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Conclusions Concerning Model Capability and Limitations 

1. Roughness in the model as determined from the project grain 
analyses was verified prior to velocity measurements as sufficiently 
correct to produce model stanina to within 2-1/3 percent of 
hydraulic radius. The average deviation was three-fourths percent of 
hydraulic radius. Point aaqe readinqs of water surface elevations 
during transient tests indicated that friction did not change sig- 
nificantly during the earlier velocity measurements. 

2. Since friction was accurately reoroduced in the model, point 
velocities, velocity profiles, and secondary flows are expected to 
scale provided there are no major defects in geometric similitude. 

3. Since friction and velocity are properly scaled and boundary shear 
determined from velocity profiles is expected to scale within the 
precision of measurinq velocity and differences of elevation between 
the flow boundary and the velocity measurinq device. 

4. Analysis of the model scaling in terms of entrainment functions, 
such as Shields', Gessler's, and Lane's, indicates that when sediment 
simultaneously scales by Geometry and by settling velocity, oniq 
particles greater than 13-mm model or 5.12-foot prototype would have 
general movement similarity (Cessler's 35 percent chance of movina). 
For Lane's critical tractive force (approximately essler's 50 percent 
chance of moving), movement would scale for model diameters equal to 
and greater than 3-mm model or 3:15-foot prototype. Gessler's 5 
percent chance of moving or rare movement Would scale for particles 
eaual to and greater than 6.5-mm model or 2.E-ft prototype. 

5. Because of difficulty of assessina orobability in the model anh 
since desiqn for bank stability is directed toward no movement, the 
early decision to measure velocity profiles to determine hydraulic 
boundary shear and then use entrainment or critical tractive force 
data from other sources is substantiated. 

5. °ecause of surface tension effects, the ^node I cannot scale wives 
equal to or less than 6-inches nrotot',np. Larger 'naves caus?d -,/ 
kinetic impact from snillwav or outlet flows do not scale for other 
reasons; however, have seallna defect, ^oce1 r-easura^nnts Can 
detect sources and location Of -,aximum ,+paves. 

7. Tn~ r?ign,t of racillar`/ ris2 lT? f- hA r-rr+el ,7rnps nr}} scam. ,i,t~r 
wl i1 saturate relatively -uch hinher in V-oriel th±;c~ hnaChirc 



action due to oscillating pore pressure fluidizing of the bank will 
not scale. 

8. Bank storage is distorted by the caoillary rise and the presence of 
model containing walls which can act as barriers not present in the 
prototype. Combinations of defect in bank storage and oermeability 
scaling affect transient tests to some unknown deqree and direction. 

9. The structural properties of the model riverbank materials do not 
scale; thus, bank slides in the model would not necessarily be expected 
to be reproduced in the prototvpe or vice versa. 

Conclusions and Recommendations Concerning Embankment Desion 

1. Maximum velocities 5 feet above the bed measured in the model were 
10.3 ft/s at station 191+00 and 10.0 ft/s at station 74+00. 

2. The maximum tractive forces measured in the model for 405,000 
ft3/s flow were 2.64 lb/ft2 on the bottom at station 1G1+00, 2.4 
lb/ft2 on the bottom and 2.1 lb/ft2 on a 1-1/2 to 1 slooe at the 
highway bridqe, and about 2.1 lb/ft2 on the bottom at station 74+00. 
The maximum sizes of sediment which would be expected to move at these 
combinations of tractive force and side slopes are 13, 11-1/4, 18, and 
10 inches, respectively. 

3. Based on tractive force values measured on the river bottom in the 
model, clay deposits (which were not at the location of maximum trac-
tive force) would be protected with a-inch-diameter cravel blankets 
with the exception of station 191+00, which .could require a blanket of 
12-inch boulders to prevent erosion If for some reason the maximum 
shear moved to the left side over the clay, then a blanket of 20-inch 
boulders would be required. It is recommended that the richt bank from 
station 171+00 to 195+00 be alined at least according to the original 
specifications. After alinement, the maximum tractive force ,could 
probably be not greater than, 2.1 lb/ft2. 1_'n the river bottom, 
10-inch cobbles would be sufficient to protect the clay against 
405,000 ft3/s flow. Locating clay deposits and olacino orctective 
boulder and cobble blankets in ceeo or fast 'water could be -+ifificult, 
articulated -!?ats are a oossible alternative. 

For tractive Force values determined 'with the -~od, nr from any 

other source, figure 2  can be used to determine the ccrrbined coefficient 

tnat includes Gessler's rroDability of ;^ovine =nd thq •P''ect r.t 
aravit'/ CUe to embank^ent sl ,oCP_s. '.ulti! 1virc the tractivq -F o rce `'v 
the Coe`ficient resi is in oarticle size in ?i  lll^Ptorc, i'sir-' 
',he curve -̀nr the -rcoati I ity of ]i ;eG 'ham C- i 7P -t at ','C  
,enaral movement, Using ;re  ,.rnb_~bility of :;C.'~i r-salt in the 
size nearest ~o that L `.•,c-'s criticaj 
tractive `orce curve. 'is''7 _ -r^b- anil i"/ of ~., -r-!1d-r-!1drlive :, L he 



sizes which would move rarely. It is recommended that 0.05 probability 
of moving be used in the design for no movement. 

5. Inspection of figure 2 indicates that erosion stability deterior-
ates rapidly as slopes get greater than 2 to 1. Thus, it is recom-
mended that 2 to 1 slopes be considered the maximum allowable. Wave 
erosion stability deteriorates, similarly. 

6. Fieure 2 also shows that slopes of 5 to 1 and 
greater can be considered flat in terms of bank erosion stability. 

1. In future embankment construction, more care should be taken in 
keying or trenching bank toes below scour level. After alinement at 
station 191+00 and for flows up to 400,000 ft3/s, no scour is ex-
pected in natural bottom bed material 10 inches in diameter or greater. 

8. Drill hole logs indicate that bed materials have been active from 
depths of 3 feet to 20 feet; thus, it is recommended that bank toes be 
keyed to a depth of 20 feet in sand areas. The keying depth could be 
decreased as size of the bed material increases, becoming equal to 
riprap size where the riverbed is of 10-inch cobble size or greater. 

9. Field reports indicate that 5-foot breaking waves caused by about 
31,400 ft3/s outlet flow failed 600 feet of the riprao armor on the 
1-1/2 to 1 slope of the stabilization fill below the visitors' center. 
The California Hiahway Department design for this height of continuous 
front ocean-type waves (as opposed to choppy waves) would renuire a 
2.8-foot-diameter riprap which approximates the prototvpe 3.6-foot 
mean and 5.9-foot maximum diameters specified for the 1-1/2 to 1 armor 
slope. 

10. The maximum tractive force measured during the 31,400 ft3/s 
outlet flow on the 1-1/2  to 1 riprap bank below the visitors' center 
was 0.5 lb/ft2, sediment with diameters 4  inches and less would be 
expected to move on the basis of tractive force only. This, together 
with conclusion a, indicates that wave action was the main cause of the 
riprap failure below the visitors' center. 

11. The model indicated that for 31,4'0 ft3/s outlet f1C4; there is 

backflow of 5.4 ft/s at the embankment toe about 1,`00 feet downstrea 
from the snillway. The surface water is travelinc at the same speed 
downstream. The shear bet'.-ieen these flows ^av have contributed to the 
failure of the rioran bank ooint below the visitors' center. 

12. The writer does not ';now now to combine Dave 'lesion '';1ith velocity 
or tract 1ve force desi gn . Fro1-ect 'Derscnnel resort that '.Waves are 
nener ~l l v dissipated     by the time *hev reach station 36+00 aftar 
tractive force design should be adeouate "y itself. nalvsi. shculc "e, 



made to determine if attenuation of spillway and outlet waves with 
respect to distance downstream could be determined by computations. 
This information could be used for makinq a decision as to whether 
field observations should be made. The California Hiqhway wave design 
method is presumed to be forcontinuously breaking ocean type waves. 
It is recommended that the Bureau search for design methods and/or data 
more related to waves that occur downstream from spillways and outlets 
at dams. 

13. *•iodel and prototype wave data were found in reoort No. HYD-336. 
This report indicates 8-foot waves are to be expected for 400,000 
ft3/s flow over the spillway. For 1,000,000 ft3/s, 18- to 20-foot 
waves are to be expected. On the basis of California Highway design 
for continuously breaking waves, 4.9-foot and 10.5-foot riprap would 
be needed to protect against these two wave conditions on 1-1/2 to 1 
side slopes. 

14. An emer envy transient test was made dropping flow from 405,000 
to 90,000 ft3/s, simulatinq overload circuit breaker shutdown of 
10 Third Powerplant units with 15-second guard gate closure. !,Jlater 
level versus time was recorded at eight different stations from the 
poweroiant corner block to station 204+00. Time constants (time to 
reach 63.2 percent of the total change of water level) ranged from 37.4 
to 42.2 minutes, averaqinq 40.3 minutes. The total drop in water level 
for the eight stations varied from 29.4 to 32.7 feet, averaginq 30.9 
feet. The rate of change of water surface elevation at the eiqht 
stations durinq the time constant interval varied from 0.47 ft/min to 
0.55 ft/min, averaginq O.49 ft/min. The average leading edge velocity 
of the wave was 60 ft/s between stations 59+50 and 204+00. 

15. Another emeraencv test was made droopina the flow from 135,000 to 
90,000 ft3/s simulatina the more likely shutdown of three units. The 
time constant averaged 46.7 minutes. The total chance of water level 
averaged 12.9 feet. The rate of change of water level during the time 
constant interval averaged [).12 ft/min. The leading edqe or the :gave 
traveled at 41.2 ft/ s. 

16. Another emereency test was nade dreopina the flow from 122,060 to 
90,060 ft-3/s, simulatinq the shutaown of cne unit. The tir!e constant 
averaced 53.8 ,linutes. The total chance of eater level averaced 5.17 
feet. The rate of chance of water level during the time constant 
interval averaged 0.11 ft/-in. The leading -2dce of the v.,ave travel-d 
at 2a.9 ft/s. 

17. An oceraticnal transient test was Tade increasing fio;; from 
0C.0 t -i-E nn r+ r +t i n 0 t _22,.,t;. ~ •-~ ...,.,~ 0 „~/S, Sillll atl C nU~ C 1 ~n i i_c '1D to "!d ~LF1 

in secuerce -From 10 Units -~,,ith 10 cercent no-lead. he rate of 
increase representeu 'CO <':r/min. ~.ftar the water slid ace Stabl 11'E? , 



the units were turned off in seauence at a rate simulatina 70 kW/min. 
For the rising part of the transient, the averaqe time constant was 
53.5 minutes, the average total rise of the water surface was 26.3 feet, 
the average rate of rise was 0.31 ft/min, and the velocity of 
the leading edge was 32.2 ft/s. For the falling part of the transient, 
the time constant averaged 82.8 minutes, the average total drop of the 
water surface was 30 feet, the average rate of fall was 0.23 ft/min, 
and the average velocity of the leading edge of the wave was 37.1 ft/s. 

18. Another operational transiet test was made increasing flow from 
995000 to 1845000 ft3/s, simulating three units going on-line up to 
maximum in sequence at a rate of 100 kW/min starting at 10 oercent 
no-load. after the water surface stabilized, the units were turned off 
at a rate of 70 kW/min. For the risinq part of the transient, the time 
constant averaged 44.4 minutes, the averaqe total rise of the water 
surface was 12.5 feet, the average rate of rise was 0.27 ft/min., and 
the average velocity of the leading edge of the wave was 24.9 ft/s. 
For the falling part of the transient, time constant averaged 55.8 
minutes, the average total fall was 13.4 feet, the average rate of 
fail was 0.15 ft/s, and the velocity of the leadina edge of the wave 
was 30.7 ft/s. 

19. Another operational transient test was made increasing flow from 
93,000 to 122,000, simulatinq one unit qoin on-line uo to maximum at a 
rate of 100 kW/min starting at 10 percent no-load. After the water 
surface stabilized, the units were turned off at a rate of 70 kW/min. 
For the risinq Dart of the transient, the time constant averaaed 44.6 
minutes, the average total rise of the water surface was 4.94 feet, the 
average rate of rise was O.C99 ft/min., and the averaae velocity of the 
leading edge of the wave was 33.3 ft/s. For the falling part of the 
transient, time constants averaed 56.0 minutes, the average total fall 
was 4.95 feet, the averaae rate of fall was 0.056 ft/s, and the velo-
city of the leadina edge of the wave was 27.5 ft/s. 

20. The results of the eneraency test should he considered in terms 
of the embankment stability to determine hoer much compensation needs 
to be 'one with outlet and/or spillway flow. Protectina against waves 
near the dam, due to compensation flow, magi be the most critical part 
of the desinn and Tav neea to be octimized e_xoense_wise with the lesion 
for the aownstream.. It may o'e necessary to orotect this area 
with articulated mats or tetrapod tvpes of armor. 

21. The transient characteristics of the ohvsical :^,od'el should be 
verified;. It is reccmmended that the Dhv~-ical model results be corn- 
oared with mathematical nodiels if doss ible. Thq hest -ammeter for 
comparino and cal ii~ratinn the Physical yodel -.e tr'o  tr!+e know- 
leda_e of the velocity of the wave leadinn edce. However, *or comoari- 
son 1,.,i h ,^atnematiC l "oaels, this would reauire small lncrpmental +ime 



output from computer programs. The transient tests that were performed 
with one unit could be compared with field data with least risk to the 
prototype banks. 

22. It is recommended that efforts be made to determine the actual 
risk of havina different numbers of units undergo circuit breaker shut-
down. This may require hiring a consultant with considerable exper-
ience in the field of engineerina risk analysis. 
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diameters less than 10 mm because/ the equation C Keyno i as numoer i 1 mi LaL iuri . 

A 
Table 7, - Values of (1/KpKgg) for equation 4a to determine diameter 
of material (mm) that wi1T move with a probability (p) on 
side slopes' _1Z 1) for tractive force (Pa) and for an angle 
of repose of"420,(i lb/ft2) = 47.88 Pa) 

Side slope Probability of movina 
r'Z' P = 0.05 P = 0.5 P = 0.85 

0.0  
1.5 4.51 2.36 0.96 
1.75 3.75 1.96- 0.79 
2.0 3.38 1.77 8 0.73 
2.5 3.03 .1.V 0.65 
3.0 2.86 1.50 0.61 
4.0 2.71 1.42 0.59 
5.0 2.63 1.38 0.56 
Flat 2.52 1.32 0.54 



Table 1. - Station 41+40 
River - 405,000 (ft3/s) 

Distance Velocity 
from 5 feet Tractive 

crest -= from force Depth 
-44,44 bed (lb/f t2) (f t) 
(f t) (ft/s ) 

690 6.2 0.69 48 

534 7.8 0.48 82 

414 6.9 1.16 80 

227 7.2 0.88 69 

126 3.1 0.63 53 

95 2.0 0.07 40 

63 0.5 0.008 26 

Columbia River (model) 
sheet 1 of 30 



Table 1. - Station 74+00 - continued 
River - 405,000 (f t3/s) 

Distance Velocity 
from 5 feet Tractive 

crest from force Depth 
read bed (1b/ft2) (ft) 
(ft) (ft/s) 

672 6.6 2.08 44 

372 10.0 1.25 65 

276 8.9 1.36 62 

156 8.5 1.32 50 

120 8.2 1.18 39 

Columbia River (model) 
sheet 2 of 30 



Table 1 - Station 86+00 - continued 
River - 405,000 (f t3/s) 

Distance 
from 

crest -e 
-Fe~ 
(ft) 

Velocity 
5 feet 
from 
bed 

(ft/s) 

Tractive 
force 

( l b /f t2 ) 
Depth 

(ft) 

756 3.6 0.46 23 

636 8.7 0.56 54 

504 9.8 0.54 62 

372 8.4 0.54 70 

168 5.9 0.61 59 

126 4.2 0.53 48 

84 3.0 0.39 32 

Columbia River (model) 
sheet 3 of 30 



Table 1. - Station 102+00 - continued 
River - 405,000 (ft3/s) 

Distance Velocity 
from 5 feet Tractive 

crest ei- from force Depth 
caad bed (lb/ft2) (ft) 
(ft) (ft/s ) 

99 4.1 0.02 38 

148 4.4 0.42 54 

198 5.2 0.41 64 

390 6.7 0.76 87 

522 7.5 0.82 84 

654 6.2 0.64 68 

750 3.2 0.38 37 

Columbia River (model) 
sheet 4 of 30 



Table 1. - Station 169+00 - continued 
River - 405,000 (ft3/s) 

Distance Velocity 
from 5 feet Tractive 

crest 9F from force Depth 
-4494d bed (lb/ft2) (ft) 
(ft) (ft/s) 

320 7.5 0.82 95 

380 6.9 0.53 104 

440 5.5 0.62 104 

500 4.1 0.57 104 

560 4.2 0.20 94 

620 2.1 0.04 88 

Columbia River (model) 
sheet 5 of 30 



Table 1. - Station 177+00 - continued 
River - 405,000 (f t3/s) 

Distance 
from 

crest er- 
-re 
(ft) 

Velocity 
5 feet 
from 
bed 

(ft/s) 

Tractive 
force 

(lb/ft2) 
Depth 
(ft) 

644 7.3 0.29 43 

500 8.0 0.74 72 

470 8.8 0.22 73 

440 8.1 0.57 76 

300 8.6 0.41 73 

140 8.0 0.19 56 

32 4.8 0.02 36 

Columbia River (model) 
sheet 6 of 30 



Table l-.;- Station 191+00 - continued 
River - 405,000 (ft3/s) 

Distance Velocity 
from 5 feet Tractive 

crest or- from force Depth 
-rte bed (lb/ft2) (ft) 
(ft) (ft/s ) 

760 7.2 2.15 28 

675 8.9 2.27 45 

435 10.3 3.64 75 

330 9.6 2.79 60 

280 5.8 3.48 52 

195 6.8 2.70 28 

Columbia River (model) 
sheet 7 of 30 



Table 1. - Station 41+40 - continued 
River - 240,000 (f t3/s) 

Distance Velocity 
from 5 feet Tractive 

crest ei- from force Depth 
~e,a4 bed (lb/ft2) (ft) 
(ft) (ft/s) 

690 3.25 0.49 37.1 

534 4.40 1.15 69.4 

414 4.95 1.06 66.5 

227 4.85 1.15 55.5 

126 1.75 0.14 35.7 

102 0.45 0.08 26.3 

Columbia River (model) 
sheet 8 of 30 



Table 1. - Station 74+00 - continued 
River - 240,000 (ft3/s) 

Distance 
from 

crest or- 
r"d 
(ft) 

Velocity 
5 feet 
from 
bed 

(ft/s) 

Tractive 
force 

(lb/ft2) 
Depth 
(ft) 

672 5.75 0.75 33.1 

492 7.8 1.97 49.0 

372 8.6 0.74 50.6 

276 6.5 1.82 49.7 

156 7.25 0.95 34.9 

135 6.20 1.63 28.3 

111 4.90 1.71 21.4 

Columbia River (model) 
sheet 9 of 30 



Table 1. - Station 86+00 - continued 
River - 240,000 (ft3/s) 

Distance Velocity 
from 5 feet Tractive 

crest er- from force Depth 
-r-Q44 bed (lb/ft2) (ft) 

(ft) (ft/s) 

636 6.9 0.59 39.3 

504 7.5 0.52 48.3 

372 7.45 0.25 55.7 

168 4.85 0.063 43.3 

145 2.9 0.19 34.6 

Columbia River (model) 
sheet 10 of 30 



Table 1. - Station 102+00 - continued 
River - 240,000 (ft3/s) 

Distance Velocity 
from 5 feet Tractive 

crest AG-r- from force Depth 
-r- -ate bed (lb/ft2) (ft) 
(ft) (ft/s) 

669 4.4 0.23 48.8 

595 5.95 0.36 61.3 

522 6.5 0.61 69.5 

390 5.4 0.58 72.5 

198 5.15 0.073 52.0 

148 3.8 0.044 43.5 

Columbia River (model) 
sheet 11 of 30 



Table 1. - Station 154+00 - continued 
River - 240,000 (ft3/s) 

Distance Velocity 
from 5 feet Tractive 

crest of,  from force Depth 
-r-e-ad bed (lb/ft2) (ft) 
(ft) (ft/s) 

780 4.05 0.10 40.4 

732 5.25 0.04 50.0 

636 5.5 0.34 50.1 

456 7.5 0.14 50.3 

312 6.9 0.11 49.0 

180 4.25 0.82 42.6 

132 4.5 0.61 37.4 

Columbia River (model) 
sheet 12 of 30 



Table 1. - Station 169+00 - continued 
River - 240,000 (ft3/s) 

Distance 
from 

crest sw 

(ft)  

Velocity 
5 feet Tractive 
from force Depth 
bed (lb/ft2) (ft) 

(ft/s) 

620 1.35 0.31 73.2 

560 3.7 0.05 82.3 

500 4.15 0.39 85.1 

436 3.90 0.90 88.6 

380 4.7 0.56 88.4 

320 5.5 0.64 79.2 

Columbia River (model) 
sheet 13 of 30 



Table 1. - Station 177+00 - continued 
River - 240,000 (ft3/s) 

Distance Velocity 
from 5 feet Tractive 

crest ai- from force Depth 
-road-  bed (lb/ft2) (ft) 

(ft) (ft/s) 

644 6.9 0.12 43.6 

500 7.1 0.19 61.4 

470 6.7 0.33 63.8 

440 7.5 0.14 64.0 

300 6.6 0.19 59.7 

200 4.35 0.70 50.6 

132 3.75 0.07 39.0 

Columbia River (model) 
sheet 14 of 30 



Table 1. - Station 191+00 - continued 
River - 240,000 (ft3/s) 

Distance 
from 

crest er 
-*@ a4 
(ft) 

Velocity 
5 feet Tractive 
from force Depth 
bed (lb/ft2) (ft) 

(ft/s) 

714 5.25 1.37 27.6 

674 5.75 2.04 36.7 

554 7.45 1.89 53.4 

434 8.60 1.36 60.2 

330 6.40 1.87 49.2 

279 5.20 1.30 36.6 

Columbia River (model) 
sheet 15 of 30 



Table 1. - Station 41+40 - continued 
River - 160,000 (ft3/s) 

Distance Velocity 
from 5 feet Tractive 

crest ei- from force Depth 
-read- bed (lb/ft2) (ft) 
(ft) (ft/s) 

690 1.43 0.38 27 

534 4.45 0.016 61 

414 4.40 0.024 59 

227 4.52 0.008 49 

126 0.50 0.50 32 

Columbia River (model) 
sheet 16 of 30 



Table 1. - Station 74+00 - continued 
River - 160,000 (ft3/s) 

Distance Velocity 
from 5 feet Tractive 

crest ew from force Depth 
-we2t~- bed (lb/ft2) (ft) 
(ft) (ft/s) 

672 4.21 0.021 22 

492 6.27 0.036 39 

372 6.46 0.022 44 

276 5.46 0.046 41 

165 5.98 0.023 29 

135 5.90 0.017 22 

Columbia River (model) 
sheet 17 of 30 



Table 1. - Station 86+00 - continued 
River - 160,000 (ft3/s) 

Distance Velocity 
from 5 feet Tractive 

crest ei- from force Depth 
.r-e bed (lb/ft2) (ft) 
(ft) (ft/s) 

636 4.85 0.41 33 

504 5.95 0.77 40 

372 5.16 0.48 49 

276 5.00 0.28 46 

168 3.50 0.36 38 

141 2.20 0.36 32 

Columbia River (model) 
sheet 18 of 30 



Table 1. - Station 102+00 - continued 
River - 160,000 (ft3/s) 

Distance Velocity 
from 5 feet Tractive 

crest eia. from force Depth 
-i-Aad bed (lb/ft2) (ft) 
(ft) (ft/s) 

687 2.55 0.17 40 

522 4.27 0.30 62 

390 4.12 0.35 65 

198 2.20 0.29 42 

162 1.25 0.56 37 

126 0.79 0.40 27 

Columbia River (model) 
sheet 19 of 30 



Table 1. - Station 169+00 - continued 
River - 160,000 (ft3/s) 

Distance Velocity 
from 5 feet 

crest er- from 
.mad bed 
(ft) (ft/s) 

Tractive 
force Depth 

(lb/ft2) (ft) 

620 0.67 0.068 66 

560 3.15 O.Oi8 76 

500 2.69 0.069 77 

440 3.07 0.054 80 

380 3.87 0.016 79 

320 3.10 0.064 73 

Columbia River (model) 
sheet 20 of 30 



Table 1. - Station 177+00 - continued 
River - 160,000 (ft3/s) 

Distance Velocity 
from 5 feet Tractive 

crest er from force Depth 
read bed (lb/ft2) (ft) 
(ft) (ft.$) 

500 5.25 0.22 55 

470 5.69 0.10 56 

440 5.28 0.37 58 

330 5.60 0.06 52 

140 3.12 0.04 29 

117 2.57 0.13 27 

Columbia River (model) 
sheet 21 of 30 



Table 1. - Station 191+00 - continued) 
River - 160,000 (ft3/s) 

Distance Velocity 
from 5 feet Tractive 

crest ow from force Depth 
read- bed (lb/ft2) (ft) 
(ft) (ft/s) 

670 4.1 1.43 27 

450 7.6 1.06 55 

324 5.6 1.30 44 

285 2.9 0.52 36 

Columbia River (model) 
sheet 22 of 30 



Table 1. - Station 37+75 - Continued 
River - 839,00$ (ft3/s) } 

Velocity Tractive 
St at i on 5 f eet force Depth 

from bed on bed (ft) 
(ft/s) (lb/ft2) 

600 1.1 0.174 30.9 

500 4.6 0.083 27.5 

400 3.7 0.22 47.7 

280 1.7 0.30-2.47 43.4 

Field data 
sheet 23 of 30 



Table 1. - Station 59+50 - continued 
River - 82,600 (ft3/s) 

Velocity Tractive 
St at i on 5 feet force Depth 

from bed on bed (ft) 
(ft/s) (lb/ft2) 

560 3.9 -- 

420 3.6 0.026 

280 2.4 0.06-0.19 

Field data 
sheet 24 of 30 



Table 1. - Station 86+00 - continued 
River - 85,500 (ft3/s) 

Velocity Tractive 
Station 5 feet force Depth 

from bed on bed (ft) 
(ft/s) (lb/ft2) 

700 0.4 0.038 24.4 

410 4.0 1.03-2.43 41.1 

250 2.4 0.50 27.1 

Field data 
sheet 25 of 30 



Table 1. - Station 116+00 - continued 
River - 85,900 (ft3/s) 

Velocity Tractive 
Station 5 feet force Depth 

from bed on bed (ft) 
(ft/s) (lb/ft2) 

750 2.2 0.086 27.4 

550 2.7 0.82 43.8 

350 3.0 0.09-0.35 28.4 

Field data 
sheet 26 of 30 



Table 1. - Station 169+00 - continued 
River - 82,200 (ft3/s) 

Velocity Tractive 
Station 5 feet force Depth 

from bed on bed (ft) 
(ft/s) (lb/ft2) 

646 1.7 0.52 80.4 

550 3.0 0.22 80.5 

455 1.2 0.0061 73.9 

Field data 
sheet 27 of 30 



Table 1'- - Station 191+00 - continued 
River - 86,400 (ft3/s) 

Velocity Tractive 
Station 5 feet force Depth 

from bed on bed (ft) 
(ft/s) (lb/ft2) 

670 1.0 2.39 51.9 

560 2.2 1.24 48.4 

450 2.6 0.24-1.40 45.7 

Field data 
sheet 28 of 30 



Table 1. - Station 230+00 - continued 
River - 82,200 (ft3/s) 

Velocity Tractive 
Station 5 feet force Depth 

from bed on bed (ft) 

(ft/s) (lb/ft2) 

670 1.0 0.38 66.0 

560 2.2 0.65 70.2 

440 2.9 0.17 66.2 

Field data 
sheet 29 of 30 



Table 1. - Station 278+00 - continued 
River - 85,700 (ft3/s) 

Velocity Tractive 
St at i on 5 f eet force Depth 

from bed on bed (ft) 
(ft/s) (lb/ft2) 

660 4.2 0.15 36.8 

530 3.6 0.17 44.5 

400 1.8 0.007-1.0 41.2 

Field data 
sheet 30 of 30 



Table 2. - Station A* 

Spillway - 100,000 ft3/s 
Power - 184,600 ft3/s 
Total 284,600 ft3/s 

Distance Velocity Tractive Diameter (mm) 
from 5 feet force Depth 85% 50% 5% 
road from bed on bed (ft) chance chance chance 
(ft) (ft/s) (lb/ft2) moving moving moving 

2,382 1.60 0.25 74.3 6.5 15.7 29.9 
2,280 1.60 .10 91.6 2.6 6.3 11.9 
2,040 2.50 - 100.6 - - - 
1,800 2.50 - 102.6 - - - 
1,560 1.50 - 103.2 - - - 
1,320 0.45 .17 97.6 4.4 10.7 20.3 
1,080 - - 97.9 - - - 
840 1.65 - 83.3 - - - 
714 0.35 .26 75.7 6.7 16.4 31.0 

* Parallel to and 240 ft downstream from spillway. 

Blanks indicate velocity profiles were not logarithmic and did not lend 
themselves to analysis. 

Columbia River Model Data - Sheet 1 of 12 



Table 2 . - Station B* 

Spillway - 100,000 ft3/s 
Power - 184,600 ft3/s 
Total 284,600 ft3/s 

Distance Velocity Tractive Diameter (mm) 
from 5 feet force Depth 85% 50% 5% 
road from bed on bed (ft) chance chance chance 
(ft) (ft/s) (lb/ft2) moving moving moving 

2,384 1.60 0.25 74.3 6.5 16 30 
1,834 1.95 .50 41.3 13 31.5 60 
1,774 2.50 - 75.6 - - - 
1 654 2.6 033 89.4 0.86 2.1 3.9 
1,414 2.1 .019 91.1 0.49 1.2 2.6 
1,294 2.2 - 90.2 - - -. 
1,174 3.0 .028 78.5 0.73 1.8 3.3 
1,114 2.70 .21 66.6 5.5 13 25 
934 6.75 .057 50.4 1.5 3.6 6.8 
814 5.35 .160 56.5 4.2 10 19 

* Parallel to and 1080 ft downstream from spillway. 

Columbia River Model Data - Sheet 2 of 12 



Table 2. - Station C* 

Spillway - 100,000 ft3/s 
Power - 184,600 ft3/s 
Total 284,600 ft3/s 

Distance Velocity Tractive Diameter (mm) 
from 5 feet force Depth 850 50% 50 

road from bed on t d (ft) chance chance chance 
(ft) (ft/s) (lb/ft2) moving moving moving 

2,032 3.95 0.71 36.8 18.4 44.7 84.8 
2,000 3.45 0.49 59.3 12.7 30.9 58.8 
1,760 5.00 - 82.3 - - - 
1,640 5.35 0.03 74.4 0.78 1.89 3.58 
1,400 5.05 1.68 67.6 43.6 106 201 

* Parallel to and 2120 ft downstream from spillway. 

Columbia River Model Data - Sheet 3 of 12 



Table 2. - Station Hiqhway Bridge 

Spillway - 100,000 ft3/s 
Power - 184,600 ft3/s 
Total 284,600 ft3/s 

Distance Velocity Tractive Diameter (mm) 
from 5 feet force Depth 85 50 50 

road from bed on bed (ft) chance chance chance 
(ft) (ft/s) (lb/ft2) moving moving moving 

688 2.50 - 51.1 - - - 
556 5.30 1.30 73.9 33.7 81.9 155 
376 7.70 0.87 70.3 22.6 54.8 104 

184 4.10 0.84 31.4 21.8 52.9 100 
160 1.65 1.40 17.2 36.3 88.2 167 

Columbia River Model Data - Sheet 4 of 12 



Table 2. - Station A 

Spillway - 200,000 ft3/s 
Power - 184,600 ft3/s 
Total 384,600 ft3/s 

Distance Velocity Tractive Diameter (mm) 
from 5 feet force Depth 85% 50% 5% 
road from bed on bed (ft) chance chance chance 
(ft) (ft/s) (lb/ft2) moving moving moving 

2,382 1.10 0.17 81.2 4.41 10.7 20.3 
2,280 0.90 0.097 99.7 2.51 6.11 11.6 
2,040 2.50 - 109.0 - - - 
1,800 2.70 0.18 111.2 4.59 11.1 21.1 
1,560 3.00 - 111.0 - - - 
1,320 0.25 0.88 105.6 22.8 55.4 105 
1,080 1.00 0.82 106.2 21.3 63.0 97.9 
840 1.30 0.06 92.0 1.56 81.9 7.16 
714 1.20 0.21 84.0 5.45 75.6 25.1 

Columbia River Model Data - Sheet 5 of 12 



Table 2. - Station B 

Spillway - 200,000 ft3/s 
Power - 184,600 ft3/s 
Total 384,600 ft3/s 

Distance Velocity Tractive Diameter (mm) 
from 5 feet force Depth 85% 50% 5% 
road from bed on bed (ft) chance chance chance 
(ft) (ft/s) (lb/ft2) moving moving moving 

1,894 2.35 0.170 75.8 4.41 10.7 20.3 
1,834 2.76 0.044 95.5 1.14 2.77 5.25 
1,774 3.30 0.160 97.8 4.15 10.1 19.1 
1,654 4.00 - 98.8 - - - 
1,414 2.70 0.078 97.7 2.02 4.91 9.31 
1,294 2.44 0.340 87.0 8.82 21.4 40.6 
1,174 3.00 0.0095 86.7 0.25 0.60 1.13 
1,114 3.90 - 74.0 - - - 
934 4.30 0.64 59.3 16.6 40.3 112 
814 5.13 0.15 61.4 3.79 9.20 17.4 

Columbia River Model Data - Sheet 6 of 12 



Table 2. - Station C 

Spillway - 200,000 ft3/s 
Power - 184,600 ft3/s 
Total 384,600 ft3/s 

Distance Velocity Tractive Diameter (mm) 
from 5 feet force Depth 850 50% 5 % 
road from bed on bed (ft) chance chance chance 
(ft) (ft/s) (lb/ft2) moving moving moving 

1,160 0.65 0.078 69.1 2.02 4.91 9.31 
1,400 4.10 0.41 75.8 10.6 25.8 48.9 
1,640 4.60 - 83.4 - - - 
1,760 5.00 0.023 91.3 0.60 1.45 2.75 
2,000 3.25 0.36 69.1 9.35 22.7 43.0 
2,032 3.83 0.72 45.5 18.7 45.4 86.0 

Columbia River Model Data - Sheet 7 of 12 



Table 2. - Station Highway Bridge 

Spillway - 200,000 ft3/s 
Power - 184,600 ft3/s 
Total 384,600 ft3/s 

Distance Velocity Tractive Diameter (mm) 
from 5 feet force Depth 85% 50% 5% 
road from bed on bed (ft) chance chance chance 
(ft) (ft/s) (lb/ft2) moving moving moving 

160 0.65 0.98 25.9 25.4 61.7 117 

184 4.60 0.65 39.4 16.9 40.9 77.6 
376 7.70 1.00 78.8 26.0 63.0 117 
556 3.70 2.10 82.7 54.5 132 251 
688 3.30 0.77 58.7 20.0 48.5 91.9 

Columbia River Model Data - Sheet 8 of 12 



Table 2. - Station A 

Spillway - 415,000 ft3/s 
Power - 185,000 ft3/s 
Total 600,000 ft3/s 

Distance Velocity Tractive Diameter (mm) 
from 5 feet force Depth 85% 50% 5% 
road from bed on bed (ft) chance chance chance 
(ft) (ft/s) (lb/ft2) moving moving moving 

2,400 0.90 0.4 96.0 10.0 25.0 48.0 
2,280 3.07 0.5 114.0 13.0 32.0 60.0 
2,040 7.40 - 122.0 - - - 
1,800 7.40 - 122.0 - - - 
1,560 6.35 - 122.0 - - - 
1,320 6.75 - 119.0 - - - 
1,080 1.80 - 118.0 - - - 
840 5.35 - 106.0 - - - 
714 5.15 - 98.0 - - - 

Columbia River Model Data - Sheet 9 of 12 



Table 2. - Station B 

Spillway - 415,000 ft3/s 
Power - 185,000 ft3/s 
Total 600,000 ft3/s 

Distance Velocity Tractive Diameter (mm) 

from 5 feet force Depth 85% 50% 5% 
road from bed on bed (ft) chance chance chance 
(ft) (ft/s,) (lb/ft2) moving moving moving 

1,894 6.52 0.0615 34.6 1.59 3.87 7.34 
1,834 3.70 1.33 46.8 34.5 83.8 159 
1,714 3.35 1.00 78.4 26.0 63.0 119 
1,654 3.80 0.352 112 9.14 22.2 42.0 
1,414 3.80 0.310 114 8.05 19.5 37.0 
1,294 3.25 0.820 117 21.3 51.6 97.9 
1,174 3.45 0.342 108 8.88 21.5 40.8 
1,114 2.70 0.224 95.4 5.81 14.1 26.7 
934 3.45 0.342 68.4 8.88 21.5 40.8 

Columbia River Model Data - Sheet 10 of 12 



Table 2. - Station C 

Spillway - 415,000 ft3/s 
Rower - 185,000 ft3/s 
Total 600,000 ft3/s 

Distance Velocity Tractive Diameter (mm) 

from 5 feet force Depth 85% 50% 5% 
road from bed on bed (ft) chance chance chance 
(ft) (ft/s) (lb/ft2) moving moving moving 

1,160 0.52 0.0671 84.1 1.75 4.22 8.01 

1,400 4.25 0.174 88.0 4.52 11.0 20.8 
1,640 4.90 0.359 97.8 9.32 22.6 42.9 
1,760 4.85 0.0629 105.8 1.63 3.96 7.51 
2,000 3.50 0.587 62.8 15.2 37.0 70.1 
2,032 0.50 2.56 61.3 66.5 161 306 

Columbia River Model Data - Sheet 11 of 12 



Table 2. - Station Highway Bridge 

Spillway - 415,000 ft3/s 
Power - 185,000 ft3/s 
Total 600,000 ft3/s 

Distance Velocity Tractive Diameter (mm) 

from 5 feet force Depth 85% 50% 5% 
road from bed on bed (ft) chance chance chance 

(ft) (ft/s) (lb/ft2) moving moving moving 

100 1.10 5.48 24.6 142 345 654 

184 4.35 4.96 55.4 128 312 592 
376 10.10 0.587 92.8 15.2 37.0 70.1 
556 8.02 1.57 97.2 40 98.9 188 

688 3.80 4.66 76.3 120 293 556 
748 0.85 0.0856 46.2 2.22 5.39 10.2 

Columbia River Model Data - Sheet 12 of 12 



Table 3. - Maximum velocity five feet above bottom (ft/s) 

Discharge 
Station (ft3/s) 

160,000 240,000 284,000 384,600 400,000 600,000  

A - - 2.50 3.00 - 7.40 
Parallel to 
and 240' d.s. 

spillway 

B - - 6.75 5.13 - 6.52 
Parallel to 
and 1080' d.s. 

spillway 

C - - 5.35 5.00 - 4.90 
Parallel to 
and 2120' d.s. 

spillway 

Highway - - 7.70 7.70 (8.00) 10.10 
Bridge 

41+00 4.52 4.95 - - 7.8 - 

74+00 6.46 8.6 - - 10.0 - 

86+00 5.95 7.5 - - 9.8 - 

102+00 4.27 6.5 - - 7.5 - 

154+00 - 7.5 - - - - 

169+00 3.87 5.5 - - 7.5 - 

177+00 5.69 7.5 - - 8.8 - 

191+00 7.6 8.6 - - 10.3 - 

Interpolated. 

Columbia River Model Data 



Table 4. - Maximum tractive force (lb/ft2) 

Discharge 
Station (ft3/s) 

_ 160,000 240,000 284,000 384,600 400,000 600,000 

A - - 0.26 0.88 - - 
Parallel to 
and 240' d.s. 

spillway 

B - - 0.50 0.64 - 1.33 
Parallel to 

and 1080' d.s. 
spillway 

C - - 1.68 0.72 - 2.56 
Parallel to 
and 2120' d.s. 

spillway 

Highway - - 1.40 2.10 (2.40) 5.48 
Bridge 

41+00 0.50 1.15 - - 1.16 - 

74+00 0.046 1.97 - - 2.08 - 

86+00 0.77 0.59 - - 0.61 - 

102+00 0.56 0.61 - - 0.82 - 

154+00 - 0.82 - - - - 

169+00 0.069 0.90 - - 0.82 - 

177+00 0.37 0.70 - - 0.74 - 

191+00 1.43 2.04 - - 3.64 - 

( ) Interpolated. 

Columbia River Model Data 



Table 5. - Maximum diameter with five percent chance of moving (mm) 

Discharge 
Station (ft3/s ) 

160,000 > > OOU 

A - - 31.0 105.0 - - 
Parallel to 
and 240' d.s. 
of spillway 

B - - 25.0 112.0 - 159.0 
Parallel to 
and 1080' d.s. 
of spillway 

C - - 201.0 86.0 - 306.0 
Parallel to 
and 2120' d.s. 
of spillway 

Highway - - 167.0 251.0 (286.0) 654.0 
Bridge 

41+00 60.0 58.0 - - 138.0 - 

74+00 5.5 90.0 - - 248.0 - 

86+00 92.0 70.0 - - 73.0 - 

102+00 67.0 73.0 - - 98.0 - 

154+00 - 98.0 - - - - 

169+00 8.2 107.0 - - 98.0 - 

i77+00 26.0 84.0 - - 88.0 - 

191+00 171.0 244.0 - - 435.0 - 

( ) Interpolated. 

Co iumbia River Model Data 



16.0 82.0 - - 

32.0 40.0 

106.0 45.0 

84.0 

161.0 

32.0 72.0 

2.9 124.0 

49. 37.0 

35.0 38.0 

- 52.0 

4.3 57.0 

8.2 44.0 

90.0 129.0 

88.0 132.0 (151.0) 345.0 

- - 73.0 - 

131.0 - 

38.0 - 

52.0 - 

52.0 - 

47.0 - 

229.0 - 

Table 6. - Maximum diameter 50 percent chance of moving (mm) 

Discharge 
Station (ft3/s) 

160,000 Z4U,UOO 284,000 384,600 400,000 600,OOU 

 
Parallel to 
and 240' d.s. 
of spillway 

B 
Parallel to 
and 1080' d.s. 
of spillway 

C 
Parallel to 
and 2120' d.s. 
of spillway 

Highway 
Bridge 

41+00 

74+00 

86+00 

102+00 

154+00 

169+00 

177+00 

191+00 

( ) Interpolated. 

Columbia River Model Data 



Table 7. - Maximum diameter 85 percent chance of moving (mm) 

Discharge 
Station (ft3/s) 

160,000 240,000 284,000 384,600 400,000 600,00 

A - - 6.7 23.0 - - 
Parallel to 
and 240' d.s. 
of spillway 

B - - 13.0 17.0 - 35.0 
Parallel to 
and 1080' d.s. 
of spillway 

C - - 44.0 19.0 - 66.0 
Parallel to 
and 2120' d.s. 
of spillway 

Highway - - 36.0 54.0 (62.0) 142.0 
Bridge 

41+00 13.0 30.0 - - 23.0 - 

74+00 1.2 51.0 - - 54.0 - 

86+00 20.0 15.0 - - 16.0 - 

102+00 15.0 16.0 - - 21.0 - 

154+00 21.0 - - - - 

169+00 1.8 23.0 - - 21.0 - 

177+00 9.6 18.0 - - 15.0 - 

191+00 37.0 53.0 - - 95.0 - 

( ) Interpolated. 

Columbia River Model Data 



Table E. - Su.,ary of riprap design methods sizing 
for D50 in feet 

Q = Design Discharge = 400 000 ft3/s (11 300 m3/s) 

River 2 and 3 4 5 6 7 8 and 9 
stabilization 
area 

Average 10.36 10.36 9.77 9.2 9.2 11.3 
velocity* (ft/s) . 

Tractive 1.70 1.70 1.30 1.86 1.86 2.09 
shear* (lb/ft2) 

Tractive 1.16 2.08 0.82 0.82 3.064 - 
shear** (lb/ft2) 

--------------------------------------------------- 
LBraes'C '3" atone Qsed ror-cie~:= -•- ----- - n; belo-,j 

D50 sizes (ft): V  
0.4 i.0 x.09 

Physical ;.-3' 1.1 -0.7 ;..-1 1.9 1- 
model study 

0.8 0.8 016 p, 6 / ,0 
ilSBR pa5e-,k oh Ve = 0."1 t/,r, ),0- ;.,-3" Q-3 1-<. ;4-1 A-.T 

Monograph 25 , 
0.6 0,5 Q, 5 aS - - 

Bureau of 0.6 Q D.£s-  -&--T ;.-0' 0.7 
Public Roads 

California 2.1 2.1 . 1:9 1.7 1.7 2.5 
Division of 
Highways 

Army Corps 1.6 1.6 1.4 1.4- 1.4 1.8 
after Campbell 

Z.3 2.3 
Simons and ;4 2  d' 1.8 2.5 2.5 2.8 
Senturk 

Sedimentation 1.6 1.6 1.5 1.3 1.3 2.0 
degradation. 
study 

Velocity in ft/s 1 ft = 0.305 m 
Tractive force in Tb/ft2 1 ft/s, = 0.3115 m/s 

1 lb/ft2 = 47.88 Pa 

* Values f:-o^ degradation study. 
** Values from,  physical moael study. 
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EXPLANATION OF SYMBOLS 

%::~;:;;; CLAY (MASSIVE AND BEDDED) 

•:- ~. SAND AND GRAVEL 

COBBLES AND GRAVEL W/BOULDERS 
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igure I. - Location map for river sections and 
bed material. 
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UNITED NITED STATES GOVERNMENT 

Memorandum 
Memorandum Denver, Colorado 

TO :Chief, Dams Branch DATE: February 2, 1979 
Attn D-224 

THROUGH: Chief, Hydraulics Branch 

FROM : R. A. Dodge 

suBJECT: Riverbank Stabilization Program - Results From Physical Hydraulic 
Model Study of Columbia River 

Enclosed are conclusions and recommendations from the draft report 
concerning physical model studies to help determine the effects of 
hydraulics on bank stability downstream from the Grand Coulee Third 
Powerplant extension. The first group of conclusions relates to the 
capability of the model and its limitations. The second group is 
conclusions and recommendations more directly related to the embank-
ment design. 

Figure 2 is enclosed so that the equation can be applied to the 
values of tractive force already provided to the designers. This 
fiqure includes estimates of probability of moving and correction for 
bank side slope. 

Table 2 gives the results of measurements taken at the highway bridge 
and upstream. This table lists velocities 5 feet above the bed, 
tractive force values where they could be determined by velocity 
distribution, and sediment sizes related to 0.05, 0.50, and 0.85 
Gessler probability of moving. Table 3 lists maximum velocities 
5 feet above the bed for all measuring stations. Table 4 lists the 
maximum tractive forces found at all the measuring stations. Tables 5, 
6, and 7 give the sizes of sediment related to the three Gessler 
probabilities of moving for the maximum values of tractive force given 
in table 4. 

If there are any questions or comments concerning these conclusions, 
Yecommendations, figures, or tables, please contact me so that my 
explanations and your thoughts can be incorporated into the final 
reoort . 

Enclosures 
1. Conclusions and recommendations 
2. Slcoe correction curves 
3. Tables 2 thrcuah 7 

Copy to: Chairman focrdina}or, Riverbanks Stabil izaticn ?rogram (Carter),  
(with enclosure 

Bur U.S. Sarin~s £wnas Regularly on ;he Pal-roll  Savings Plan 



Blind to: Project Coordinator, Grand Coulee Project (Bartel) 
(with enclosure 1) 
D-274 (Orvis) 
(with copy of all enclosures) 
D-753 (Blanton) 
(with copy of all enclosures) 
D-1532 

RADodge:sda-V 

rs 
;vim "~ _ 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65



