be 2 1 inches. 
Using tl1e U. S. Corps of Eng ineers' 4 criteria, D5u of tl1 e riprap should be 22 .2 inches. Thi s should be we ll graded 

3 Peterka. A. J. ·'Hydraulic Design of Sti lling Basins and Energy Dissipaters, Eng ineerin g Monograph o. 25.'' 
pp . 207-22 1, U. S. Bureau of Rec lamation, Denver CO, January 1978 
• '· Hydraulic Design Criteria." U.S. Corps of Engineer , Volume 2, Sheet 712- l. January llJ77. 
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Velocity 
(ft/s) 
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Figure 20. Tota l ve locity near bouom of channe l, 80 ft dow nstream from secondary stilling basin. This 
represenrs near maximum average velocity fo und in the model. Frequency and amount of time above rh e 
design velocity should be considered when selecting the design velociry. 

Using 12 ftls, the U. S. Bureau ofReclamation 's 3 riprap sizing criteria, the D50 of the riprap should be 21 inches. 
Using the U. S. Corps of E ngineers ' 4 criteria, D50 of the riprap should be 22 .2 inches. This should be well graded 
material with D5o/D20 ,2 and D10o!Dso "'2. The riprap layer should be the greater of 2D50 or 1. 5D100. The rip rap 
must be placed over well graded filter material that is not less than half the thickness of the rip rap layer. The 
rip rap should extend a reasonable distance downstream of the secondary stilling basin to reduce further erosion of 
river materials and to prevent undermining of the protection. 

The river channel will continue to erode simply due to the small size of the riverbed material and the velocities 
produced by :floods. If riprap is used downstream of the secondary stilling basin, it should have a minimum 
downstream extent of 35ft. It should slope downward to El. 1265 ft or bedrock. Weight of the rock was assumed 
to be 165 lb/ft3 Larger rock will be needed if a rock of lesser weight is used . 

A concrete cutoff wall (about a 20 ft deep) placed at the end of the secondary stilling basin could also be used in 
place of an extensive amount riprap protection. The construction method utilized is entirely up to SRP. 

In general, using the maximum recorded turbulence level is a conservative approach to riprap design and should 
account for most three dimensional effects. 

3 Peterka, A. J. "Hydraulic Design of Stilling Basins and Energy Dissipators, Engineering Monograph No. 25," 
pp . 207-22 1, U. S. Bureau of Reclamation, Denver CO, January 1978 
~"Hydraulic Design Criteria," U. S. Corps of E ngineers, Volume 2, Sheet 712-l , January 1977 . 
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