






























































































































































material observed during field observations12 was the lack of an ade­

quate filter between the soil and the protective material. This permits 

progressive leaching of the soil and settlement of the blanket. The 

blanket can be grouted in areas subject to mild winters; however, an 

appropriate filter and weep holes should be provided for relief of 

hydrostatic pressure . Grouted riprap does not perform satisfactorily in 

areas where considerable freezing and thawing is experienced annually. 

Exit channel protection should be segregated from erodible soils by 

graded filters13 and/or durable synthetic cloths . 14 

24. It is considered that the results presented herein, with the 

exception of the three commonly energy dissipaters which were de ­

veloped for cir cular and square outlets , can be applied to other outlet 

shapes , provided geometric similarity is preserved in application of the 

recommended guidance . The discharge parameter should be calculated on 

the basis of the unit discharge per foot of width of the outlet , q , 

rather than the total discharge . 

25 . These results may also be applied to develop designs of pro­

tective measures downstream of multiple outlets , provided the spacing 

between outlets is relatively small (less than one- fourth the individual 

outlet widths) . In such cases , it is recommended that analyses be con­

ducted on the basis of a single outlet (one of the two outermost outlets) 

and that a total width of protection be provided which includes the total 

width of protection needed below a single outlet plus the width between 

the center lines of the two outermost outlets . If the spacing between 

outlets is appr eciable , i . e . one- fourth or greater than the individual 

outlet widths, the individual jets and unit discharges of flow may be 

concentrated due to confinement by excessive tailwater or expansion and 

subsequent intersection downstream with minimum tailwater; and consider­

able turbulence may be generated which will increase the severity of 

attack on local boundaries . In such cases, it is recommended that the 

extent of the protective works be enlarged by a factor of judgment, i.e . 

25 to 33 percent . 

26 . These generalized results offer considerable guidance since 

one can estimate the extent of scour to be anticipated in stable 
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channels of cohesionless soils and then decide what degree of protection 

is required. For example, is the anticipated scour hole with an appro­

priate cutoff wall that protects the outlet adequate for energy dissipa­

tion? Are the size and extent of riprap required for a stable horizontal 

blanket practicable? Is it practicable to compromise depth of scour and 

size of riprap by providing a preformed and riprap- lined scour hole? Is 

an energy dissipator required? Is it practicable to size the storm 

sewer or culvert on the basis of anticipated erosion and appropriate 

protective measures in lieu of hydraulic efficiency? Examples of the 

recommended application of the results are presented in Table A3 . 
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Table Al 

Maximum Discharge Recommended for 

Various Flared Outlet Transitions 

Limiting Values of Q/D5/ 2 
0 

L/D H/D TW/D Q/D512 
0 0 0 0 --

3 0 0 0.88 
3 0 0.50 l. 78 
3 0 1.00 2.56 
3 0.25 0.25 1.28 
3 0.25 0.50 l. 78 
3 0.25 l. 00 2.56 
3 0.50 0.25 1.58 
3 0.50 0.50 2.00 
3 0.50 1. 00 2.56 
5 0 0.25 1. 20 
5 0 0.50 2.40 
5 0 l. 00 3.20 
5 0.25 0.25 1.58 
5 0.25 0.50 2.78 
5 0.25 1.00 3.47 
5 0.50 0.25 1.47 
5 0.50 0.50 2.77 
5 0.50 1.00 3.46 
8 0 0.25 1.68 
8 0 0.50 2.40 
8 0 1.00 3.75 
8 0.25 0.25 2.17 
8 0.25 0.50 3.36 
8 0.25 l. 00 4.44 
8 0 . 50 0.25 2.46 
8 0.50 0.50 3.65 
8 0.50 1. 00 4.55 



Table A2 

Maximum Discharge Recommended for Various 

Types and Sizes of Energy Dissipaters 

Relative Width and Type 
Maximum Q/D5/2 

of Energy Dissipater 0 

Stilling Well 

1 D 
0 

diameter 2.0 

2 Do diameter 3.5 

3 D 
0 

diameter 5.0 

5 D 
0 

diameter 10.0 

USBR Type VI Basin 

1 Do wide 0.6 

2 Do wide 2.2 

3 Do wide 4.5 

4 Do wide 7.6 

5 Do wide 11.5 

7 Do wide 21.0 

SAF Stilling Basin 

1 D 
0 

wide 3.5 

2 Do wide 7.0 

3 Do wide 9.5 



Table A3 

Examples of recommended application to estimate extent of scour in a 

cohesionless soil and alternative schemes of protection required to pre­

vent local scour downstream of a circular and rectangular outlet with 

equivalent cross- sectional areas that will be subjected to a range of 

discharges for a duration of one hour . 

Given: 

Dimensions of rectangular outlet - w = 
0 

10 ft, 

Diameter of circular outlet, 

Range of discharge, Q = 362 

D -
0 

8 ft 

to 1086 cfs 

D 
0 

- 5 ft 

Discharge parameter for rectangular culvert , q/D312 = 3 . 2 
0 

Discharge parameter for circular culvert , Q/D5/ 2 = 2 to 6 
0 

Duration of runoff event, t = 60 min 

Maximum tailwater el - 6.4 ft above outlet invert 

Minimum tailwater el - 2 . 0 ft above outlet invert 

(>0.5 D ) 
0 

(<0.5 D ) 
0 

to 9 . 7 

Example 1 - Determine maximum depth of scour for 
mini mum and maximum flow conditions : 

RECTANGULAR CULVERT (see Figure A7) 

MINJMUM TAILWATER 

D 
sm - 0. 80 

0 . 375 tO . lO 

D sm 

D 
0 

- 0 . 80 (3 . 2 - 9 . 7) 0"375 (60)
0

"
1 

(5) -

(Continued) 

9 . 3 ft - 14 . 0 ft 
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Table A3 (Continued) 

MAXTI-1UM TAILWATER 

D - 0.74 (3.2 - 9.7) 0 · 375 (60)0.l (5) - 8.6 ft - 13.0 ft 
sm 

CIRCULAR CULVERT (see Figure A7) 

MJJiJIMUM TAILWATER 

Dsm 
D - 0.80 

0 

0.375 tO.lO 

Dsm- 0.80 (2 - 6)0 ·375 (60) 0· 1 (8) = 12.5 ft - 18.9 ft 

MAXJMUM TAILWATER 

D 
SID 

D 
0 

- 0 .74 
0.375 tO.l 

D - 0.74 (2- 6) 0 · 375 (60)0.l (8)- 11.6 ft - 17.5 ft 
SID 

Example 2 - Determine maximum width of scour for 
minimum and maximum flow conditions: 

RECTANGULAR CULVERT (see Figure A8) 

MINJMUM TAILWATER 

w 
SID D - 1.00 
0 

0.915 t0.15 

w = 1.00 (3.2- 9. 7)0· 915 (60)0 ·15 (5)- 27ft - 74ft sm 
(Continued) 
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Table A3 (Continued) 

W D 
W = W + --.2.. _ _2_ = 

smr sm 2 2 (27 - 74) + ~0 - ~ = 29 . 5 ft - 76 . 5 ft 

MAXIMUM TAILWATER 

Wsm - 0 .72 (3 . 2 - 9 .7)
0

· 915 (6o) 0 · 015 
= 19 ft - 53 ft 

W D 
W = W +_.2.-_.2.= 

smr sm 2 2 (19 - 53) + 10 - 2 = 21 2 2 . 5 ft - 55 . 5 ft 

CIRCULAR CULVERT (see Figure A8 ) 

MIN~ TAILWATER 

w 
Dsm = 1.00 

0 

Q 0. 915 t0 .15 
D5/2 

0 

w = 1 . 00 (2 - 6)0 · 915 (60)0 ·15 (8) - 28 ft - 76ft 
sm 

MAXJMUM TAILWATER 

wsm 
D - 0. 72 

0. 915 t0 . 15 

0 

w - 0 .72 (2 - 6)0 · 915 (60)0 ·15 (8) - 20ft - 55ft 
sm 

(Continued) 
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Table A3 (Continued) 

Example 3 - Determine maximum length of scour for 
minimum and maximum flow conditions : 

RECTANGULAR CULVERT (see Figure A9) 

MINIMUM TAILWATER 

L sm 4 D - 2. 0 
0 

D'h2 
0 

0. 71 t0.125 

L - 2 . 4 (3 . 2 - 9.7)0 "71 (60)0 •125 (5) - 4~ ft - 101 ft sm 

MAXIMUM TAILWATER 

L sm 
D - 4.10 

0 DY2 
0.71 t0.125 

0 

L = 4.10 (3 . 2 - 9 .7)0 "71 (60)0"125 (5) - 78 ft - 171 ft sm 

CIRCULAR CULVERT (see Figure A9) 

MINIMUM TAILWATER 

L 
sm 

D 
0 

= 2 . 40 
0.71 t0 .125 

L - 2.4 (2 - 6)0·71 (60)0"125 (8) - 52ft - 114ft 
sm 

MAXIMUM TAILWATER 

L 
sm 4 D - .10 

0.71 t0 . 125 

0 

L - 4 .10 (2 - 6)0·71 (60)0"125 (8) - 90ft - 195 ft 
sm 

(Continued) 

(Sheet 4 of 11) 



Table A3 (Continued) 

Example 4 - Determine profile and cross section of scour for maximum 
discharge and minimum tailwater conditions (see Figure All): 

CIRCULAR CULVERT 

For L = 114 ft and D = 18 .9 ft sm sm 

Ls/Lsm 0 .0 0 .1 0 . 2 0 .3 0 . 4 0 . 5 0 .6 0 .7 0 .8 0 .9 

L 0 . 0 11 . 4 22 . 8 34 . 2 45 . 6 57 .0 68 .4 79 .8 91 .2 102 .6 

D /D 0 .7 0 . 75 0 . 85 0 .95 1.0 0 .95 0 .75 0 . 55 0 . 33 0 .15 
s sm 

D 13 . 2 14 . 2 16 .1 18 .0 18 .9 18 .0 14 . 2 10 .4 6 . 3 2 .9 
s 

For w = 76 sm ft and D = 18 .9 sm 
ft 

W /W 0 . 0 0. 2 0 . 4 0 . 6 0 .8 
s sm 

w 0 .0 15 .2 30 . 4 45 . 6 60 .8 
s 

D /D 1 . 0 0 . 67 0 .27 0 .15 0 .05 
s sm 

D 18 .9 12 . 6 5 .1 2 .8 0 .95 
s 

RECTANGULAR CULVERT 

For L = 101 ft and D = 14 . 0 ft 
sm sm 

L /L 0 . 0 0 . 1 0 .2 0 . 3 0 .4 0 . 5 0 .6 0 .7 0 .8 0.9 
s sm 

L 0 . 0 10 .1 20 . 2 30 . 3 40 . 4 50 . 5 60 .6 70 .7 80 .8 90 .9 

D /D 0 .7 0 .75 0 .85 0 . 95 1 . 0 0 .95 0 . 75 0 . 55 0 . 33 0 .15 
s sm 4 .6 

D 9 .8 10 . 5 11 .9 13 .3 14 .0 13 .3 10 . 5 7 .7 2. 1 
s 

For w - 74 ft and D = 14 . 0 ft 
sm sm 

W /W 0 . 0 0 . 2 0 . 4 0 . 6 0 .8 
s sm 44 .4 59 . 2 w 0 . 0 14 .8 29 .6 
s 0 .05 

D /D 1 . 0 0 . 67 0 .27 0. 15 
s sm 0 .70 

14 . 0 9 . 38 3 .78 2 . 10 
D s 
w = w sr s 

w D 46 .9 61 .7 0 0 0- 2 . 5 17 . 3 32 .1 +---
2 2 

(Continued) 

1 .0 

114 .0 

0 . 0 

0 .0 

1 .0 

76 . 0 

0 .0 

0 . 0 

1 . 0 

101 . 0 

0 .0 

o.o 

1 . 0 

74 .0 

0 .0 

0 . 0 

76 . 5 
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Table A3 (Continued) 

Example 5 -Determine depth and width of cutoff wall: 

RECTANGULAR CULVERT, Maximum depth and width of scour = 14 ft and 76. 5 ft 

From Figure All, depth of cutoff wall = 0.7 (D ) = 0.7 (14) = 9.8 ft sm 

From Figure All, width of cutoff wall - 2 (W ) - 2 (76.5) = 153 ft 
smr 

CIRCULAR CULVERT, Maximum depth and width of scour - 18.9 ft and 76.0 ft 

From Figure All, depth of cutoff wall - 0.7 (D ) sm - 0.7 (18.9) = 13.2 ft 

From Figure All, width of cutoff wall - 2 (W ) = 2 (76) = 152 ft sm 

Note: The depth of cutoff wall may be varied with width in accordance 
with the cross section of the scour hole at the location of the 
maximum depth of scour, see Figures All and Al2. 

Example 6 - Determine size and extent of horizontal blanket of riprap: 

RECTANGULAR CULVERT 

MINIMUM TAILWATER 

From Figure Al5, 
D 

0 o.o2o ;rw 

d50- 0.020 (5/2)(3.2 - 9.7) 413 (5) = 1.2 ft - 5.2 ft 

L 
From Figure Al3, sp - 1 8 D . + 7 

0 

L - [1.8 (3.2- 9.7) + 7] 5 = 64ft -122ft sp 

MAXIMUM TAILWATER 

D 
0 

- 0.020 TW 
4/3 

Dj/2 
0 

(Continued) 
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Table A3 (Continued) 

d50 = 0.020 (5/6 . 4) (3 .2 - 9.7 )4/ 3 (5) - 0.37 ft - 0.76 ft 

1sp 
- = 3 
D 

0 DV2 
0 

1 - 3 ( 3 . 2 - 9 . 7 ) 5 = 48 ft - 14 5 ft sp 

CIRCULAR CULVERT 

MINIMUM TAI1WATER 

4/3 

d 50 = o. 02 o ( 8 I 2 ) ( 2 - 6) 4/ 3 ( 8 ) = 1 . 6 rt - 7 . o rt 

1 sp 
D 

0 

= 1 . 8 + 7 

1 - [1 .8 (2 - 6) + 7] 8 = 85 ft - 142 ft sp 

MAXIMUM TAILWATER 

4/3 

d50 = 0 .020 (8/6.4) (2 - 6) 413 (8) - 0.50 ft - 2.18 ft 

1 sp 
D 

0 

= 3 

(Continued) 
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Table A3 (Continued) 

L - 3 (2 - 6) 8 = 48 ft - 144 ft sp 

Use Figure Al4 to determine recommended configuration of horizontal 
blanket of riprap subject to minimum and maximum tailwaters . 

Example 7 - Determine size and geometry of riprap-lined 
preformed scour holes 0 . 5- and 1 . 0- D deep 

0 

for minimum tailwater conditions : 

RECTANGULAR CULVERT (see Figure Al5) 

0 . 5- D - DEEP RIPRAP- LINED PREFORMED SCOUR HOLE 
0 

d50 Do 
D - 0. 0125 TW 

0 

4/3 

d50 - 0. 0125 (5/2) (3 . 2 - 9.7) 413 (5) - 0.73 ft - 3 . 2 ft 

1 . 0- D - DEEP RIPRAP- LINED PREFORMED SCOUR HOLE 
0 

d50 D 4/3 
0 9. - 0.0082 TW -

D3/2 D 
0 

0 

d50 = 0. 0082 (8/2) (2 - 6)4/3 (8) - 0. 66 ft - 2 . 9 ft 

CIRCULAR CULVERT 

0 . 5- D - DEEP RIPRAP- LINED PREFORMED SCOUR HOLE 
0 

d50 D 
Q 

4/3 
0 

D = 0. 0125 Tw 
D5/2 

0 
0 

d50 = 0 . 0125 (8/2) (2 - 6) 4/ 3 ( 8) - 1 . 0 ft - 4 . 4 ft 

(Continued) 
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Table A3 (Continued) 

l .O- D
0

- DEEP RIPRAP- LINED PREFORMED SCOUR HOLE 

d D 
D

50 = 0 .0082 ~ 
0 

4/3 

d50 = 0 . 0082 (8/2)(2 - 6) 4/3 (8) = 0 .66 ft - 2 .9 ft 

See Figure Al6 for geometry . 

Example 8 - Determine size and geometry of riprap­
lined- channel expansion for minimum tailwaters 

(see Figure A21) : 

RECTANGULAR CULVERT 

d50 D 
D - 0 . 016 ~ 

0 

Q 

D3}2 
0 

4/3 

d50 = 0.016 (5/2) (3 .2 - 9-7) 4/ 3 (5) - 0 .94 ft - 4.1 ft 

CIRCULAR CULVERT 

d50 D 
D - 0.016 ~ 

d50 = 0.016 (5/2) (2 - 6) 4/3 (8) - 0.81 ft - 3-5 ft 

See Figure Al7 for geometry . 

Example 9 - Determine length and geometry of a flared 
outlet transition fo r minimum tailwater s : 

RECTANGULAR CULVERT 

L --
D 

0 

1 = [o.3 (5/2) 2 1/3] (3.2 - 9.7) 2 .5( 2/ 5) 5 = ~8o __ f __ t - 616 rt 

(Continued) 
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CIRCULAR CULVERT 

1 - = 
D 

0 

Table A3 (Continued) 

D )2 
0 . 30 ( ~ 

L - 0 .3 (8/2)
2 

(2 8 - 114 ft - 645 ft 

See Figure A22 for geomet r ic details ; above equations developed for 
H = 0 or horizontal apron at outlet inver t elevation without an end sill. 

Example 10 - Determine diameter of stilling well 
required downstream of the 8- ft - diam outlet : 

From page A27 
D 

0 

0 . 53 

D = 0 . 53 (2 - 6) 8 = 8 . 5 ft - 25 . 4 ft w 

See Figure A25 for additional dimensions . 

Example 11 - Determine width of USBR t ype VI basin 
r equi r ed downst r eam of the 8- f t - diam outlet : 

0. 55 
From page A27 - 1 . 30 

WVI - [1 . 3 (2 - 6) 0
· 55] 8 = 15 . 2 ft - 27 . 9 ft 

See Figure A26 for additional dimens i ons . 

Example 12 - Deter mine width of SAF basin r equired 
downstr eam of the 8- ft - diam outlet 

Fr om page A27 - 0 . 30 
1 . 0 

(Continued) 

(Sheet 10 of 11) 



Table A3 (Concluded) 

WSAF = 0 . 30 (2 - 6) 8 = 4 . 8 ft - 14 . 4 ft 

See Fi gure A27 for additional di mensions . 

Example 13 - Determine size of riprap required downstream 
of 8- ft - diam culvert and 14 . 4- ft -wide SAF basin with 

dischar ge of 1086 cfs: 

q = Q 1086 
WSAF - 14 . 4 - 75 cfs/ft 

Q 1086 V
1 

= A = ---'----- 21 . 6 f ps 
0 .785(8)

2 

d = .9._ = 75 -
1 v

1 
21 . 6 3 . 5 ft 

d
2 

= 8 . 4 ft (from conjugate depth relations) 

MINIMUM TAILWATER REQUIRED FOR A HYDRAULIC JUMP = 0 . 90 (8 . 4) - 7 . 6 ft 

From page A27 d50 
D - 1 . 0 

e 

v 3 
e 

~ e 

V = g_ = 75
6

- 9 . 9 fps 
e D 7. 

e 

3 
- 1 . 0 [ 

9
·
9 J 7 . 6 d50 .. / v 32 . 2 ( '( . 6 ) 

d = 1 . 9 ft 
50 
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APPENDIX B : NOTATION 

A Cross-sectional area of flow, ft2 

A 
c 

A 
r 

B 

c 

d 

D 
e 

D 
0 

D 
s 

D 
sm 

Rectangular culvert aspect ratio, W /D 
0 0 

Ratio of depth of flow to height of rectangular or square 
culvert or diameter of circular culvert d/D 

0 

Ratio of area of flow to the square of the culvert height, AcAd 

Base width of channel, ft 

Coefficient 

Depth of uniform flow in culvert , ft 

Depth of flow upstream of hydraulic jump, ft 

Theoretical depth of flow required for hydraulic jump, ft 

Diameter of average size stone, ft 

Depth of flow in channel, ft 

Depth of flow exiting energy dissipater, ft 

Height of rectangular, width and height of· square, and diameter 
of circular culverts, ft 

Depth of scour, ft 

Maximum depth of scour, ft 

Diameter of stilling well, ft 

F Froude number of flow at culvert outlet , F = Q/A~ 

g 

H 

L 

L 
s 

Froude number of flow in channel, - Q/ V gA3 /T 
. I 2 Acceleration due to grav1ty, ft sec 

Depth of recessed apron and height of end sill, ft 

Coefficients 

Length of flared outlet transition, ft 

Length of scour, f't 

Bl 



1 Maximum length of scour, ft sm 

1 Length of stone protection, ft sp 

n Manning's roughness coefficient 

q Discharge per foot of outlet width, cfs/ft 

Q Discharge, cfs 

S Slope of channel bottom for partial pipe flow and slope of 
energy gradient for full pipe flow 

t Duration of flow, minutes 

T Top width of flow in channel, ft 

TB Thickness of geometrically similar cellular block, ft 

T
8 

Thickness of geometrically similar sack revetment, ft 

TW Depth of stilling well below invert of incoming pipe, ft 

TW Tailwater depth above invert of culvert outlet, ft 

v 

v 
e 

v 
s 

w 
s 

w sm 

w smr 

w sp 

Average velocity of flow in channel, fps 

Average velocity of flow exiting energy dissipater, fps 

Volume of scour, ft3 

Average velocity of flow upstream of hydraulic jump, fps 

Width of rectangular, square, or circular culvert, ft 

Width of scour from center line of single circular or square 
outlet 

One-half maximum width of scour from center line of single 
circular or square outlet, ft 

One-half maximum width of scour from center line of single 
rectangular outlet or a multiple outlet installation , ft 

W D 
0 0 W - W + - - -smr sm 2 2 

Width of stone protection , ft 
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w 
sr Width of scour from center line of single rectangular outlet 

or a multiple outlet installation , ft 
W D 

0 0 W =W +---
sr s 2 2 

Width of U. S . Bureau of Reclamation type VI basin, ft 

Width of St . Anthony Falls stilling basin, ft 
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