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'ABSTRACT:

‘CHECK-DROP-ENERGY DISSIPATOR STRUCTURES'
IN:IRRIGATION SYSTEMS:
Therd is a large volume of available literature regarding’small ..
- energy dissipator structures. Existing publications present basic
information for particular types of structures. This information has
Beeh compiled in ofder to pfeééht pfegént?day aﬁéiiébie dééign'ihfofmafibr
Also, research topics are delineated which would further assist the

deﬁelopment of adequate design, criteria.

‘ Skogerboe, Gaylord V., Venus T. Somoray, and Wynn R. Walker.
CHECK-DROP-ENERGY DISSIPATOR STRUCTURES IN IRRIGATION SYSTEMS. Report:
to United States Agency for International Development, Contract No.
AID/csd-2460. Water Management Technical Report No. 9, AER 70-71GVS-;
VTS-WRW4, Agricultural Engineering Dept., College of Engineering,
Colorado State University, Fort Collins, Colorado. May 1971.

KEYWORDS - baffles, drops (structures), hjdraulic\desigﬁ;j#hydr§u1i¢3;
structures, *open channel flow, overfalls, riprap;_stilling‘basins,
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Chapter 1
INTRODUCTION:

The Irrigation and Drainage Research Conference (American Socity
- of C1v1l Englneer 1964) conducted in 1964 delineated many of the |
research needs regarding "Small Low~Cost Hydraulic Structures for
Conveyenace and Distribution Systems." ThlS topic was one of six
considered at the conference. Much literature exists throughout the
world regard1ng small water management structures, however, much of
the 11terature is concerned with part1cular structures for special
uses rather than general information.’ The material of a»general nature
is scattered in numerous laboratory and project reports or design
manuals. Because of the cost of an 1nd1v1dua1 small tructure, -
general rules-of-thumb and large factors of safety have been used

in de51gn and construction rather than to develop spec1f1c desrgn
binformation based on labo atory tests. Laboratory design 1nformat10n

’ ‘.r . "y

has been developed by various organizations when they have had to

’/” , 9):-: o RETLS!

construct a large number of the same type of structure; Additional
researchfefforts regarding small irrigation structures can be expected
to‘reduce‘the cost of constructing such structures. When taken in
;the?aggregate, the small saving on a large number of structures canv
amount to a significant total savinges Furthermore, better design
information can result in Structures which operate more nearly as .
.intended“by the designer._ | |

The intent of an ear11er report (Skogerboe, Walker, Hacking,<
and Austin 1969) ‘was’ to sort through the large volume of litarature

vin an attempt to define ‘the specific research needs regarding small

water management structures used in 1rr1gation distribution systems.‘
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One of the more importaut topics“frequently encountered in designing
xrrxgatlon structures is the dissipation of energy.

There is a large amount of available literature regardlng small
energy d1551pator structures. Existing publications present basic -
hydraulic relationships, as well as specific design information for
particular types of structures The problem, then, is to evaluate |
existing 1nformation to determine what research is necessary in order
to develop generalized design procedures. If basic informatxon is ’

r

still needed, then experimental programs can be designed whlch WIll

]

provxde this 1nformation. Once the necessary basic research 1s
available, various types of structures’can‘be‘designed but 1t wzll
Abe desxrable a+ Yasct +n varifv thesa desions bv laboratory model
‘studies.

_The three structural components of combination check-drop-energy
fdissiuatOrlstructures are' (1) the inlet or approach section; (2)
‘ithe stilling basin; and (3) the outlet channel. Each of the components

: are described below, including design procedures for various types

. of structures.
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Chapter 2
CHECKS AND DROPS

‘In’ order to control the flow of the water in a canal or ditch,
checks and drops are used The flow characteristics of 5P9Qi§1g

‘interest are the slope and elevation of the water.surface?

| " A check is any structure used to maintain or increase the 1eve1
of flow (water surface e1evation) in an open channel The check nust
.be designed so that flow needed downstream can pass over or throughi_'
the structure While maintaining a constant upstream depth. The check
should operate like an overflow weir, an orifice, or a combination
”of both. The basic criteria for d951gn of a check are: sufficient
height of the check to’ maintain the proper water surface for distri-
bution of the water, and an energy diSSipating structure to prevent
‘ erosion of the downstream area., Example of typical check structures
" are- shown 1n Figure 2-1.

: The flow capacity of the overflow weir can be calculated from.

fthe;fOIIOW1ng relationships:

Q = cth/? (2-1)
or', |
1/4 n PP
Q% Cqlh(2gh) " CLh’ (2-2)
An which'

. ="discharge in’Ft>/sec

{L‘Eﬁwidthracrossicrestﬁof}check”infff

h = upstream‘depth'in.ft
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€4 = coefficient of discharge, dimensionless
C = Cd(Zg)J‘/2 = coefficient of discharge in ft1/2/sec,
L= overflou crestllength in ft
h = head or water depth above the crest measured‘upstream from

the check in ft.

The value of the exponent n for most overflow type checks is
approximately 1.5; When the crest length L is large, variations
in discharge result in relatively small changes in the upstreamjwater?
level.

: For earth lined canals, it is common to use some form of portablez~

_prefabrlcated check dam such as p1ast1c, canvas, steel cinder blochs,;

byt

"or precast concrete slabs. Where there 1s er051ve soil 1t w111 Pe

-'necessary to proV1de the downstream 51de w1th an, apron, w1ng wa11
. i S ear sl
‘ cut off 01 r1prap. In concrete 11ned canals precast grooves can’

be used as gate gu1des.‘ Another effectlve check that can be used 1s a

FAa Vosewer aandy g m

portable steel gate wh1ch is held 1n place by hydrostat1c pressure.\

Flow through a slu1ce gate acting as a check is represented by

the or1f1ce equatlon.

o

Q= a2 L e V2 (2-3)
‘inwhich

Ah(iis the'difference,in water surface_elevatiOn upstream

Flow'through*verticalineedles=act1ng ast checkssis‘flowwthrough

a verticar‘slot,whichfhas sim laritlesTto*both‘a weirland an or1f1ce.
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Equation 2-3 can be used to measure the flow in which

Ah  is the difference in upstream and downsteam uater ‘
surface elevation

A is the area of the flow section in the slot.

When a check is used the velocity of flow is increased and the. .
excess velocity must be dissipated downstream. The following chaptersj

explain the design of both rigid and alluvial stilling basins.

Drops

| Drops are used for gully control and for changing steep s‘ope° to
mild slopes. This change is accomplished by a vert1ca1 or 1nc11ned
drop and an energy d1551pating dev1ce Drops are used to provent o

erosion where the natural fo1lage will not grow, and to f111 in gullies

by slowing the flow and allow1ng the sed1ment to settle.' The location |

ST R SELY

of a drop sheuld be upstream of those areas that hava erosion problems.

¥

Checks are usually placed Just above the drops, 1n order touraise the -
: 1
water surface sufficient for d1str1bution to the f1e1ds.

The flow over the top of the_dgop}1s g1venjby_the wear formula;’.
ERL (2-4)

Théé;xé‘ﬁgth.;-?i L ~-is the sum .;off;the_‘; 1eng'ths "of f.the thre"e, “sides:fof a 'bb’o}x'-;':
ﬂstra1ght 1n1et.

ln loose boundary alluvial channels, vert1ca1 falls of 12 to 24
‘1nches 'are, commonly used..~<Riprap:is: usually placed~on the downstream

s1de,togpreyent erosion, : In;both; rigid: and: alluv1al boundary channels;
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a stilling pool or an ‘energy dissipating structure should be used.
 The design of the'stiliing pool or energy dissipator is dependent
upon the height of fall and the unit discharge. In field ditches,
the maximum drop should be.6 inches with the grade being 1/2 inch
per 100 feet to méintain proper control. Examples of fypical drop
strucfures and combination check and drop structures are shown in
Figure 2-2.

Simple sheet piling drops can be efféctiye and yet inexpensive.
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Chapter 3

APPROACH'SECTION,

The inlet section of a drop structure can consist of an approach
‘hannel which has the same geometry as. the 1rr1gat10n canal or’ lateral,
in wh1ch the water drops off the end of the channel see Flgure 3-1..ﬂ
Numerous drop structure 1n1ets in irrigation systems are used as check fi
structures, thereby resulting in a number of possible flow condltlons =

regardrng the jet enterlng the st1111ng ba51n. For example, the flow

may pass over the check structure as shown 1n Flgure 3 lb Usually,» 'm

turnout structure\s) w111 be located 1mmed1ately upstream fromythe check
structure. Thus, the flow passing over the check 1s usually less thanlq
the design dlscharge for the channel, whereas«the check"structure mlghti

be removed when the full d1scharge capaclty of the canal is. to be

conveyed downstream, thereby resultlnz in the flow condition shown 1n

Figure 3-la.

For the flow-.condition shown in F1gure 3-1a, the flow depth'at

end of the channel 1s called the br1nk depth Yb Rouse (1936).fas :
determlned that the brink dépth for rectangular channels 1s equal to N
'0“715*HY< (in{whi%h Y, 15 the critical depth),- prov1ded ‘the channel
slope S 1s ‘1ess than the ¢riticai: slope‘vs Rajaratnam and :

,Muralldhar (1964) have developed br1nk depth relatlonshlps for- varlous

channel geometrles such as c1rcular (pipes or culverts), trapezoidal,

tr1angular,'and parabollc. Thus, the br1nk depth can be determlned
for ?ny type. of commonly used channel shape.
“For the flow condition shown in Figure: 3-lb‘!critical'depthfoccursﬁ

in’ the wicinity ofithe’ constrlctionwr"Both redtangular‘andutrapez01dal
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check structures are commonly used in irrigation systems. For either
shape, the critical depth and its location can be conputed'withian;
‘accuracy sufficient for design purposes.

A more general solution to determining the flow depth at the’ inlet
is obta1ned 1ett1ng the appreach channel have any bed slope S “
Rajaratnam and Muralidhar (1964) define the flow depth at the end of the
approach charnel the end denth Y Thus, the br1nk depth Yo ,'haséthe
same value as the end depth when the aporoach channel is hor1zontal
(So = 0). A def1n1t10n sketch for theygeneral ¢ase is shown 1n Figure
3-2, | |

p' The end depth “ratio curves for triangular,‘paraboltc, rectangular,
nd circular channels are shown in Finure 3= 3 The end depth ratio
Y /Y is plotted aga1nst the slope ratiq iS /S~w«1n-whith“¢ o 1S the

\\\\\

‘bed s]ope and S\ is the cr1tica1 slope Cslope at wh1ch the normal

: flow depth is eqtal to critical depth)‘ Avnegatlve‘slope ratio means.i

that 1he bed slope has an adverse gradient. The cnd depth ratioecuruesb
for the trape201da1 channels w1th different values oflthe shape parameter

vmy /b ) ‘in which m~ 1s the side slope and b is the bottom w1dth w111

1ie between the curves for the tr1angu1ar and rectangular channels.—



Figure' 3:2: Definition. sketch for end depth
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Chapter 4

INCLINED DROPS

An inclined drop structure is shown in Figure 4-1. Knowing.a
control point in the approach channel (critical depth, brink depth, or
end depth), the design discharge, slope of the chute, and cross-
sectional geometry of the chute section, the flow depth at the_bottom:
of the chute y, can be computed. Then, using the hydra@lic;jump
equation, the sequent flow depth Yy, can be computedf‘ A number of
designs for stilling basin structures have‘béen ‘developed in thé past,
1nc1ud1ng the St Anthony Falls (SAF) st1111ng basin (Bla1sdell 1948),
Stilling Basin II of the USBR: (Peterka, 1964), Stilling Basin III of thef
I’USBR (Peterkd;'1?64), and the baffled apron developed by the USBR
(Peféfké,dIééiii“A general description of thé$€”§trﬁctﬁfé§ is given
below. In.addition, there are numerous studiéé regarding appﬁrtenancés;
such as siIIs and blocks, in cqntrolling the hydraulic jump (Blaisdell,
1948; non£§1iy~and Blaisdell, 1965; Forster and Skrinde, 1950; Katsaitis,

1966;4PetérKa;=1964;’and Rand, 1965,1966).
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Water Surface Profiles

The effective design of an inclined drop is based on the design‘
discharge, depth at the inlet, and channel shape, slope, roughness,
and length. The usual case for inclined drops is for the slope of the
section to be in the steep range so that the flow control point will
be at the inlet. From information concérning these variables either
measured or evaluated from the preceeding sections, the next design step
is to compute the water surface profile from the inlet to the bottom of
the structure or the location of thé'energy dissipation system.

Starting with the conditions at the control point, the flow profile.
down the incline can be computed using numerous methods described by
most texts on open channel hydraulics. The method describéd herein
was proposed by Prasad (1970) employing a nnﬁericalbsélution>to the trial’
and error procedure. The differential equation of gradually varied flow
is used in conjunction with Manning's formula for describing the energy
slope. The gradually varied filow equation can be differentiated and’

expressed as:

S -8
1% a2 € (4-1)

1 ;':-'-.*;‘.;z -Q-Z-T-
g3
in whiéhi.
¥i is:the. dépth
X1i 1sﬁthe;distancesalong §he;cb9nn9l
St: iswthe;péd»slopez
S, is the energy gradient
@ 1is the velocity head.coefficient:

Q- is ‘the. dischdrpe



T is the top width of the channel

g~ is the acceleration of gravity

" and”

“A° is the cross-sectional area of the channel.

The evaluation of S, when using the Manning fcrmula can be ‘expressed

as:
n" Vv "
§ = — (4-2)
e " 2R3
“in which,
‘n is Manning's roughness coefficient
R ‘is the hydraulic radius for the section
and

-V is the flow velocity.
fThe?humeriCaigsolution.pr0posed‘by{?rasad‘(197o) has_béén'writ;gn
.for a.digital computer and the program listing has been included in the

‘Appendix. - The procedure is based on the following equation -

Y

Yio1 = Y

LBy (4-3)

in which the subscript i describes the distance. increment along the
channel. The value or 4y can be'computed from the‘va}ue obtained

‘in Equation 4—1,mu1tiplied'by the incremental value of distance along:
;hg,chqpngl 8X..  If the value ot pX is very small,:the:value obtained
~in*§quat1¢n“4+1¥;an‘be assumedftdkv§+v A4naarlvibetween:stations in the
3501ution;%“gssum1ng-tn;s_conditibn;fEquationﬁ4¥3:danibeﬁréwriggen to"
“form'the. general basis. for the solution®
t,. -4

: Y i+l

1
vel =y YT 3

AX . (4-4) ;
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The computatlonal procedure, . then, is as follows:
(1) Compute dy/dx from Equatlop 4-1 using thexinitiallvalue_oi
' 'y or the previous value aft%rithe initial step solution;
;(fjwﬁﬂssume (dy/dx) (dy/dx)
(3)‘ Evaluate tne depth Yiel - us1ng the step. (2) approx1mat19n;.
4 Compute a.new value of (dy/dx)i+1 based on the value of
%y1+1‘ obtarned in step (3), and
‘(S) Repeat steps (3) through (5) unt11 tne .TWO e5t1mates or
o (dy/dx) +1 come within the desired degree of accuracy and
then using the new value of depth, repeat this process unt11'
the last depth is obta1ned
oy i
the deth ?PR¥9?9h95~°?1t1°91vqeth=@34~¢°“§€99?9F1Xq139,P?QPJQW:9°5933%95
with critical depth at the inlet should bewavoided;4wstudiQsih@?Q
indicated that the inlet depth, the depth at the downstream.end of the
approach channel, will vary with approach condition and mature of the,
drop..mThe‘inlet,depth will_apnroach,prltical,depth,uhenythe:incllne;slope
isAin the verx small value‘of,the steep slopeh.,Eorhthe,general“case;of
the mide approach channel and the very steep incline, a value of
betweeni0,715 times the critical depth_ .y_ .and 0.8 y_. w111 yield

good results.

_ Free Hvdraulic'Jump

| The.efficient design of any drop structure employing the hydraulic
~ jump asvthe means of energy dissipation must rely heavily on the
evaluat1on of the sequent depth ratio yz/y1 in which the subscr1pts

arefer to “the’ sectlons after and before the Jump respectlvelx. " The most

common technlque used to descr1be thlS depth ratio in elther the
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horizontal or the sloping channeél is through'the use ‘of the force-

momentun flux principal, |

L S |
SR RANE B R Reiar 7 et wil (4-3)

in which
A¥+§g the ¢ross=sectional ‘areas
gKikis?the.portion»of.the?depthﬁ;O”tne»centervpffgfdvi{yifdr:
‘theé*channel ‘shape
Q*%“{s"the ‘discharge
.and’
g is the acceleration of gravity.
“In this section only the solution to Equation 4-5 concerning the horizon-.
tal“channels will be presented.’ Equation 4-5 has been evaluatéd by
.‘htime"rous authors fb‘f'.the‘”réct’a;ﬁgular , triangular, trapezoidal, cilrcular,
hﬁd parabolic channel shapes. Experimental data have also been gathered
to substantiate these equations. Silvester (1964) has probably presented
the ‘most ‘Complete analysis, along witn a substantial literature review
énd’generation.of‘eXpériméntal'data. ‘The following is d partial
summﬁry of ‘this ‘publication.

-----

Rectangular channels. "Sélutjon to Equatidn“u=§‘fo: the rectangular

case results in,

Ylyy =% ( 1+8F12- n (4<6)

in which ., is the Froude number at section 1 described by the
equation:
F = —3— 4-7Y

S
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Jeppson (1965) provided useful homographsvfor the solution to
Equation 4-6 as wéll as for the caSés involvihgltriahgular and
trapezoidal shapes. These nomographs are presented in Figures 4-2 and
4-3;

 Trapezoidal channels. With the addition of the side slope as a

variable, the analysis of the trapezoidal cross-section is somewhat
more complicated than the rectangular. Using the equivalent width, b

YEquﬁtioha4-5 reduces to:

by, _
; et LN | i
K! 1l s =5 (4-8)
( ( ) [ by "2‘

Massey (1961) representedfq shape factor K- ‘after-algebraic manipulation.
as
: b e
Kimade 429
"W [4-9)
in'fhich ‘n' s the side $lopb.andi b_ is.the:bottom width. -Using this-

reldtionshiv.: the Froude fumber can’be.written as:

: ‘(a<i0)

TTriaﬁguléfhéhahnels.f.The triafigalar ‘channel "is’a special ‘caseof

the trapezoidal channel in which b = 0. . Further, it is soméwhaf-

simplified by ‘the fact that K= Ky = 1/3 and thusi A)/A; = ¥,° /y2

resulting 1n§

A3

(2 -'-'1=31=2  :

(4-11
A (4-11)

Circiular channels. Hvdraulic iumps in circular channéls must be.
~'divided into .two partstl’(1):when‘fy2 ,is~lessI;han{;he_diame;er;hptaand~

(2):when y2 1§y§¥eatervthanfthe'Channél'diametéfﬁ ‘For the first case,
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Equation 4-5 is.

EARTI.

. {(4-12):
y1‘§5M1;

]
)

b
fory

‘in;which M is the multiplying factorkwﬁﬁéh'giyes:thé area of 1

‘segment of the circle (A = MD?) and is Eithg: evaluated ‘from ‘tables or.

geé@etry. In the.second case, Equation 4f§\R?F°F°S}

(4r13).

LN

.FoigbOth of these cases, it isgbgptéfﬁtbﬁgéﬁpﬁﬁéﬁryélyiﬁgthaﬁ%ﬁﬁ}ﬁSe a
‘ fiéﬁre, However, the second case is. as yet relatiyely undefinable so
“ecare should be exercised when' working with:'this cirpumstance.

Parabolic channels. The sequent depth Tatio foianyiparabolic

shape can be expressed as;

‘For: convenience, Equation 4-12 ‘has been plotted in Figure\4-4.

Equation limitations. Although fairly good agreement ‘has-been
‘foiiid saferinentally with the preceeding equations, some.caution should:
‘be exercised when_the Froude number.is:greater than 5 for: the\flatter

side slobes in the: triangular, trapezoidal and parabolic,channdl shapes.

‘SAF Stilling Basin .

The St. Anthony Falls (SAF) stilling basin\is shown in Figuré 4-5.
This structure should give adequate performance for a range of Froude
numbers” F, at'section 1 varying from 1.7 to 17. 'Normally, ‘the length
of basin is less than twice the sequent:floy depth Y, which is very)

_short." Thus. this particular structure is quite ecofiomical. ' Blaisdell.
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RECTANGULAR STILLING BASIN
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(1948) has listed the criteria for designing the SAF stilling basin:

1. The length L_ of the stilling basin for Froude numbers between
F =1.7and F =17 is deternined by Ly = 4.5y2/F1°I76 )

251 Tﬁe height of the chute blocks and floor blocks is yll, and the
width and spacing are approximately 0.75y1 .

3. The distance from the upstream end of the stilling basin to:the
floor blocks is LB/3 .

'4." No floor blocks should be nlaced closer to theside wall ‘than
3y1/8.

5. The floor blocks should bé p1acéd'd6wnstréam from the openings.

6. The floor blocks should occupy between 40 and 55% iof the stilling "
basin width.

7. . The widths and spacings of the.floor blocks for diverging
stilling basins should be increased in proportion to, the
increase. in stilling-basin W%@FDTSE ;thf;ogr-b}p¢K location. .

8. The height of end sill is given by c = 0.07y, , in which y,
is the theoretical sequent depth corresponding,;p“xljﬁ

9. TheLdepthvqf,ggilwater:above the stilling basin floor is given
by )= (1.10 - F,%/120) y, , for F, = 1.7 to 5.5 ; by |

yy = 0.85v =5.5to 11;Mand‘bx.‘Y5ﬁ=v(1-°°=f,Fl?/3°°)_

4-2_ 2 1
y, » for F, =11 to 17.

for F

10. The height of the side wall above the maximum tailwater depth to
‘be expected during the life of the-st:ucturb_is given by
2.2 ¥o/3;

11. , Wing walls should be eaual in height to the stilling-basin sidg

walls. ' The top of the wing wall should have a slope of 1 on-1.


http:corresponding.to
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lg,.?he'wing wall should be placed:at an,anglo,oﬁ,AS?.to{thgﬂ
| outlet center line..

13.HThe stilling-b2sin sidewalls may be,parallel_{as‘ln;a rectangular -
stilling basin) or they may diverge, as an extension oéﬂthe, |
transition side walls (as in a trape201dal st1111ng basin).

lg, A cutoff wall of nominal depth should be used at the end of the
stilling basin.

15. The effect of entralnedrair should,be;neglectedqinﬁthe;design

of the stilling basin.

USBR Stlllinnga51n II

' The U.S. Bureau of Reclamation (Peterka, 1964) has developed design
"crrteria for numerous. st1lling b851ns under varying hydraullc cond1tions.
‘St1111ng Basin II has been developed as an energy dlssipator for sp1llwaysr,
and large canal structures. A def1n1tion ‘sketch for th1s st1111ng ba51n
ris shown in Figure 4-6. The design criteria are listed bélow" v
l._ ‘Set apron eievation to utilize full ‘sequent tallwater depth,

"rplus an added factor of safety if needed An add1t1ona1
factor of safetv 'is advisable ‘for both’ low and high values of
"the Froude number (sée F1gure 4-7). A'miﬁimdm’ﬁafg&ﬁ’af safety
'of ‘5 percent of y,d is recommended -
2Jé’Ba51n 11 may be effectlve doWn to a ‘Froude number of 4 ‘but the |
lower values should not be taken for granted.
‘3] The length of basin can be obtained from ‘the intsrmediate cirve
‘on”’ F1gure 48,
»4. The height of chute blocks is equal to the depth ‘6 £10w enter1ng -

the b351n, or y “’(Figure 4-6). “"The width and spacing shouldﬁ

‘be equal to approxlmately 71 ; however, this may be varieavto'
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e11m1nate fractional blocks. A space equal to y1/2 is
preferable along each wall tO rerlnoa snrav and ma.:lntain desirable

pressures.

‘v The height of the dentated sill is equal to 0. 2y2 > and the

maximum width and spacing recommended 1s approximately 0 lsy2
On the sill, a dentate is recommended adJacent to each 51de wall
(Figure 4-6). The slope of the continuous portion of‘the end

sill is 2:1. For narrow basins, which contain only a few dentates

?accordinkito the above rule, it is advisable to reduce the width
;and the.spacing. However, widths and spaces should remain equalf
ﬁeducing the width and spacing actually improues thevperformance}

:inénarrow,basins; thusjithe_minimum\widthLand.spacing of the

L ’
PR

;dentates-is governed only by structural considerations.g

5}~It is not necessary to stagger the chute blocks ‘with: respect to

the 5111'dentates. In fact, this practice is usually ‘inadvisable -

‘from .a construction' standpoint.

T‘The veriflcatlon tests on Basxn II indicated no perceptlble :

'

change in the stllllng basin actlon with respect ‘to the slope of
theﬂchute preceding the basin. The slope of chute varied from |
0 6:1 to 2:1 in the ver1f1cat10n tests. Actually, the slope-m
of -the: chute does have an effect on the hydraullc jump when the
chute is nearly horizontal. It is recommended ‘that the sharp
1ntersect10n between chute and ba51n apron, Figure 4-6, be |
replaced w1th a curve ‘of reasonable radius . (R > 4y1) when the

slope of the chute is 1:1 or greater. Chute blocks can be

incorporated on the curved face as readily as on the plane .

~ surfaces.
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Dentated . sill

Figure 4.6 USBR Stilling Basin 11
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Following the above rules will result in a safe, conservative-
stilling basin for spillways up to 200 feet high and for flows up to 500,
cfs per foot of basin width, provided the jet entering the basin is
reasonably uniform both as to velocity and depth For greater falls,
larger unit discharges or possible asymmetry, a: model study of the

specific design is recommended;;

USBR Stilling Basin III

The USBR Stilling.Basin.III which is”shcim'in Figure 4:9, gives

» 1
length of this st1111ng ba51n 1s generally 2 7$y2 - which 1s con51derab1y_

,good performance for entrance Froude. numbers Fl greater than(4~5~

hydraulic Jump “The design criteria developed by the U S. Bureau of
Reclamation (Peterka, 1964) are listed below:

1 The st1111ng ba51n operates best at full. sequent tailwater depth?

;xé A reasonable factor of safety is 1nherent in’ the sequent

. I

{ :
depth for a11 values of the Froude number (Figure 4 7) and it is

recommended that this margin of safety not be reduced

‘»Z;f?The length of ba51n, which is' less than one- half the length 6f

Free

'

Ithe\natural,Jump, can be obtained by consulting the curve for
‘Basin 111 in Figure?348¥41Asla reminder;*an excess offtAiiﬁaféf'
;dePt“‘d°°sﬁn99%§9?§tit“¥? for pool-length, or vice versa.
“3.} Stilling Basin III may be effective for values-of the Froude
l ) nurber jas low as 4.0, but this cannot be stated for certain.
“4.7 "The "height , wWidth, “énd“épacing“df‘chﬁte“51dcks*sh6u1d “sgual the.
f“average depth of flow entering the basin, or~ y,,.'"The W1dth

of .the blocks may be decreased: prov1ded spacing is reduced.a
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~+like amount. - Should y, prove to'be less than 8 inches, the

"It is recommended that a radius of reasonable length (R"§.4y,)f

blocks should be made 8 inches high.

*,-The height of the baffle piers varies with the Froude number

and is given in Figure 4-10. The blocks may be cubes or they
may: be constructed as shown in Figure ‘4-9; the upstream face"
should be vertical and in one plane.. The vertical face is . '
important. The width and spacing of baffle piers are also
shown in Figure 4-9. In narrow structures where the specified:
width and spacing of blocks do not'appear‘practical; block
Width and spacing ma}_be reduced, provided both are redpced a-

like amount. A half space.isurecommended adjacent to the walls.

‘fThe upstream face of the‘baffle'piers should befset;gt a distance
':Of"o}Syé from the downstream face of the chute blocks (Figdré"
.249);“Th£szdimgnsion;is'aISQ impdffant‘

.The height of the solid sill at'the end of the basin is ‘given

“in Figure 4-10.. The slope is 2:1 upward in the direction of the

ff@éwgu

-f'Itfis'undesirable to round or streamline the edges of the chute .

blocks, end sill, or baffle piers. Streamlining of baffle‘piérﬁ'l
'méy~resu1t in loss of half of their effectiveness. Small
chambers to prevent chipping of the edges may bé"hsed, ‘Roundiig |
may be necessary for high velocities (greater than 40 fps) which -
may cause cavitation. .

be used at the intersection of.tﬁe qhhtq and basin apron for

slopes of 457 or greater.
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10. As a general rule,'the,slope of the chute has-little effect on‘n:v
the jump unless long flat slopes are involved.

| Since Basin III is a short and compact structure, the above rules
should be followed closely for its proportioning. If the proportioning
is to be varied from that recommended, or if the limits given below are
exceeded, a model study is advisable. Arbitrary limits for the USBR
Stilling Basin III are set at 200 cfs per foot of basin width and 50 to
60 feet per second entrance velocity until:erperience demqnstrates

otherwise (Peterka,.1964).:

Baffled Apron

| The baffled apron shown in Figure 4-11. is a very effectlve energy
diaaipatcr. This“structure has been uaedTSuccessfully on many irrigaticn
prOJects to d1551pate the energy at a drop structure in a "canal or waste-;
way.~ The allowable d1scharge is 60 cfs per foot of chute w1dth, w1th
theﬁperformanCe improving as the unit discharge is decreased. . The approach'
veloc1ty to the apron should be less than critical veloc1ty to ensure. -

,1“'."

adequate performance. The des1gn cr1ter1a for the baffled apron have
been develcved by Peterka Eléd;)
l. The des1gn~should be based on the maximum expected d1acharge Q
2%‘:The design diSchargevper'unit width q ‘may be as high aa 60v
‘cfs/ft of chute width W . The lower this unit discharge
56é§¢£ésff£he”ié§§Hsevefé are the flow conditions at the base
;cf;theachute. |
f?f _The -entrance velocity V1 should'be'aS»low as possible and
wless than crit1cal veloc1ty. A de51rab1e entrance velocity rs

;(fé= (EQ) / - 5 ) wh1ch 1s Curve D 1n F1gure 4- 12 Flow
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‘Figure 4-11. Baffled apron energy dissipator
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‘Baffle Height Normal to Chute, in feet
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loclty
- D

Figire 4212 Basic proportions!of a baffled apron

~Velocity , in fps
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.;although fewer w1ll work The chute should be extended beloJ
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conditions are not acceptable when 'V, = (gq) /3 ,"whlch is

Curve ¢ in Figure 4-12.

i THe wirtical offset between'thé approach channelfloor and the:
chute cin-be used for a’stilling basin to create the desired .
‘approgch velocity V, . Use of a~short'radlusfcurvefto'prov1d§>

‘a crest.on the slop1ng chute, and placing the f1rst row of

baffle p1ers close to. the top of the chute, no more than 12

1nches;1nnelevat10n below the crest, ‘are 1mportant,cousiderations}

’1-The baffle p1er he1ght H- should be about 0 8y ,fﬁhichiis

l

'Cprve B in F1gure 4-12.
- Baffle pier widths and spaces. should be ediial to'about’1:5 H.

but not less than: H . ‘Partial’blocks; I/3 H ‘to. 2/3'H. .,

should ‘be placed against the training walls-in'rows:1,:3;°5, 7;

etc., alternating with spaces of the sate width in'rows 2,’4; 6,
‘ete.

:-The maxlmum slope should ot exceed 2:1 but’ may be flatter. “The!
:slope:distance (along a.2:1 -slope) between:rows of baffle piers

'should ‘be ‘about . .2H - 'and not ' greater than 6:feet,

The?baffle=piers may have upstream faces normal-toﬁthesaprdnﬁj'
floor or. 1n a vert1cal plane.

Four TOWS are requ1red to establ1sh full control of the flow~-

the normal downstream channel and at least 1: TOW of baffles
should be bur1ed 1n the back f1ll

The chute tra1n1ng walls should be about 3H normal to the
chute:fqur-
glf?to;twelyefinchiriﬁrgp~shodld.befblacediathhe,downstreanlt

end of the training walls to'prevent erosion behind the chute.
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" Chanter §

CLOSED' CONDUTT 10 OPEN CHAWNEL STILLING BASING:

Glosed‘condults (p1pelines) are frequently used in irrigat1on

"systems. P1pe11nes may be- used to convey water down a hlllside rather

-..1

e

Uthan u51ng a drop structure or series of drop structures.. Also,vclosed

'” .

condults are used for outlet works from dams, ;nverted syphons, culverts,r

\and water d1str1but10n systems. In many cases, the flow veloclty )
leav1ng the p1pe outlet is excessive and would cause’ considerable 'scour

P

in the ~open channel immedlately downstream. . In order to prevent

excessive downstream ‘scour, whlch might also result 1n scour1ng of the

\-
X

bed materlal underlying .the closed condu1t and” consequent failure of
..the system, a number of energy d1551pator structures ‘have been]developed
for the outlets of closed condults.k Typlcal examples of general1zed
closed condu1t to open channel st1ll1ng ba51ns are ‘the Contra Costa

energy drss1pator, the USBR 1mpact stilling basin VI, the manlfold

st1111ng bas1n and the USU'(Utah State’ Unlver51ty) 5t1111ng basin,

Contra Losta Energy Dlssrpator

FEN

The Contra Costa energy dissipator (Ke1m, 1962) is a deV1ce for

| pipe outlets flow1ng partly full, A schemgtrc diagram cf the Contra
Costa energy d1ssrpator, along with its baslc dimensions %re shown 1nn
vFlgureISEI. The desrgn procedure for thisistructure, wh1gh is also
shown 1n;f1gure 5-1;;15 as }OIIOWS' -
1, Determlne the w1dth W 'such that D < W < 3D ;1n wh1ch D z1s
| the 1n1et p1pe d1ameter or preferably, make W E equal to. the
w1dth of the downstream channel prov1d1ng~1twls y1th1n the

l1mrts mentloned.*
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2. Letting Ly/h, be approxinately 3.5, determine; hy/y, , and:
) selne.for -LA.

3. Determine a value of yB;

4., Determine a_naIQe of zs

5. Compute the,value for the'sili‘height, h_ ; within the range

0.6 - 0.9)y,..

Manifold StillingﬁBésin”

The man1fb1d st1111ng ‘basin (Figuro! 5 2) is an effect1ve energy
. \ . A

l

d1ss1pat1on dev1ce for closed conduit trans1t1ons to open channels
: i 1 4

using the vert1ca1 jet” diffus1on pr1nc1p1e.. The man1fb1d struct&&

itself has two pf1mary functlons'

l

1,: To d1v1de the flow -into a number,of jets having a length equal?

J
to the; man1fb1d 'width; and
i . ,' 3
2. TL d1fect these Jets vert1cally upward
v ! &

The.d1551pat10n of the kinetic energy takes—placec1n the water above
»thefmantfb;d as the rising jets are'steed1}&Jcenveztedfintgftnrbulence,
with the turbulence decaying:through viscous’ shear,(Fiala and Albertson,
1961).

;The generalidesién equé%ion is

g
)
- 4 -

\ 1 //Zg bi/BQ

oLt i ./......e;.

11n wh1ch ‘
'e'{ is the bo11 helght

'VT:{IS the 1n1t1a1 veloc1ty of the jet

jngﬁls;the'accelerat1on of grav1ty

c&fﬁlsva:constantA
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h  is the tailwater depth, and
Bo is the effective width of the jet.
Knowing the discharge Q tailwater level b ‘and the 1ﬁretr05idéf%y'

Vo the manifold stilling basin design procedurs is as follousf
,f5 : ‘~w:‘j 5

L MO,

1. Compute the inlet area Ao us1ng the continu1ty equat1on.~r
2. Knowing the area, compute B and H,
B=H=/k D (5-2)

. !aL
1n which- B is the manifold w1dth and H is the manifold he1ghtf

at :he 1n1et..

>‘3 Know1ng B, compute the length L using a length to w1dth
rat1o L/B of 8

~4“‘ Assume ar standard hw/s ratio, 0 5 l O, or 2.0 in which s

1s the w1dth of the man1fbld cross-bars.

tS.I‘Obtaln a value of Vl/V i and compute the value of V‘“abased ¢

upon the'relatlonsh1p5' (a) fbr d/S = 0 5 V /V h-.l 37 (b)£‘

for w/s l 0,1V, /V# = l 24'vand (c) for w/s = 2 0 Vl/v.:= 1 13 o

!é‘, Compute the open area of the Jets B B u51ng the cont1nuity i

SﬂE -equat1ona

L7 :'Compute the total‘open area’ ofrthezmanifoldrzBW d1vide the!s:
-Nalue obtained¥1n step i6 by the total Open area‘of the man1fold'
Ato get thexpercentage of area»occupledlby the ﬁets, and |

‘yflnally, multlply th1s percentage by~fw to*get aLvalue ‘for nB,

*.'_\;-

a,‘_
2/2g

T Ry

hCompute b/B ,aenter Pigurets 3. to obtain a:valuei for--
L V

| and knOW1ng V /2g, solve fOr a boil height 2

Ad ust the de51gn{’f' 23%;43-

“1: o

1s not reasonably close to 0 10.
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The loser this value, the'less erosive energy will be:left in
the jets.

10. Determine the value for the wave height h from;ﬁigure{S{Qﬁ

USBR St1111ng Basin VI

The USBR stilling basin VI shown in Figure 5 5, is an impact type

energy dissipator wh1ch has been developed by the U S. Bureau of
Reclamation for use on pipe outlets. but it can be modifiod for open

'channel transitions The basic dimensionf for this structure along with '

the range of flows is given in Table 5-1.

USU Stilligg_gasin

The USU stilling ‘basin is an impact pre energy di,sipator de51gned
as a transition from pipe flow. to.open;: channel flow. The major
_mechanisms in dissipating the excess. en?rgy in the flow: are shear. drag,
‘pressure drag, and vertical diffusion. |The energy dissipation results
from thexsubmerged jet impinging upon’ q short-pipe energy dissipator andf;
then being ‘turned on 1tse1f along with,part .of the Jet being turned
downward through the slot in the bottom of the diSSipator pipe._ The
energy of the. flowing water 'is d1$51pated by d1££u510n of the jet from
the 1n1et pipe into the stilling basin and: the shearing between the Jet
1tse1f and- the surrounding water: (Wei; 1968). nThe basic dimensions of
the USU st1111ng b351n, ‘along with the d351gn curves, -are! shown 1n :
_Figure .5-6.:(Flammer, Skogerboe, Wei,. and;Rasheed, 1970) *The design
p;o;edurebcan be described as follows

la( The dimen51ons of the short-pipe energy d1351patpr are a

N function of the inlet pipe diameter D, according to the

following ratios.
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Table 5-1. Dimensions of USBR Stilling Basin VI

Suggested - Max. ' Feet and Inches
Pipe size dis~- :
' charge

Din. Arzca Q W H L ra L
in. (Sq Ft) L Lo

1 @ 3 *?:(7ﬁ,'(a) '39) (10 (in (2)

, Py SR o

576, 4=3 7=4" 3=3. 4-1" 2-4 0-11 0-6 16 .
6-9 §-3 '9-0 3-11 5-1 2-10 1-2° ''0-6,"2-0
8-06-3'10-8 4-7 6-1 .3-4) 1-4 - 0-8

7 151 119 9-0 15-8 6-9 81

0 191 13-0. 9-9 i7°4 7-4:10-0:5-5 2-2
/236 '14-3 10-9 19-0 8-0.11-0 5-11°2-5
339 16-6712-3°22-0 9-3 12-9.:6-11,2-0. -
T e A

et b e gas it t e b et s e
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‘Figure 5-6 'Design curves'for:USU: Stilling Basin.
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(a) vDZ/D1w= 2.0, in which ’Dz'\is.the diameter of the short-
pipe enefgy disgipator.

(b) :I;./D1 - 1;0, in whichv‘L is'the length of the shortpipe
‘tnergy dissipator.

(c) W/D = 0.5, in which W is the w1dth of the slot in the

1
d1551pator pipe.
'(d)ngl/D = 1.5, in which Y, is.the elevation of the.center’
éline of the inlet pipe abové the hottom of the, stilling
‘hasin.
2. «Compﬁte the Froude number,
R, o= "1 1780, (5-3)
in which F, /is tHe Fidude nunber and: Vy . is.the meén flow
‘velocity in ’thef‘»ihlet'ivgii)ei‘; |
3 The designkef‘the/stplling»bhsiﬂtis}@suf@libﬂS!ﬁ
i'(a) Assumb ‘a/value of m,

DI 2 .
;m,-'=;?2-L#—?- (514

“in whichi/m /is an assumed npmﬁefkaﬁdwiyé -ig-the tailwater:iflow'
“depth. iﬁ‘the‘openlchanhel “and compute .a value for*fyz )
'(b) Knowlng m and Fl ; enter Figure 5- 6 and determine a
‘value for the expre551on,
§a [y_bQ (Y s yt)] By (5-5)
(c) *From Figure 5 é determ1ne the freeboard ratio f'b/D1
compute theifreeboard £ hut‘us1ngsa_minimum;e§fsix
-inches
(d) ‘Compute the.length of the.stillihg,basindébga;uSiﬁg_theﬁ

‘equation,
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at various valucs in order to arrive at the most economical
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L,/Dy = 2.5 (0,/D; - 1) + 1.0 R (5-6).
(e) From Figure 5-6, determine the stilling basin width Wy

.:from thew Wb/D1 ratio.

The yalue‘bf‘"m' is completely arbitraty and should be tried
; _ a

design. As the value of m is decreased, the flow in the-
. stilling basin and the outlet channel will become less

turbulent with a consequent decrease in the scour potential.
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Chapter 6

VERTICAL DROPS

'A'definitibn sketch for a vertical drop structure is shown in’
Figure 6-1. In order to detérﬁiue the length of basin ~Ld¢fat,which‘
the ﬁef strikes the basin floor, equations reported by Biai§§e11“(1954jl
&epcribing the nappe of the freely falling jet'aré“used.f These equa-
tions,are listed under the following seétion; "Straight Drop Spillways."
Whlte (1943) developed from application of momentum, the theoretical:

equatlon listed below which yields the flow;depth yl .

iy i
e 2 (6-1)
‘e e
S 1.06¢?%;;+ %
1tz

‘Thisequation agrees quite well with experimental work by:Moore (1943)

The spetifi¢ energy at section-1 15-0DTalned .rrom-the: equation:

. 20
E Y. )'
. ')',—,lf‘\: _)71_ Cz_, (6-2)

Cirves: representing the above eauations: are shown in’Figure 6:2along’
‘With the experlmental work by Moore.. The length ‘of.the hydraulic fump
;LJ i$ approximately six times tne sequent rlow depth y2 “but can be
fdétermlned from the curve for the free hydraulic jump shown ‘in Figure
4-8

| fWhénxﬁé;igniﬁgvaﬁdtop-structufe;jthe{dithargéF;Q:7£hd§£hb
gedmétryQOftha:épprpaghws¢§tion,WOu1d-be‘khowngﬁ Consequently, the

critical depth 'y_ ‘can be computed, which allows the computation of
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Figure 6-1  Basic type of vertical drop structure
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_ Figure 6-2. Energy dissipation, at, the base, of. the.free overfall
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y1 from Equation 6-1. The sequent £low depth y, can be obtained
»from nomographs (Figs. 4-2 and 4- 3) The length cf the hydraulic
Jump Lj can be obtained from Figure 4- 8 and Ld the horizontal
'1ength of thé nappe trajectory,: can be computed” from equations listed-
in the section to follow.

Various types of appurtenances have been proposed for vertical
zdrop structures 1n order to shorten the length of the basin, thereby
reducing construction costs.k Three types of vertical structures are
described below, which include the straigh drop spillway, USBR alter-

native st111ing basrn 1V, and dlSSlpatlon bars.

Straight Drop bpillway

The straight drop spillway shown 1n Figure 6-3 is used commonly
v;for low cost structures in small discharge channels and the design
“parameters are weil defined., One of the- more recent investigatioﬁs
'1by Donnelly and Blaisdell (1965) expresses the design in terms ofzan'
equation for the nappe traJectory. “The resulting design procedure

1s listed below:

1. The total length of the basin Lb 1s given by the relation,
Lb = xa + 2,55 Ye (6-3)
in which

X, is the horizontal;distance.from'the spillﬁay crest to the
point where the auerage of the upper and lower nappe
strikes the floor, and

{§iC ¥ the' critical depth of “Flow

ox
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Figure 6-3 Straight drop spillway stilling basin.
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fThe value of X can[bafdeterminedfby'thefeduatien

;3‘; == (6-4)
in which
Xely, =720,406 + (3.195:- 4,386 h/y ) """ (6-5)-

and

0.691''+ 0.228 (X, /y )? Sy .
x />‘”\= f (6-6)°
0.185 + 0.456 X /Y,

fIn these equations Xe is-the point where the upper nappe’

i:‘strikes the floor,, X; is the point where the lower nappe

strikes the floor, and X /y is the value obtained from

Equation 6-5 by substituting x (for the point vhere the

upper nappe strikes the tailwater) for X. and yt (the

distance below the crest to the surface of the tailwater)>'

for' h . This equation has been computed and plotted for '
design convenience 1n Figure 6-4.ﬁ It should ‘be noted- thatt

the origin of. points X’ and’ y is at the crest of the

i’spillway.

z.

' ”The distance from‘the point.at,whichu he{surface of the

_upper nappe strikes the st111ing floordto}the unstream

e v e

of the floor blocks . 1s1

R ©n
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4y

Lower nappe
{:no tailwater)
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/
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1 (////
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-
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=
.-

. Submerged nappe

| A :
" Free nappe \\ 4 trajectory

‘ 'tr‘ojectory'—-‘-w\ \

1%a? Ye:

Figure; 6-4,, Graphical solution. to nappe trajectory .



3. The distance between the upstream face of the floor blpcks
‘and’ the end of .the stilling basin xég'isﬂi
LY, @0

\Floor'blocks.‘ Sufficient distance is. required between the point

at. which the upper nappe strikes the basin floor and the floor blocks
to permlt the stream to become approx1mately parallel to the floor
before it reaches the blocks. When the distance between the upper
nappe and the floor blocks ‘b ‘is less than 0 5 Ye the blocks are
?largely 1neffective.’ When "*b is 1ncreased to 0 8 Ye the appearancef
of the water surface is satisfactory (Donnelly and Blaisdell 1965).
The floor blocks are proportioned as follows: (a) tho he1ght
of. the floor blocks 13 0.8 y 3 (b) the w1dth and spacing of the
;floor blocks should be approximately 0 4 Ye but a variation of
‘i 0 15 y from this 11m1t is permissible, (c) the floor blocks
should be square in plan, and (d) the floor blockseshould occupy
'between 50 percent and 60 percent of the stilling basin w1dth

Tailwater depth A sufficient -depth:of.: tailwator is required

so that the water 1eav1ng the stilling :basin: has no opportunity to

, plunge and scour a’hole in;the stream bed; therefore,;thefwatérif

" surface (tailwater level) in the downstream chanriel should be at
Eiapproxinately'thefsaneﬁleﬁel as the water surface in the:stilling
basin. This requires the .determination of a minimum required tail-
water depth for the st1111ng basin\ With the end sill:at 0. 4‘y

| the m1n1mum desirable depth yz above the floor of the stilling basain:

: 1s 2 15 y o Anything less than thlS depth ‘can' cause higher velocities‘

'over the 'sill which will in turn cause exce551ve scour,
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Distance to end sill. If the distance between the floor blocks
and the end sill is too short, neither the blocks nor the end sill is
fully effective. The minimum distance between the floor b1oéis'ana”’
~the end sill’ X. that prevents excessive scour 1s 1 75 Ve Dlstances;
greater than 1.75 yci;have ;rttle;henef;cralaeffectjpnzthe:sgourg
pattern.

Sidewall,height. An additional height of sidewall. is required

above the nom1na1 tailwater level to prevent. overtopplng ofvthe151de-
~walls as a result of natural water surface flpctuat;ons,Iturbulencei;
within the stilling basin caused by the floor blocks,eand;boils;andxw
vstandlng waves resulting from the floor blocksvaxl end. sill. Donnelly,
and Rlaisdell (1965) recommended that the top. of the 51dewalls be
located a minimum distance of 0.85 Ye above the tallwater 1eve1
ThlS w111 give a freeboard above the maximum b011 helght of 0 25 Ye
W1ngwa115. Wingwalls . located at an angle of 45° with the :
Stilling basin center lins and haV1ng a top slope of l1onl are’
recommended This is the same de51gn found su1tab1e rn hydraullc model{
tests of the box 1n1et drop sp111way outlet and the St Anthony Falls
‘(SAF) st1111ng basin (Donnelly and Bla1sde11 1965)

Approach channel. The shape of the approach channel does affect

the stilling basin performance.) It is important, therefore, that
Acertain,minimum”conditfonéﬁhegmct'withﬁregard toﬁthewshape ofpthe
'approach_channel, The approach channel should have the .following .
'qua11f1catlons., (a). be level with the crest of the spillway;, (h)

| 821359&91&3:913?1!&91 <€199r at; ,Fb.e,: isnd;s,\, o,f.-‘«.ther »Spl,l}ﬂaxf ngtch,. the ...appgr.oachi

channel at the headwall should have a bottom width; equal .to.the
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spillway notch length w ; and (c) be protected by riprap or paving
for a distance upstream from the headwall equal to two times the

notch depth.

USBR Alternative Basin IV

The characteristics of a hydraulic'jumpAfor Froude numbers’
between 2.5 and 4.5 results in inefficient energy dissipation for
most stilling basins. In this range of Froude numbers, the junp‘is

not fully developed and undular waves occur. The USBR Altérnati@e
| Stilling Basin IV (Peterka, 1964), shown in Figure 6-5, is an
;efficient method for dissipating energy and avoidingbwaves‘for*maniq
of the small drops encountered in irrigation‘canals;i”The”design7i§$

based primarily on the equation,
L= "f'fsl"'jr‘ “(6-9)
darn CSNS (Zgy)l 2 Lt

~in which -

) L is the length of the beams
l‘Qt;is'tne‘tetal‘discharée in cfs

1fc‘ is an experimental coeff1c1ent (approx.,o 245);
'Sw,is the width of a space in feet,

PRSIV TRS RAALs $ S0

;;N‘W?S the number of spaces, and

B

y is the depth of £low .in the upstream canal,

Dissipation Bars

Katsaitis (1966)' hais developed a’ vertical drop' structure hav1ng
two rows of d1551pation bars are placed in’ the stilling basin’ as shown :
1nf?igure-6-6 The design infbrmation described below has been takena

:fron;the3ﬁ§per byaKatsaitis;
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Figure 6-5 USBRAlternative Stilling Basin IV .
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‘Figure 6-6 ‘Drop structure with dissipation bars.
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Flow conditions. The definition sketch of flow over a weir as

shown in Figure 6-7 can be used to describe the developmént of an
equation for determining the length L2 which is tﬁe horizontal
distance from the weir (or drop structure) crest to the centerline of
the nappe trajectory where it strikes the stilling basin‘floor. The:~
reference point for thé equations of rectilinear motion, which aré”
listed below, is the -centroid of the jet cross-section where the
lower nappe has reached it's ﬁighest elevation"fFigure 6-7). The.
horizontal distance between the referencg‘point_and the weir cré§t;

. is H'/Z, where H' is the total head (specific energy) abbve{thé“
highest point of theilower nappe.

The equations of motion can be written as.

X= ot (6100
f%“if?ﬁtvd);ffggt( k6:11}
2=y e 1/zgth (6-12)
:::-é '\7',\_ . "1 : . 2 B -'.' Ul “ L v

ot
X;fiﬁ’the horizontal distance from the reference point
t&;f;f[isvthe'initial hdriidntél*vélQﬁitxéﬁF«thefrﬁféfénce’pdiﬁ;
(Vai;}his the initial verticél velocity -

“t' is time

_is the final vertical velocity, and
Z+::is the total height of ‘fall measured from the reference:

pojnt! (Figure:6-7
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‘Bed ’

Figure ‘6-8: Design criterig -for. scour hole:
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Uﬁg_oﬁmﬁhg‘abovg?qquationg,lqlong with knowing the horizontal:
loqétion of the reference point, will yield a relationship for

: _determininﬁ'the vertical location of'theﬁreference_point.

2.2 R+ 0.373H (6-14)
Therefors, the available hedd (secific energy). above the height Z.
is 0.637H.’

The,axis. of .the nappe may be: considered perpendicular to.a
vértical section at a:distance 0.5H' .from the crest.and the horizontal,
velocity of the filament in,the nappe axis may. be,computed from the

relation; ¥'/zg , In this, case
V. '= (0.627H 2e)l/? (6-151

‘At t&gﬁgefqren¢é;point,;xhe,water;pgrticlesqhaveanoﬂyetticalgveloqiyyﬁb‘
Consequently; the theoretical vertical velocity of the jet as it
- strikes the stilling(hasin;floonicén-bélobtainedAfrom,Equatiqnmﬁélﬁ

as
v, = @ (6-16)
Therefore, the resultant velocity of the jet as it strikes the floor:
will be "
Vi=v Sy, (6-17)
‘A relationship for the time of travel -can-be-obtained-from—-
_Equation’ 6-12'

_tom(22/) 1/ (6-18)
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The horizontal distance traveled in this time'can’be determined by’
‘Conbining Equation 6-18 with Equation 6-15
L,= X + 0.5H"
= N “ , L - "
VIt + 0.5H'
2

= (0.6270(28)) /% 2z/p)

=2(0.627H2) % + 0,501 (6-19)

2z M 0.5

‘The ‘above'‘eqiiation'-(Eq.*6-19) "is based'updni'an: aerated nmappe. “In:
practice’ . 'if ‘the 'nappe ‘is'not filly aerated,”the ‘frev jet will strike -
the 'stilling basin’floor at'a ‘shorter‘distance from'the overflow. '
(weir) crest. Thus, the computation of‘ﬁLé”fﬁgiﬁﬁiﬂﬁﬁitiaﬁiﬁ;;gf
w&ﬁldnfg§u1t‘inxa.conserqgtivevdesign;

_Based upon ‘observations of scour immediately downstream from the

1
1.4Ly ,-8 small ‘increase in bed scour ‘occurred. .’As'@ consequence, -

;drop ’structure, ‘Katsaitis (1966) ‘found ‘that when 'Ly’ 'was'less ‘than:

‘the following equation can be used fo determine “Lj .

L, = 1.5L

= 1L, 2

A;sd;;tha'lengtﬁ' D" has been determined from model studies to give .
satisfactory pe.formance when
D= 0;1;
AR

.Designnof the structure. The designs for numerous vertical drop

(6;21)1

‘structures with dissipation bars are listed in Tables 6-1, 6-2, and
6-3 for the usual range of discharges and drop heights encountered in
irrigation systems. Interpolation may be used for intermediate drop’

conditions. Structures having values of h and H other than those



lable 6-1. Design of Vertical Drop Structures with Dissipation Bars for Drop Heights:of“l-. 7, and 3 feet.

<@

Total Tead.. (1) e, L e=5T | 1-0 0=5° 11~ | 1-5° || "0-5 ;."1<0 " 1-5 - [li2=0
hnidhzﬂQf Cre;:.(h;ﬁ,' 1 ft.c ‘ 2 ft. 7 3 fel” _ "
ho+ r}}i; 0.3731 . ! n.1865/0.3730 || 0.1865 |0.3730 |{0.5595 ‘|| 0.1865 |0.3730 |0.5595 0.7460
Z = hy + 0.3738 i1.1865[1.3730 || 2.1865 |2.3730 |2.5595 || 3.1865 |3.3730 |3.5595 |3.7460°
Vv, 2-=-0.6271(29) = 40.379H|| 20.190{40.379 || 20.190 |40.379 |60.569 || 20.190 |40.379 |60.569 80.?58‘
v,7= 292 = 64.42. 76.411{88.421 || 140.811}152.821]164.832{| 205.211{217.221}229.232}241.242
v o= v+ v, 96.601{128.800(} 161.001]193.200{225.401}| 225.401}257.600{289.801 322.000
g’ 1 0.333310.2500 1] 0.2000 10.1667 |0.1429 || 0.1429 l0.1250 |0.1111 |0.1000 |
(H*/2) = 0.435H 0.2175/0.4356 || 0.2175 {0.4350 {0.6525 || 0.2175 {0.4350 |0.6525 {0.8700
t? = 22/g.= .06222 0.0738[0.0854 || 0.1360 |0.1476 |0.1532 || 0.1982 |0.2098 |0.2214 |0.2330
t - 0.2717/0.2922 || 0.3688 |0.3842 {0.3990 || 0.4452 [0.4580 |0.4705 {0.4827:
Gx« 4.493 6.355 114.493 [6.355 17.785 |/ 4.493 |6.355  |7.785 |8.987

x =V, 1.221 {1.857 || 1.657 |2.442 |[3.106 |{2.000 [2.911 13.663 |4.338
Ly ==(H'/2) + x 1.439 {2.292 {|[1.875 [2.877 |3.759 2.218 |3.346 |4.316 |5.208
L; = 1.5L; 2.16 |3.44 2.81 4.32 5.64 3.33 5.02 6.47 7.81

L. = W = 0.04/(g/V?) 0.12 |0.16 0.20 |0.24 |o0.28 0.28 |0.32 0.36 |0.40
D= 0.17/(g/V?) 0.50 |0.68 0.85 |1.02 1.19 || 1.19 1.36 1.53 1.70

M = 2.7284 (g/V?) 0.4546|0.6828 || 0.2728 [0.4548 {0.5847 || 0.1949 [0.3410 |{0.4545 |0.5456
yg/ll = 1 - 0.218 0.237 |0.465 |[0.055 |0.237 Jo.367 {|o 0.123 |6.237 |o0.328
vg = My ‘I 0.1 |o.5 0 0.2 0.6 0 0.1 0.4 0.7
Hake D - S :o.so 0.68 0.85 |1.02 1.19 0.85 1.36 1.53- |1.70

L1-9



Table u-2. Design of Vertical Drop Structures with Dissipation Bars

for Drop Heights of 4 feet and 5 fret .

Total Head (H) in ft. [ o-5.] -1-0 | 1-5 .| 2-0_ ! 2-s 0-5 1~0 | 1-5 | 2-0 | 2-5" | 3-0
Height of Crest th r)-- " 4 ft. Ny 5 ft. ‘ v
h + 1/2 = Ry ifd.less l0.3730 10.5595 (0.7460 |0.9325 || 0.1865 {0.3730 |0.5595 |0.7460 |0.9325 }1.1190
z =h, + 0.3738 - T 41865 |4.3730 |4.5595 |4.7460 |4.9325 |[ 5.1865 |5.3730 |5.5595 [5.7460 §.§325_ 6.1190
v’ = 6.6275(29) = 40.379H|| 20.190 {40.379 {60.569 |80.758 |100.948|| 20.190 [40.379 |60.569 {80.758 }100.948[121.137
v,? = 292 = 64.42 - ' 269.611]281.621{293.632|305.642|317.653|| 334.011{346.021]358.032{370.042|382.053}394.064
vZ=v.2?+vS? 289.801|322.000{354,201386.400}418.601|; 354.201|386.400|418.601|450.800{483.001}515.201
g/v? 0.1111 |0.1000 |(0.0909 [0.0833 {2.0769 ;| 0.0909 |0.€833 {0.v,769 |0.0714 |0.0666 0.0625
(n'/2) = 0.435H 0.2175 |0.4350 {0.6525 !0.8700 {1.0875 || 0.2175 |0.4350 {0.6525 |0.8700 |1.0875 |1.3050
t? = 22/g = .06222 0.2604 |0.2720 {0.2836 {0.2952 |0.3068 || 0.3226 |0.3342 {0.3458 |0.3574 }0.3690 |0.3806
0.5103 |0.5215 |0.5325 |0.5433 [6.5539 {| 0.5680 |0.5781 {0.5880 {0.5978 [0.6075 |0.6169
A 4.493 1|6.355 |7.785 |8.987 {10.047 || 4.493 |6.355 |7.785 [8.987 ]10.047 {11.006
X =V 2.293 {3.314 |4.146 |4.883 |5.565 2.552 [3.674 |4.578 |5.372 |6.104 {6.790
L, = (H'/2) + x 2.511 |3.749 [4.799 |5.753 [6.652 2.770 |4.109 |5.321 |6.242 |7.192 |8.095
L; = 1.5L; 3.77 5.62 7.20 8.63 9.98 4.1¢ 6.16 7.85 9.36 10.79 |12.14
Ly = W = 0.04/(g/V?) 0.36 0.40 0.44 0.48 0.52 0.44 0.48 0.52 0.56 0.60 0.64
D = 0.17/(g/V?) ' 1.53 1.70 1.87 2.04 2.21 1.87 2.04 2.21 2.38 2.55 2.72
M = 2,728 (g/V?) 0.1515 {0.2728 |0.3720 }0.4545 |0.5245 || 0.1240 |0.2272 |0.3147 |0.3896 |0.4542 |0.5115
y,/H = M - 0.218 0 0.055 |0.154 |0.237 }0.307 i 0.005 [0.096 |0.172 J0.236 [0.294
yg = Hly /H) ] 0.1 0.2 0.5 0.8 0 (] 0.1 0.3 0.6 0.9
Jiuke D 11.19 1.70 1.87 2.04 2.21 1.53 1.70 2.21 2.38  (2.55 2.72

81-9
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in the tables are solved by substltut1ng the de51red values in the
proper equat1ons, which are also llsted in the tables.. The de51gn -
procedure developed by Katsaitis (1966) is descr1bed below.

1. If the scour depth Y is found to be zero, then the%
v v
;resultlng value of D ‘may be more than necessary. The
$

,s1ze of D to be used 1n such cases is that given‘by the

flowerlwe1r with zero scour at the same d1scharge.‘>There-

fore

[

?wh1ch 1s ent1t1ed "Make D " shoW1ng how much D could be ,

: ‘f1na1 Tow: 1s provided 1n Tables 6~ l 6 2 and 6 3;'

made,

2. The height of bars, 4 made équel to tuico tho critical.
;depth ‘of. maxlmum flow,swouldjbeésufflcientyto;proteétfbotﬁ;
%bed and banks.-
'}, ‘The propagated wave 1n'these“structure5’are uSually of
:small wave length and d1ss1pate themselves w1th1n a short N

d1stance. However, very strong surface waves ar generated

.J!.~

when the ta1lwater 1s near the crest level thereby resu1t1ng
»~-' - ]

"1n severe bank scour. ThlS cond1tion 1s not frequently
encountered with drop structures‘and would normally be

7avo1ded ' If such a cond1t1on exists the waves could be
! :

i

d1551pated by one TOW of 1nverted bars hang1ng from. a beam
‘as” well as the two rows of floor bars; However, th1s
app11cat1on has not. yet been 1nvest1gated systematically
(Katsait1s,«1966)

45 The he1ght of bars should span the full depth of flow when

smooth flows .are necessary for a downstream flow measurlng

devrce.
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5 v'l'he uSnal 5111 found at,, the downstream end of stilling basins
mmst ‘be: excluded because 1t destroys. the streamlined flow
produced by the\bars. The longitud1na1 shape of-the scour:
bed downstream from the dissipation structure should be
de51gned as shqwn in Flgure 6-8. - Having found'»y»<s(see
Step 9), the value offradlus R used to -form the. depresslon{

in the channel bed: is ; fbund by.
= 13y, (6-22)

;,ﬁﬂ,The exten51on wall 1s fbrmed by draW1ng @ straight 11ne on '
the sule wall (Flg. 16-6). such that 1t tou ”hes the top of
the second Tow of bars and has the slope of the banks.; Com;le,
parlson tests of thls tr1angu1ar exten51on wall w1th a
rectangular extension wall of equal length have . shown equal
performance,'whlch can be attributed to hav1ng h1gh veloc1t1es
occur in this structure mnear :the -bed. where the tr1angu1ar
walls have tlair maximum length. The extens1on walls con-
st1tute a simple translt1on betneen‘the rectangular sect1on
of flpnqw1th1n;theﬁstrueture;and:tae t~zpezoidal section of .

an earthen channel. They extend *o a distance where the

IS

velocity becomes low and thus e11m1nate senaratlon of flow
‘which;creates. eddies;and tends;to:cause scour around;them.
;Thard1551pat;9nwbar5ggreatlyaredycegthenyelositynpf flow,
.exiting,from the structure,. thereby: shortening;the required..
{lengthnofethe{extension.walls;

7. The tailwater depth may vary to any degree; without.affecting:

the performance of the bars.



The higher the ‘drop’ the more efficient this structuré becomes o
for: the same discharge. ‘Th1s can be‘seen rn the worked
examples listed 4n- Tables 6 1, 6 2 and 6= 3.i’A1though the
energy increeses with drop he1ght, ‘the: parabolrc traJectory

of ‘the: nappe results in the Jet hitting the floor at an

angle closer ‘to 90 wh1ch is* the jideal angle for full 1mpact
On the other hand, 1n low drops w1th large flows, the 1mpact .
angle is much smaller than 90° and most of the energy dis- )
s1pat10n occurs because of the d1551pat1on bars, with the

floor a551st1ng very little in the ‘energy dlssipat1on process.
Consequently; the designer should.attempt~to construct h1gh o
~ldrophstruCtures.- |

The 1ength Ly is determined from. Equation'6620‘swhile'thei
value of Lz' is obtained from Equation.6-19 and #°D*. from
Equat1oni6 21' Also,v Lsf is made’ equal . to W The scour

'adepth ~yg ‘may" bevcomputed from:-: -7

ye/n = 2.728(H(g/V?)) - 0.2177 (6%23)", -
The ﬁ‘ldth - of*the -Bars: - riay be-obtained: fron™

W(g/v%) = 0,04 (620

the bar wadth resulting’from Equat1on 6-24:is:not:satisfactory,

,,,,,,

~va1ue 0 04 1n Bquation 6-24"will" also- change the value: of‘fy /H by
}the same percentage multiplied by 2.0 Hence’?the scour: depth Y must

<bb'adjusted”accordlngly.
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Performance. Dissipation bars proved very effective in a model
with a St. Anthony Falls (SAF) type of energy dissifator (Katsaitis,
1966) . Comparison tests were made by replacing the SAF structure
with a dissipation bars structure of equal length. The result was
that the dissipation bars structure passed 50 pércent more thanvfhe
design discharge without scour. The same discharge with the SAF

energy dissipator produced severe scour.
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Chapter 7
LOOSE BOUNDARY STIthNG BASINS
* Although reinforcedvconcrete is usually used in the'construCtion
of st1111ng basins for energy d15s1pat10n structures, it frequently
becomes desirable from an econom1c standpoint to place loose rock as.,
a 11n1ng for the st1111ng basin. The . use of rock, or riprap, can be

‘particularly advantageous for' small - drop heights h.

_Flow Parameters

The problem of des1gn1ng a riprapped st1111ng ba51n for vertical
drop structures has been recently investigated by Smith and Strang
(1967), A def1n1tion sketch for the flpwisltuation studied by Smith
and Strang is shown in Figure 7-1. The stabilized scour depth. Y ««uas‘
evaluated using as variables the head H the drop height : h the ‘tail-
;watergflow depth Yz. and the mean stone d1ameter Ds;. These variables
can-be]combined ihtoﬁtheﬁfollowing;dimensionless ratios;a.

Y_/h = FQ/h, Ya/h, D /M) EH
Thekeiperiments were'conductedain a flume 1 foot wide andtSiffeét-r
long, ~The three-stohe sizes used in these stﬁdies had anhaverage siae w
of 0.021- feet 0.041 feet, and 0.089:feety,

Data on scour hole: depth has been: plotted by Sm1th and | Strang
(1967)'1n the form of difiensionless curves as,shoyn in F1gure 33. The
value of Y /h represents the- stab111zed scour depth below an initially
'horlzontal bed. The data on scour depth was collected under steady flow
operation at the Speclfle,d values of H/h, Yz/h, and; th/D_.

fThé}volume of.sfona?§é86£éé“fiaa“ﬁéioﬁ“£ﬁé'Eﬁiiigi bed level must

be‘deposited above the initial bed levgl. The actuaégdepth of the

“deposit Wy bé more or less than the dépth of Scour;ﬁdependingvupon the


http:riprap,,can.be
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Figure:7-17 Definition sketch for loose boundaty stilling -
‘basin - SRR
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tailwater cond1t1on. ‘The top. of the depos1t must always be below the
tailwater level at design flow. When the tailwater is relat:vely deep,
the depth of the deposlt may exceed the scour depth. If the‘ta1lwater.

is shallow, the flow over . the top: of the plle may be supercrltlcal

'f

which in turn will l1m1t the helght 0 wh1ch the deposlt can rlse.;
Between these cond1t1ons, 1t is’ po'51ble to have the scour depth equal
to the depos1t depth B

The max1mum scour depth calculated from F1gure 7 2kneed not
l

correspond to the max1mum dlscharge. If the. overflow crest is" partpally

0"

I
submerged at maximum discharge, the maximum calculated scour may occur
for a smaller dlscharge. The cond1t1on correspond1ng ‘to maximum scour
ucan be determ1ned oy us1ng Flgure 7 -2- in conJunctlon w1th a tallwater

rat1ng curve. For {this case, hydrograph ‘tests: by Sm1th ana Strang (1967)g

."

then Y2 exceeds ‘h a flat Jet traJectory 1s produced'whlch erodes the

top of the prev1ously)stab111zed p11e and moves some of the stone
. ‘3( iR )

‘further downstreamfftherebv resultlng 1n a deepended scour hole ‘on the
- “ ,s.. cnitant st

subsequent hydrograph when the pile is reformed

De51gn Procedurev

The hydrograph tests ralsed cons1derable doubt about the long term

’stablllty of the rrprapped st1111ng basln 1f based on a deep scour depth
andia_correspondlmggdeep5p11eup:on the downstream‘channel The p11eup
is‘an‘integral part of the ultrmafé“s¥éﬁié"§h55é rShould any stone be
removed from the p1le for any reason, the size of the scour hole w111

1ncreasexaccord1ng_y W1th the stone bed placed at the levol of the

dQWnstream'channelQand‘ Y = 0.5h, performance;yas.marg1nal. Although
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_not tested under hydrograph conditions, Smith and Strang (1967) believe
'that the scour depth Y should not exceed half the drop: heightr(O Sh)’
A deep ‘scour’ depth’ w111 result ‘in a high downstream deposit- w1th super-~
critlcal flow occurring over- the top of ‘the rock’ dep051t *Th1s flow
condition would ' require d greatet length of 51de protection, otherw1se
'51de eddies could further erode the rock dep051t r‘.The chances of stone
'removal of eddies 1ce, debr1s, animals or: man- l‘e far greater when the
deposit 1s relat1ve1y h1gh above the channel’bed'*

Sm1th and Strang (1967) reasoned that if the stone bed was lowered‘
‘relative ‘to the downstream channel and if the design scour depth was |
reduced the performance undcr hydrograph conditions would be con51der-'
:ebly improved Their proposed d051gn is- shown :in- Figure 7 3.1 At avay
depre551on of 2y /3 was selected 'so tha* the*topiof the depoSLt would)

not form as h1gh above the downstream channel bed‘i The data 1n Figureu7-

¢an” still be applied to this case,rexcept that the dron height and ta11-

water depth must be taken relative‘to the original stone bed and»no’ the
Achannel bed: 'Hence, .hv {and: Yy must be substituted for h:! and “Yz. :
'1n using Figure 7 2.

The method outlinedlabove 1s intended: toneliminate ithe: occurrence
_of supercritical flow over the pile,’ g1V1ng a more: stable‘de51gn,xandx
allowing the length ofa51de nrotection to be(reduced (Smith and Stramg,L
1967) Also, since‘ H/h‘ <t H/h"and%‘Yz/h > Ng/h thefscour.depth uill.
be reduced“and the volumefof stone:: necessary to construct the.basin will
aéthally‘be less’ than 1f the stone weTe. placed at the: higher elevation.

In order to secure an adequate ‘cutoff pothie depth ofsthe vertical
wall must‘extend below the’bottomlof the excavation for theistones:: .y

Therefore, ‘it is unlikely'that it wouldbe: economical‘to exceed .a:design


http:economcal',.to
http:shoin.in
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'fdepth of O 3 h" for Y At this value,vattotal wall. height of at. least
zh would be required.. : In order: to meet this limitatlon in the field,
it may bé necessary to increase Ds’ decrease. . h- (by using more drops),
or decrease :H (by using a. wider structure). . . . .; »

‘-eThe’surfacelof;thehstone should be placed levei,‘and-the scour .
hole .should be allowed to develop by natural means. . This is simpler
thanféttempting,to preform the hole. In any case, the shape of the :
scour hold will vary slightly-as the head changes. Smith and Strang
(1967):recommend that the depth of stone placed in the stiliing basin be
'1-1/2 times the maximum scour depth obtained from Figure 7-2. This.
‘recommendation will provide ample margin of safety as long as the tail-
water level at maximum discharge remains at, or below, the overflow ., :
ctest; ‘In case of a low weir on a natural watercourse, which may become
- -'submerged at .maximum flow, an initial stone depth of‘at least 2Y_ .
should:be provided. The tests by Smith and Strang showed that a base
1éngthof < 4H + h'/4- will safely accommodate any scour hole regardless.
of the value of 'Yéf,,since »Yé‘ is the variable having the least effect
on scour hole position.

+: The:riprapped stilling-basin design shown in Figure 7-3 was sub-
jected to. hydrograph tests using h' = 0.5.ft., h'/D =12, and
Ys/hﬂ = 0.3. The surface of the~stone,bedgwas,depresseg.O,Zh! belpw_the
dfiginal_doﬁnstreamichannel-bed,jsogOgZP? was added to each tailwater..
-dépthﬂtOfdetermine.the:tailwgten»depth¢phztAabove.the,stoneybqﬁ,h.,, L

'Thefperformance’ofnthe-designcwas~high1y~satisfactory‘ The depth

of the pile became stabilized in -one hydrograph, supercr1t1cal flow
downstream from the scour hole was eliminated and wave act1on was, reduced.

‘This design -is recommended-for field.use (Smith;and<Strang,:1QQZL%?¥“¥?



Orig. Channel Bed

Orig. Stone Bed.

4H+h'/4

Figure 7-3 Recommended de51gn of lo_ose boundary st1111ng
" basins. for vertlcal “drop structures



Since the data reported by Smith and Strang is valid only for ‘two-
.dimensional flow, they recommend that third dimen51on effects at the
ends of the overflow be eliminated by constructing vertical abutment
walls. Also, the sidewalls would have. to extend downstream about twice
the base length of the stone bed

[n order to prevent migratica of foundation material under the
'stone bed a filter layer should be placed at ‘the boundary of the o
excavation line (Smith and Strang, 1967) This is particularly 1mportant'
if the underlying material contains fine sand or: silt. The criterior for:
,designing such a f11ter layer w1ll be described in the follow1ng section.

The filter layer is similar to the graded rip-rap explained 1n the .

'nextichapter as determinediby Hallmark.



‘Chapter 8
“BED’ AND- BANK: PROTECTION’

The use ‘of natural open channels for the transportat1on of water

: ‘~_‘l :,_:‘ FEL L e

presents the possib111ty of scour. Loose boundary channels are

constantly sh1ft1ng a11gnment due to thls phenomenon whlle man-

i

made channels through natural earth must be carefully des1gned SO asp

oyt

to e1ther keep local velocitles below that cau51ng scour (cr1t1ca1)
(AR e

or to ma1ntaJn an equ111br1um between dep051t1on and entra1nment at

any one point. Where the dlséharge cannot be controlled SO as to

Ve Dag

keep veloc1t1es ‘below critical, some means of channel protect1on must

be employed.

Rock has been used for lin1ng floodway channels, r1ver 1mprovements,

[RYEE R G

and below hydraullc structures as i means of protectlon against the
ascourlng actlon of flow1ng water. It is usually bel1eved that very

large boulders would prevent scour, but 1n order to reduce costs,

S

1t 1s de51rab1e to know the smallest s1ze rock that can. safely be used

in a part1cular de51gn s1tuat10n. The problem then is to establlsh
¥ : : "‘4".”’ S < P 1
the laws and relat1onsh1ps that w111 allow pred1ct1on of the flow

e s Sy JLELTY ey o

conditions under which a given size part1cle wlll be moved from its

posltion,
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Incipient Motion

Rubey (1938) discusses; three: theories regarding incipient motion.
The first, reported by Leslie in 1829, is the "sixth-power law" which
states that the weight of the largest particles that can be moved by
‘a stream varies as the sixth power of the stream velocity. A second
theory is that of a critical tractive force such that the diameter of
. the largest part1c1e moved by a stream varies as the depth of flow
times the slope of the energy gradient The third theory reported by
Rubey is that 1nc1p1ent motion is caused by 1ift forces due to velocity
'gradients acting on the particle. | -

Many investigators have reported velocities, often referred to as
competent velocities, requ1red to move various diameters of sand and
:gravel particles. Some of the earliest 1nvest1gators were DuBuat in
1786, Bounlceau in 1845 Blackwell in 1857 Sainjon in 1871, Suchier
in 1874 and Gilbert in 1914 as summarized in Figure 8-1 by Qazi (1958)
Pr1mar11y, these studies related the average velocity of flow to the
diameter of particle that could be expected to be moved by the flow.

Isbash (1936), 1nvest1gated the stab111ty of stones in place on

a rock fill, The stab111ty equation developed by Isbash is

. Y 3 )
Umc -ing(Ss 1) (Ds) (cos ¢) (8-1)
in which
Umc = mean velocity that will just move the stone, ft/sec
Y4 = coefficient
g = gravitational'acceleration,-ft/sec2
S = specific gravity of stone
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‘D, ="diameter of stone, ft'
¢ = angle of inclination of plane that sone lies on.
'"Gfiﬁmfahd Leupold (1939 utilized the stability equation developed
by-Isbash in analyzing.experimentaluwork»ofvthe.Co:psuof;Bngineersmon“
the iﬁeipient motion of stones up'fo 5.5-inches in diameter. They
found a' two-fold variation of the coefficient Y3 (1.21 to 2.39).

An anonymous (1936) Russian article listed (Table 8- 1) competent
mean velocities for natural roughness elements from 0.005 to~200
‘ m1111meters. The most s1gn1f1cant aspect of this pub11cat1on was''the
inclusion of the depth of flow as a parameter describing the: particle’
size that could be moved by the flow.

Results of investigations by Jakobson in 1945, Meyer-Peter’and
Muller in 1948, Sundborg in 1956, ‘and Hedar in 1962, are reported by
»Andersson (1964) and compared in F1gure~8 -2. The equations~ ‘developed:
by these investigators are similar in form to that developed by Isbast
‘except that the depth of flow js''taken into account. Both ‘Sundborg
and Hedar include the angle of reépose of the material as an: ‘added

variable.’



Table 8-1. USSR data on permissible:velocities for noncohesive
particles.v,

o Particle ' g Mean
Material “diameter velo»ity
o " ft/sec

siie 0.005 0.9
Fine Saﬁd:‘ . 0.05. . 0.66
Medium Sand . 0 .25, 098
Coarse Sand . }fQQJ ﬂ};pg
F:I.ne,: Gravel 2.50 2.13
Medium Gravel i,ogi »Qézﬁﬁé
Coarse Gravel >19?995: 1%&?8
Fine Pebbles . 15.0 fs §4f
Medium Pebbles 25.0, 4. §9
Coaise Pebbles ‘fig,by 5 Qlf
‘Large Pebbles 75.0, 7,87
Large Pebbles 199}9@_, ‘lﬁ 86:
Large Pebbles 150,9,, 10,83,

i‘USSR corrections of permissible velocity for depth for noncoheslveA
'materials.

.Average Depth

Meters 0.30 0.60 .1.00 1.50 2.00 2.50 3.00
Feot 0.8 1.7 3.28 4.92 6.56 8.20 9.84
 Correction Factor . - o 8 0,9«.’;;““1‘,’.()0‘ 1.1 1,15 1.200 1.25.
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~Figure 5-1 Competent velocity of stone
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Figure 8-2 Competeit velocity relationships reported by

Swedishfinvestigators




‘White (1940) has'also studied the problem of incipient motion..
Like Rubey, he understood the necessity for. studying the flow conditions
surrounding -a particle rather than just the bulk flow dgnditions. The:
follouing excerpt illustrates White's thinking.

rLike" any solid boundary, ‘the . loose granular bed .exerts a

drag upon the fluid, and the accompanying shear stress is

transmitted from bed to fluid almost wholly by the more

prominent grains in the uppermost layer. Each such grain

transmits a small force, and the manner in which it does so

again depends upon the type of motion, though it is now the

local motion which is concerned, rather than that of the main

stream.

Einstein and E1 Samni (1949) investigated the pressure fluctuations
about :a bed of hemispheres having a diameter of 0.225 feet. The
51gn1é1cant results of their research was that, (a) the effective
location of a"rough boundary was’ found to be at 0 2 diameters below the

_top 1f the hemispheres as shown in Figure 8 3, and (b) the coefficient
of lift for the hemispheresmwas constant when the flow:velocity at a'
,‘partiéular point above'thé bed’ﬁas used in computing~the 1lift forces.

ippen and Verma»(i9535jstudied the incipient motip;of plastic and
glass!spheras varying in diameter from 2 to 4 m1111meters and hav1ng
:spec1;1c grav1t1es of 1.28 and 2.38, respectlvely. The use of edge
veloc3tx;."Uec (the velocity at the top edge of the particle), was
introduced into their analysis of 1ift and drag forceé,“although edge
veloqity, lift, and drag were not measured directly.qulso,‘the fall
ueiocity “w_ for spheres was used in the analysis.

Roberée and Peixotto (1956) extended the work of Ippen and Verma
by‘studying natural roughness'elements of stone:and coal varying in’
diameter from 0.0125't070.0333 feetfand'having specifie,grauities of

2.65 and 1.30, respectively. The concept of edge velocity was used

in describing the surface resistance, form drag, and lift, as shown



vétocity, U, in'fps
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Figure 8-3 Vertical velocity distributionfor hemispherical

Distance,z,in it

bed as reported by Einstein and E1.Samni (1949)
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Surface ) W.._“gpgé
resistance:. ¢E§;=w9$pAnt?T— (8=2)
Form - P .
drag:. ffb?;“cDQAi*Eff (8<3)
S Ugé
1~L1ft: }F~»= CLpA 5 (8~4) .
in:which
Fg, ='surface resistance drag, Ib."
R —
F. = 1ift, 1b.
@; =“cdeffiéienﬁfdf“éUrféééViésisfancd'
Cp = coefficient .of :form drag
Ct” = coefficient of 1lift: |

=:density’ of water, s1hgs/ffﬁ§f

fAi; ;iérea ekposed to flow,:ft.?

fl

Uééfé competent edge veloclty, ft /sec
lfhe;édge velocity- was taken as the veloclty measured 0. 07" inches.
abbvéﬂ%ﬁéfbﬁff{cléi‘fActﬁdi“dgég'éﬁd‘Iiffwfofées'wéfe-not'héaéured.
For‘lgrgé Reynolds numbers, -the equation developed by Roberge and
Peixotto for incipient motion is
. BE an

Ve = TTOTBE (8-5)

A comparlson of Equation 8-5 with results reported by other investigators
for partlcles having a spec1f1c grav1ty of 2 65 1s shown in Figure 8-4.
Yalin (1965) has applied dimensional; dnalysis to the‘prpblem of

sediment -transport to arrive at four dimensionless parameters.
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2 c
Pre T g (lds D5 bl (8-6)
YD, YLD v e | "

in which

U‘,,c = competent shear veloc%}y

Y; = submerged specific weight of‘roughness element
= pg(5,-1)

T competent bed shear stress

v = kinematic viscosity of fluid

d = depth of flow

Pg é“denisty_of.roughness element

The classic diagram developed by Shields (1936) ..plots gé/(y; Ds)
against U, D_/v as shown in Figure 8-5.

Neill (1967) has substituted Umé,forhu*éyinkﬁquation 8-6.

, .
ol me _ Umch,_Ds . P
0 [ v 47 e (8-7)

In the‘ang%x§is‘repdrted'by_Neill, the Reynolds number was igno:ed

since ...."the Reynolds number is irrelevant for normal-density

[ Sg = 2.65] material if the grain-size exceeds approximately 3mm."
Also, Neill ignored'the density ratio since the particies_used

in his’ experimental program were of comparahle dehsity. The results

of Neills investigation is shown in Figure 8f6 which can be described

by the equation

(8-8)
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Anderson, Paintal, and Daﬁenpoft (1968)-have developed a design
['procedure for riprap lined chamnels. Manning's equation can be -

-.written as

1,49 ,02/3

Q=19 %3 g 1/2 (8-9)

é
in whigh
.n ‘is a flow resistance coefficient;
A is thé ciogs-3e¢tionél area of fibg
‘R .is 'the hydfauliéiradius (where R'=UA/P and P is the
wetted perimeter) | |
S, is the slope of the energy line
"'Ifruniform flow exists in a éhénnel,;rséf ég'equal to the slope of the

channel 'bed S, . Anderson, Paintai;gdﬁafpavenportr(1968) use the

b
following equation for computing n

n = 0.0395 0501/6 (8110)

Théggffecpive size of the riprap mixture D, is that size of which

50 peféénp of the material is finer by weight and is medSured in feet.
‘ﬂTﬂé éther equations utiliied py Anderson, Paintéi,'gnd Davenport

(1968) in developing a design procedure for riprap lining of opeﬁ

channels are

T.=40D (8-11)
and

= 1.5 YRS (8-12)

To (ffax)



20

n

an—m -3-

p O a~N@OO

Mean  Velocity, Ums , in fps

Competent

w .

SRENNE -

Flow depth =1 meter
33’”2.65

@/ 20 /®

~ . 5)
Q@
9 v

‘1»|1|||

RONE
I

@R _© SV

-

Nelil's deslgn -
curve -

$1-8

LEGEND :
Neiil's design curve
Mavis and Laushey (1949) -
. USSR toble quoted by Lane(1955)
Sundborg (1956)

Calitornla Mighways (1960}
Straub (1953) - J

PO

Lt 1 1

025

a5 075 f|.o | 20

30 . 40 5.06070Q090100I20 150 180200
- Eftective gtotn siu. D,

+ In inches

Figure 8-6 Plot of Neills design curve and comparable

data by others



8-15

: iniyhich‘(gc,_isf;hqjqxitical boundary shear for which the riprap will

be stable and . €, pax)

periphery of a channel. The coefficient of 1.5 in Equation 8-12 is

'is the maximm boundary shear occurring on .
and estimated ratio of the maximum boundary shear to the mean b6ﬁﬁdary
 shear for a trapezoidal channel.f

The_vélue of the Shields,funqtion:,xc/(Yéxbs):zcommonlx,usqq in
checking the stability of a channel bed is 0.06. An interesfing
comparison can be made between the criterion of Equation 8-11 ﬁsed
by Aﬁdérson, faintal, and Davenport (1968).and the Shields function.

If it is assumed that D_ . = DS , then Equation 8-11 can be substituted

50
intq.the:Shiglds,functiqnuand’;f the specific gravity of the riprap is
assumga to be 2.65, a pgmgrica;_valye_of,tbe,Shields function is obtained,
which is 0.039...Interesting1y, Neill (1968) states that a value of 0.03
for the Shields function i§ necessary to insure that orly a very small

~ amount ofhbedfmaterial‘uillvbe moved by the flowing watg;; Therefore,
‘it‘wgulqiappegy ;hatjphg d@gign»procedqre developed by Andepson, Paintal,
andbDaveppogt”(;Qﬁg)ishpuld‘be valid, sincq it is a comgromise between

tﬁe‘usual value of 0.06 and the results, of Neill's work.

Desigg»?rocedugg

The following design procedure and design charts have been developed
by Ahdérsdh; Phintai, and DaQenport (1968).‘ EXperiﬁéntai data have been
used 'iri conjunction with flow characteristics to describe the character-
istics of the riprap lining and the channel dimensions necessary to convey
a ‘given discharge on a giver slope. Bésed'ﬁﬁbn these relationships,
Ancerson;{ihiﬁfgi,'hndde§ehp6f£ (1968) have assumed that, for purposes

of design, the following conditions are applicable.”
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1. ' The channeljto be designed will be essentially straight and
'WBfifrapezoidal cross-section. The effect of bends in the
idiignmgnt of the channel on the resulting design will be
"treated'as a corrective factor that will be applied to the

design.

3% 'The flow will be essentially uniform and can be described by

‘the Manning flow formulu:

veldd g 23 g 1/ (8-13)

'in which the symbols are as previously defined. Certain
preéhﬁtioné must be taken at the entrance and outlet of the
channel and consideration given to these regions of possible
“nonuniform £low.

3. Since it is presumed that the riprap used in the channel will
be stable and that the channel alignment is essentially
straight, Mannings n , the roughness coefficient, will depend
only upon the effective size of the rock fragments that make’

up the riprap and can be expressed as

_ 1/6 e
n = 0.0395 D¢, ~'(8-10)

ngiefﬂeggive size of the riprap mixture .DSO is that §i;9
qﬁéyhigh 50 Per_cegt_gf the material is finer by weight and
is“mggsuged ip feet.

4.. The critical boundary shear T, which represents the maximum
shegr for which the riprgp will be stable is directly

proportional to the effective size D50 or

1 =40D (8-11)

c 50
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The, boundary shear stressziS'notzunifprmiyndistributed around

-the wetted perimeter ofrthe'chanhel.- The magnitude aﬁd location

of the maximum shear on -the  boundary depends.upon the shape of

.the cross section. Por the wider trapezoidal channels, the

,maximum,shear occurs -at :the center: of the bed with lesser maxima

on the side slopes. For narrow trapezcidal channels, the

maximum shear occurs on the side slope. The excess of the

-‘maximum boundary shear over the mean shear varies somewhat

with the width-depth ratio. In order to simplify the

computation and design charts the ratio of the maximum

.houndary .shear stress is taken to be 1.5 times the mean for

all:trapezoidal channels (Anderson, Paintal, and Davenport, 1968).

= 1.5yRS (8-12)

To(max) b

Because. of the component of the :force of gravity acting on the
riprap :in the direction of the side slope, the critical boundary

shear stress for the riprap. on the sloping side is :less: than -

. that .for riprap on.the bed. - The ratio of :the: critical. boundary

-shear. on the-s’oping' side to. the critical boundary -shear. acting

on a similar particle on the bed is

(8-14)

The discharge to be conveyed in the channel and the topographic
slope upon which it is to be copstruq;ed are prescribed by
external conditions; that is, théy are iﬁdependent variable.

ider: certain:circumstances: the:size: of 'the riprap thut:may::
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-aiso be:considered an independent variable:and the:channels
{desiﬁned;tOttake this,int01épcount;
,Tﬁe\ratiQ%of‘yidth to depth;for trapezoidal-channels rust pé[
jliﬁited;totpiactical values. ‘This may be done arbitrarily
.within certain 1imits;~'The:ratio}.P/R , where P -is the 
.wetted -perimeter-and R is the hydraulic radius, is a
minimum for a triangular channel. For channels with side slopés‘
of’2.5:1 P/R (min) equals 11.6; for 3:1 P/R (min) -equals 13.3;
andbfor~sidé slopes of 4:1 P/R~(min)’eqﬁa15'17. Since
trapezoidal chanhels with side.slopes:of 4:1 or less are
-relﬁtively‘rare, the minimum P/R ratio is taken as:13.3. “The
upper 1imit of P/R is set at 30, since wider channels become
uneconomical. In practice, the ultimate design will probably
be between these limits.
The.develdpmentaof design:charts‘for<trapezoida1~channeis by
 Ahd9rson,.Painta1;=and;Davenportu(1968)«is‘fouhded'upon the basic
equations described above. The combination of these equations with ’
“the. continuity equation results in awrelationship‘bétweehfthé’prihcipal
‘variables:of. discharge,: slope,: shape of channel, and' size of riprap |
material.
Starting with the basic Manning formula (Equation 8-13), the
roughness coefficient defined by Equation 8-10 may:be introduced with

- that: result..that::

377 .2/3' . 1/2
V= —q7g RY7S (8-15)
D "}.'IHG'I“ s o b" "
50: ,
Further;:singe:the stabilityiof:the:ripraprdepends: upon the-bdoundary

shearknotueXéeeding the critical boundary shear for the riprap, the
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condition :for stability.is.that :
(8-16)

:The.:combination of.Equations: 8-11 .and :8-12 results:in .an expression:for

R.:dn ythe ‘form

Deg Dgg
=30 . _50 -
R=Tms, =008 5 (8-17)

When;ﬁduation,8917uforithq«hydraulic radfusaisfsubStitutbdf1nt04Bquatioh
,8+15¢£he'm§ann1plocity cénvbe?Expressed;uin’térmsdofufhezsize of :the:

riprhpxahdifhé;iongitudinal slope. of thechannel, as:-

n. /2
V = 4.60 D50 (8-18
A ‘S‘;ﬂe—— 8-18)

Introducing the continuity equation defined as

Q= VA = VPR = VR ° (8-19)

=19,

into Equation 8-18 and using Equation 8-17, results in an equation-
relating ‘the discharge, the longitudinal slope of the channel, the size

of thé‘riprap, and the shape of the channel as defined by P/R in the

form
0=l .. S0 P _ 3
Q ={g E—T373” R (8-203 °
b

Thi§ gquation shows that, for a given discharge and slope, the size
of riprap that is needed to protect the channel depends also upon the
channel shape. For given values of P/R, Equation 8-20 can be plotted
with the discharge Q as a function of the slope §, with Do, asa

parameter. The values_of P/R to be used can be taken as the upper and

lower limits of practical channels. These limits have been taken as
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P]R = 13.3 and P/R 30 for the reasons given:previously. Figures¥8=7ﬁ
-and 8-8 represent Equation 8-20 for P/R - 13, 3 and P/R s 30, respectively
,Foruthese values of P/R the charts give the size of r1prap required to’
line.a .channel havirg :the:given- dlscharge Qn«and slope Sb such“thatﬁthe

riprap is stable.: The determination of D_. from each chart preﬁides.

50
two 1imits within which the actual 51ze must fall. Once the 51ze of
| rlerae‘between these two limits has been eﬁesen, theu;eieclty and the ,
thdraurlc;radluStcan:be:determlned from ‘Pigures: 8-9 and 8-10, which.are'
grephical‘represeﬁtation~of Equations 8-17 and.-8-18 and givetﬂv«sandifk?
'in‘terms of the known values‘od Dsa'and WSb-.f'Obtaining:the'meanf
velocity from PFigure 8-9, the’required CToSSs ééé;;ona1 area is obtained
Vfrom Figure 8-10,-which.is a graphlcal repreeeetetion 5? the eontinuitf
equation.

;Th? required,side slopes are obtained’f?em Figutes,g;lzlend 8-13,

which are obtained by combining Equation 8-14 with the following equation

.
; 20aX) o o0.8 * (8-21)!

b (max)

Equation 8-21 states that the riprap on the side slepe; should have.
a re51stance to movement which is 0.8 t1mes the. movement resistance
of:the,rlprap placed on ‘the channel bed. TPUSgpthe~shee:;ng-stressr
on the sloping sides is appreclably less than that on the bottom. At
‘the same time, the critical shear stress for riprap on the side of the
trepezoidalechannel'is also less than that for the same size on the bee.
‘Now, if the side slopes are adjusted so that the ratio of critical shear
on the side to that on the bed is equal to the ratio of the boundary
shears ohithe side to that on the bottom, then the riprap will be

equally stable on the side and on the bottom. The result is given in
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.Figures 8- 12 and 8- 13. Given the size of riprap D50 and its
’angularity, the angle of reposc is ‘taken from Figure 8- 12. Using this
angle of repose, the side slope is determined from Figure 8- 13., The
curve in Figure 8-13 represents the actual variation between angle of
| repose and s1de slope, but for practical reasons the range of 51de
' slopes was divided into three groups and each assigned a value (Anderso ’
Paintal‘ and Davenport, 1968) ”
Hav1ng chosen the side slope and having determined the cross
sectional area and the hydraulic radius, the channel geometry ls obtained
directly from the appropriate chart of Figures 8-14 ahrough 8- 18 In |
these de51gn charts, the side slope is established so that the r1prap on i
the 51de is as stable as that on the bottom and the size of ‘the r1prap 1sk
a minimum consistent with the superlmposed'discharge and slope.»vlfl for
any reason, it is desirable to make the side slopes steeper.than what ’
1s given by the design charts, the size of the r1prap can be increased
to accommodate the Jncreased side slope at the cost of some loss of
efficiency on the channel bottom. Assuming that the angle of repose
is a constant the value of K in Figure 8-19 can be determined for
both the de51gn slope and the desired steeper slope. Assuming further
that the riprap on the bottom remains unchanged _K becomes proportional
to the critical boundary shear stress of the side riprap, and therefore

shranoh Eanation 8-21. K' 15'also oroportional to D.. . Therefore,

| ] -
DLy Dso <8 (8-22)

in which Dsd' is’, the required size of- riprap on the steeper side- slope.



Repose 8 - deg

Angle of

Slide Slope ¢~ dég

" Crushed RocK
41 - ' anaulor
A
[5G SIS Spiy P / 6%6 ~
37 e QS
| // gel
35 I » . /
; 1//
33 - /
3l = : “‘ — - // - :
5.6. 8 10 ~ 20 30 40 50 €0 80 100 200 300 400 600
' Mean Stone Size -mm | ®
‘Figure 8-12 Angle of repose of riprap in terms of mean 51ze N
o : and shape of stone
14 . : : :
. <\\\\\ - S ’
' \\5.\\. I o | T j
- — ! R - i : =1: -
" - ¢R- 1:4 N | ¢R- 13 ¢R. 1: 25 -
e ‘ \\
22 - — — , - ,
—t—l - ‘ ’ .
co. : - - —
25 30 35 40 45

Angle of Repose 8 - deg

Figure 8-13 Recommended side slopes of trapezoidal channels
in terms of riprap angle of repose



Hydraulic Radius - ft

08
06

04

0.2

8 TV 3 e Tl > SLBLBLIR LA LE) LEESRIL! LR AR ELARELALL Ui mEl il 1 AR T RERERL | R R K llll:llllliw .';'..,V“j_..’
= 2 .
6 = = / || 04
" E = P l;l" 800 ,fo/AW 10
(= = " 7 1 7
i T %5555///;;5;; “”l 600\ ,/422 8
: ; I il
P Z4dENY &
= : A/
= B //;‘—/ ///Z,
B / .. ards
[~ V' V' - I
- . C
-1
% !

U

Ni—-

3

Figure'§-14 Geometry of trapezoidal chanmels with 1.5:1 side
slopes

8Z-8



Hydraulic Radius - ft

SEJIII TTTIIII IV vV v T JT v 81 1T 1 71 AR REARENULI R = e R N A R RN LR B AR L LR RLLL Lkl ”J" 1
= = i
® E E r//! lll IBOO 0/
= = ! ‘?/glo
af = 600, >
5 E/ N v/
é |2~ / i 400 \\Q // 6
E P )
2 7///5,4;/4 TR 2
s v 7]
| B AnYY
o A = !
L= \\
1 L \“\6\“ 7 / A L s TGN , /A 2 .
o AL AR 100 / N
08 E:_—@“ e s 7 &
06 E Y AT AT AT o & °©
E /_,\0(_/ p b 4V ﬁ'l i 7 10
0.4 =4 ‘/ - /’\?9::#;/ f:-:// | 40 R I ﬁ 0.8
4 E |
; /7§ 45[%0‘*0 — 1 %0 >
= NP ' é 04
Q.2 &l /u‘wfuﬁén- l20
2 3 4 6 8I0 02 03
Area - f12

Figure 8-15 Geometry of trapezoidal channels with 2:1 side
slopes

62-8



Hydrauiic Radius - ft

ET T T T[T T T SRR R RN AR AR R L E L e N SRR IR R A AR R LLRILL
8 ; ™ =

LI R IR LRLLR

RN RNE R Rt IND 411 0]

Figure 8-16 Geometry of trapezoidalvchannéls#with_2¢5315
: side slopes

-0g-8



Hydraulic Radius - ft

8 ISR RRRAILR Lt sttt e e I B R R LR LR AL LLRL R RSB EEELE R AL LA LY
6 E =
aE——tt171 111 ;
2 E -+
10k g
o8k f/%
0 E— v
04 £, AN T
:/ rLO 60 rl"';
: "']’bb.o il _t\OT_L %
Adaaid ™
02 :l 1 | AP AN 4 1.t} : [ EEIEEN
2 4 6 8 10 20 a 02 04

Area - ft2

Figure 8-17 Geometry of trapezoidal channels:with 3:1
side slopes

1£-8



Radius - ft

Hydraulic

5 rrrrrrrvaonpnnnm S S LARRE LR AR RS RARL LR LR LU LIRBLEL N RRE L L
N T TTTE
o IPT
: P
- F W 7,7
- T W 7577 2N
= A
- 77 72%% !
wF /2%/ L2490
o8 E’ : ﬁgfﬁyﬁ
o8k %7
0af A
03 [ .
-
n .6
02
Qi
2

- O
o

Figure 8-18 Geometry of trapezoidal channels‘witth;;;
side slopes

2£-8



Angle : of -Side Siope:- ¢ deq.

25 i

"§-33

_\‘4;5~ Angle of Repose 6 deg.|
| i ;»:*;!\.; 40~ Lt
1] EENS N
’1.5\‘ 35~ :

=304

\
~—_
—

\\\\

;'3 N [ 20 -

~\

/ ' / / a4

ide Slope

?— [T

8 K= =Jcs .
5"|0 Teb

_ Sin®
Sin0

0.4, 0.

6. 0t *O°8

Figure 8-19 Ratio of critical shear on side slopes to
“gritical ‘shedr on’channel bed’for noncohesive-

sediment



8-34

Nonuniform Flows

In designing an energy dissipator structure, one of the problems
“is to determine the riprép rqquirements immédiately'doﬁnstrean'from'the
structure when the outlet channel has nnlonsé boundnry. Usually,
_‘considerable judgement is necessary in making this evaluafion. A minimum'
size‘of;riprap“can5be determined“by"asSuning;uniforn‘flpwrand~cohputing~
the necessary riprap size using the proceduré developed by Anderson,
Paintal, and Davenport (1968).A_Th8”;nqnixéd riprap -size would
' ‘dﬁfinitely-be larger thanfthéisizeAdeferminéd.by a§§uming unifnfn flow.
The U.S. Bureau of Reqlamafion‘(Peterkhi 1964) has develop;gqja=
curve relating botiomfvéiocitv: which is the flow velocity in the viéinity
of -the partiplé,vto-riprap.sizé. This curVéiwgswdeveloped'from numéinus
‘case studi@s of success and_failure of riprap immediately downstream.
f?om snergy Qissipatdrw;tructufes; The Q§3Rmcu?ve,'whicﬁtiéhshown in
'Figure 8-14, should pnovidéfﬁ'¥§iid_evaluation of the minimum required
fipjgpfsiie undér nonuniform fléwvconditionsiimmediately dgwnSQream from

energy’ dissipator structires.

Fiifér;'

When the required size of riprap.is considerably larger than the
base materialunderlying-the riprnp blanket, a filter layer of ‘material
may be réquired bétween the base ;;terial and the riprap in order to
prevent'leaching. Leaching is thé process by which the finer material
dndeflyingntne riprap is picked up and carried away by turbulent eddies,
waves, jets, and surges-that penetratélfhepripggp3blanef'throughjthe

interstices of the rock particles. Leaching can be minimized if the

riprap”blanket is thick enough, the interstices are closed or reduced
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in size, a protective layer of intermediate sized material is interposed
between the base material and the riprap, or the base mafefiq} is suffi-
ciently cohesive to prevent unraveling and eroéion of”the,individuél
particles.

The criteria which are_frequently used in determining.whether or

not.a filter layer is required can be defined as

Dlg'Riprab
D

g5

, 15R1prap :
5< D.. Base . 40 (8-24)
418 :
DeRiprap =
50T L 40 S
DSO Base (8-25)

_in which DlS' DSO’ and D85 éfé*thé‘éiieé of”fiﬁrdp aﬁdfbé§é.materia1fdff
wh1ch 15 50, and 85 percent ‘are finer. “If*tﬁéée'dritgridf(E@d#tioﬁé‘Bl

- 23, 8-24, and 8-25) are not met, then a filtét'layef'ié'neCeSSaryt iIn
required, the above criteria must be met by each successive filter layer:
~ 'If, for example, a filter layer is required, then the criteria
g1ven by Equat*ons 8-23, '8-24, and 8-25 must be modified according to the

followzng equat1ons'

DygRiprap (8-2¢
s Filter < ° (€20

JDfé Riprap

D, g Filter

< 40 (8-27)

Rlprap‘[
Dso < 40 (8-28)

501F11ter
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’Dis”Filtef
e A S (8-29)
vDBS,Base

’D;g“Fiiter
ove i 40 18-30

5 <

Filter
Base

50 < 40 (8-31)
50
- If.only one filter layer is required, then the use of Equations 8-26
_:th:bﬁgh'BASI will yield a ;aﬁge of particle size distribhtionsﬁthﬁtﬁﬁill
'be satisfactory for the filter material.

‘Recormendations regarding the thickness of the riprap blanket or
fiifer‘laYer varY_(Andgrson, Paintal, and‘ﬁavenport, 1968)5’lahb range
~is about 1.3 to 2 tiﬁes the Dg, size of the material. Othergteccdmménd:
atigﬁgrstafguthat_thé_thickness of the material should be equal to the
maXiﬁum particle size or 1.5 times the maximum particle size.

TA’natu;a;,‘builtfin series of filter 1ayer§ is éraded iiprap which
Y#riésgin,§izeﬂfromwthe:maximum,:equired by the foregoing criteria down
fbuthﬁ maximum size in significant quantity in the base material. All
internediate sizes also need to be present so that the riprap is well
graded and maximum density. , Such material iS_usual;y available at the
‘loﬁéSt price as pit-run sand, gravel, cobbles, and boulders pit, or as
crusher-run material from a rock crusher plant.

;The. importance of graded riprap is shown‘in Figure 8-20:from
Hallmark and»Sﬁith'(1965)'in which the depth of scour base material
(maximum size 1/4'inch)'is:redﬁ§éd to some'eXfent by lrinch to.2-inch
riprap, reduced evenvmore'by 1/4-inch to 1/2-inch riprdp,’dnd ;Feduced.
the most by the graded riprap ranging in size from 1/4-inch to..2- inches. -

This also shows it is more impdrtant‘to-hgvé the size§&6f‘fipr§pb(1/451/2)
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immediately larger than the base material than the much larger (1-2)

bﬁatefiél‘which leaves a gap in size with openings in the riprap(since
gi;'is/not_mgximum'density) through which the base material can be eroded’
py jets, waves, and sﬁrgeé.' FreqﬁgnflyéfdeSigﬂérs have the miSconcéptior
&hat “fﬁeflarger thehripréﬁ tpe}ﬁé;t@:,ﬂfbﬁthigurei8i20fshows}wh&‘this§f

is rot ‘true with-alluvial base materiall,
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Chapter. 9
WAVE SUPPRESSORS

In some cases, a problem mdy develop in the outlet channel from an
;nergyidiséipAfor‘structure due to wave action. -The effect of the wave
action may be detrihental becagse of bank scour or periodic overtopping
of the banks or because a measuring device may be downstreaﬁ. Usually,"
this?pfobiém”is not anticipatéd; vTﬁus, corrective measures are required
after construction is completed which might consist?qf'placing riprap
along-;he’bghk§; raising the height of the banks, o%vconstructing a
structure}for~suppreésing,wave»action, A wave suppiéssor structuré“may'
also be desirable in order to improve the approach flow conditions
if a flow measurement station or flow measuring device is;loéated,ax
short distance downstrean -- thereby:improving the accuracy of the flow:
measurement.

‘A raft-type wave suppressor is shown -in Figure 9-1.. This structure
consists of two or more perforated slabs held rigidly. in place.: In the.
design'of'a»rdftet&pe wave'suppreésor, the following considerations must
be taken into account: |

1. The rafts shéuld be perforated in a regular pattern..

2, -Tﬁe fafts mustﬂbe thick énough to prevent the wave troughs from

breaking free fromlthe‘unﬁersidé.

 35 ,At,igaétmfﬁomraftsmshOUId;bedused.,seoaratedhbyhat,least 3 times

xhe raft width. |

4. Tﬁe1réfts;$hou1d be rigid and held stétionary. Where it is

desirable to suppfeSs WngS,at less than maximum discharge,

some means of adjustment should be made.
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5. The ratio of the hole area to the total area of the raft may
be from 1:6-to 1:8.

6. The top surface of the raft; is usually placed at the"mean water
surface elevation,

The underpass-type wave suppressor shown in Figure 9-2 is effective

_ for wave suppression. 'Essentially)fit consists of a horizontal roof
placed in the channelvwith a head Qall high enough to cause all flow to
pass beneath the roof. General design criteria include:

1. The roof will produce the greatest wave reduction when the
underside is submerged (h'?/yz) fo 33 percent of the maximum
'flow depth. The greatest wave reduction is for waves of short
‘wave;length.

2. The length of the underpass should be’ 1.0”y21€051.5 Yy for,
i60'to;75 percent'wav’e'height(_reduct'ion..w"z:y2 to 2.S‘y2 IOoT.
‘values-up-to 88 percent, and.for values up to 93 perééﬂt
reduction_in wave height the length should be fgom 31$4y2 to
‘mez » where y, is the downstream water 91evation. - Included
in the lepgth for the 3.5 y, to 4 Y, SUppressors isa 4:1
sloping roof extending from”the unde;bass roof elevation to the
tailwater surface which acts as a draft tube.

3. The backwater effect of the underpass is shown in Figure 9-2
for the range of lengths. The basic flow equation for the

structure is,

Q=cAV2g (h+h) (9-1)
in which
Q is the discharge,

C is the constant determined from Figure 9-2,
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A is the cross-sectional flow area in the underpass,
g. is the acceleration of gravity,
h' is the head through the constriction, and.

hgi,islthe upstream velocity head.
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Chapter 10 **

The three structural components of comb1nation check-drop-energy
d15s1pator structures are: (l) the 1n1et or appraoch sect1on, (2) the
stilllng basin, and (3) the outlet channel The hydraulic des1gn of
each component has been d1scussed in this report.

v At the 1nlet or approach section, two d1fferent structural conditions
can occur, with consequent effects on flow cond1tlons. For the srtuat1on
JN R I
in wh1ch the geometry of the approach section is constant w1th the flow
dropp1ng off the end of the spproach sectlon, or enterlné avchute hav1ng
a slope greater than critical slope, the flow cond1t1ons at the end of
he’approach section are known. ‘

If the flow entering the stilling basin passes over a check
structurer(weir or orifice), then the flow characteristics‘ofuthe free
jet are known if the overflow crest is sharp-crested (thin-plate welr)
or has a curvilinear shape (ogee crest) conforming to the lower nappe
of a free jet passing over a sharp-crested weir or the control gate has
aysharp edge and large upstream section. The overflow crest of most
check structures are neither sharp-crested (edged) nor do they have an
ogee crest. Thus, there is a problem in pred1ct1ng the flow character-‘
istics of the free jet passing over or through most check structuresl

In many cases check structures are also used for flow regulat1on
1n that a portlon of the discharge is allowed to flow over the check
flashboards. Consequently, it becomes des1rab1e to determlne the _
relationship between depth and discharge for the check flashboards to
allow accurate stream regulation, as well as evaluating the free jet

characteristics of the overflow in order to properly design the stilling
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basin located immediately downstream. Also, the corners of‘flashhoardsl
become rounded with time, which affects the flow characteristics‘of”the;
.overflow. A laboratory experimental des1gn to-collect the necessary
,Ainformat10n would have to 1nc1ude such var1ab1es as th1ckness of flash-

‘ boards,wround1ng of flashboard edges helght of overflow crest above

the approach channel floor, geometry of check structura, and geometry ‘of
approach channel

Numerous 1nvest1gators have reported spec1f1c design 1nformat1on
for part1cu1ar geometr1es of energy d1531pator structures. The var1ety'
in types'of energy d1551pator structures does allow the designer
con51derab1e latitude in meeting most field situations. Of particular
1mportance is the more general work of Moore (1943) and White (1943),
which prov1des sufficient information for des1gn1ng sma11 r1g1d boundary
stilling bas1ns.

A considerable amount of research has been accomplished regarding |
appurtenances in stilling basins., For vertical drop structures, a
systematic study‘WOuld appear to be in order to evaluate the effective-
ness of end sills, floor blocks, and dissipation bars. Such an’evalu-}
ation would have to coyer a wide range of unit discharge and height of
drop to be of any value in systemat121ng the hydrau11c design ‘of
stilling basins, 1nc1ud1ng appurtenances, fbr vert1cal drop structures.

"The design of loose-boundary, or riprap, stilling basins below
vertical drop structures has been reported by Smith and Strang (1967).
Their:studies shouldlyieid good‘results’for small drop heights. Because
the nrocess of scour and sediment transportation is so complicated,

there is a real need to duplicate the general experimental design of
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Smith and Strang, but using much larger drop heights, discharge, and
pétfié1e Sizés.

vbetermining_the réquired size of riprap to be placed in a loose-
boundgij outlet channel immediately downstream frbm a stillingfbasinxiS;
'very difficult. First of all, our present criterion for sizing riprap
is'a fdncfion~of mean velocity or shearing Stress, neither of which fake
into account the effects of turbulence and eddy size upon the movement
éf particles. The flow immediately downstream from a stilling basin
may be highly turbulent. Thus, using the mean velocity in the outlet
channel to arrive at a required size of riprap would yield a diameter
much toq small. At tﬁe present time, the USBR curve is probably the
best Criferion for this situation, since it is based on numerous case
studies of riprap failures and successes below energy dissipator
structures. Better design information is needed for riprap sizing near
stilling basins. The simplest type of information would be relations
betwéén mean velocity and bottom velocity (velocity near the top of
the particle) for movement of various sizes of riprap placed downstream
from various types of energy dissipator structures. Another unknown
WhicﬁAshould be incorporated in this experimental design is the
variation of bottom velocity with distance downstream in order to

determine the channel length for which riprap is required.
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: ‘CHECK-DROP-ENERGY DISSIPATOR STRUCTURES
‘IN :IRRIGATION: SYSTEMS -

ANNOTATED BIBLIOGRAPHY:

Ackermann, N. L. and Undan, R.. 1970. Forces: from submerged
jets. Proceedings of the ASCE, Journal of the Hydraulics
Division, Vol. 96, No. HYll, Paper No. 7675, Nov., pp. 2231-
2249.

The force on rigid surface produced by an impinging jet
‘is a function of the physical characteristics of the fluid in
which the jet is submerged. In the present experimental in-
vestigation, flow conditions are considered where a submerged
circular jet impinges upon a disk whose diameter and distance
from the origin of the jet are variable. For such conditions,
the force produced by the imoinging jet is found to devend
uoon the nozzle and disk diameters, and the momentum flux of
the disk in the incident flow field. A stagnation pressure
model was developed relating these variables when the disk
was smaller than the local diameter of the spreading jet.

Advani, R. M. -1967. Energy‘d1551patlon through hydraulicm
jump. 12th Congress, IAHR, Fort Collins, Colorado, Vol. .3,
C29, po. 249 251.

. The " subject of energy dlSSlpatlon below spillways and
other hydraulic structures is of vital importance to irrigation
and hydraulic engineers particularly in view of the increased
tempo of construction of such structures these days all over
the world. There are several devices through which the desired
energy dissipation may be accomplished, but the most effective
one seems to be through the formation of hydraulic jump below
siuch structures. The usual practice is to have a channel of
rectangular shave for the hvdraulic jump device, verhapbs for
ease of computation. By exoressing the basic equations in
terms of suitable nondimensional parameters as outlined in
this pavper, the computation work is greatly simplified.



Albertson, M. L., Dai, Y. B., Jensen, R. A. and Rouse, H. 1950.
Diffusion-of submerged jets. Transactions of the ASCE, Vol. 115,
Paper No. 2409, pp. 1571 - l594. '

As the direct result of turbulence generated at the borders
of a submerged jet, the £luid within the jet will undergo both
lateral diffusion and deceleration, and at the same time fluid
from the surrounding region will be brought into motion. The
approximate characteristics of the corresponding mean flow
pattern are derived analytically, with the exception of a single
experimental constant, through assumptions that : (1) the pres-
sure is hydrostatically distributed throughout the flow; (2) the
diffusion process is dyramically similar under all conditions;
and (3) the longitudinal component of velocity within the
diffusion region varies according to the normal probability
function at each cross section. Experimental data are presented
which justify the analysis and provide the necessary coefficients
for flow from both slots and orifices. All results are reduced
to a form immediately useful for design purposes.

Anderson, A. G., Paintal, A. S. and Davenport, J. T. '1968.
Tentative design procedure for riprap lined channels. St.
Anthony Falls Hydraulic Laboratory, Project Report No. 96,
Project No. HR 15-2, Minneapolis, Minnesota, June, pp. 1-67.

This report describes the interrelationships and develops
design criteria by which a riprap lined drainage channel can be
proportioned and the riprap lining specified for a given dis-
charge and longitudinal slope. These relationships so developed
have been reduced to design charts, the use of which permits
rapid and simple establishment of channel shape and size as well
as the properties of the riprap lining. Limited experimental
data are presented which serve to verify the design procedure,
to test the efficacy of channels designed according to this
procedure, and to examine somewhat more closely the phenomenon
of leaching of base material through the riprap interstices.
These experiments, while preliminary in character, indicate that
the design procedures are suitable and incorporate sufficiently
large factors of safety to provide stable channels.

Andersson, S. 1964, Stability of armour layer of uniform stones
in running water. Swedish Geotechnical Institute, Reprints and
Preliminary Reports No. 6, pp. 21-25; Stockholm.

Equations describing the beginning of movement for coarse
granular particles are summarized. These equations have been



developed: by numerous “investigators: and'are based on hypotheses
of shearing streas’ or- veloc1ty.

~Anonymous. 1936. = The maximum permissible mean velocity in open
chanhels.k Gedrotekhnecheskoe Stroitelstov.-~ -

-‘{ S

. For particle diameters up to 200 mm, the maximum mean velocity
‘allowable in an open channel without moving the particles is 'given.
Adjustment factors for the allowable mean velocity are given which
take into account the effects of flow depth.

Argyropoulos, P. A., Advani, R. M., Leutheusser, H. J., Campbell,
F. B., and Smith P. M. 1964. End depth for circular channels.
Proceedings of the ASCE, Journal of the Hydraulics Division, Vol.
90, No. HY3, Paper No. 4050, Sept. pp. 261-283.

The recent supplementary theoretical attempts and experi- -
mental tests examined by the authors concerning the solution of
the end depth problem in open channels are reported and the.
practical 51gnificance of brink depth is explained.

Austin, L. H., Skogerboe, G. V., and Bennett, R. S. 1970.
Subcritical flow at open channel structures: open channel
expansions. OWRR Project No. B-018-Utah, Utah Center for
Water Resources Research, Utah State University, Logan,
Utah - 84321. Aug., Pp. 1-71.

The intent of the writers is to develop a basis for the
design of open channel expansions utilizing the techniques
previously developed for flow measuring flumes and weirs. This
method for analysis would employ the use of specific energy
rather than flow depth, but this substitution has been found
valid through previous analysis of data from other research.

Bakmeteff, B. A., and Matzke, A. E. 1938. The hydraulic jump’
in sloped channels. Transactions of the ASME, Feb. pp. 111-118.

The discu531on of a previous paper on- the- hydraulic Jump
in sloped-channels made it evident that the existing literature
carried no clear ‘exposition of the' subject, -and moreover that“no’



‘systematic.experimental, evidence was available;whigh would:permit
an engineer to dare practical conc1u81ons. This,paper:is:.an:
attempt to clarify this situation.

Bilashevsky, N. N. 1965. The mechanism of the local scour behind
the spillway structures with ‘aprons and the influence of the
macroturbulence: upon.the scour. . 1lth Congress of the Inter-
Znatlonal Association of. Hydraullc Research,. Leningrad. pp. C30.1-
:C: 30.6. e

The authors wide range experimental study on the velocity
pattern and on the bottom scour holes behind spillway structures
shows that the scour zbility of a flow depends on the magnitude -
of, the maximum actual. near-bottom velocities.

'Blaisdell, F. W. 1948. Development and hydraulic design, St.
Anthony Falls.stilling basin. . Transactions of the ASCE, Vol. 113,
Papnr No. 2342, ;PP.; 483-561. ‘

Tests made to develop: rules for the. deslgn of a stllling
basin to dissipate hydrodynamic energy are described in this
paper. The energy dissipator has been named the SAF stilling
basin, SAF (denoting St. Anthony Falls) being a coined word
used to differentiate this design from other stilling basin de-
signs. The objective in presenting this paper is to present
data in sufficient detail to permit an independent analysis by
the reader so that he can arrive at his own conclusions. The
results are summarized for convenience of reference so that,
after evaluating the design, the reader can obtain all the
equations and information essential to the hydraulic design:of
the SAF stilling basin, without "thumbing" through the entire-
paper-.

Blaisdell, F. W., Donelly, C. A., and Yalamanchili, K. 1969.
Abrupt transition from a circuiar pipe to a rectangular open

" channel. St. Anthony Falls Hydraulic Laboratory, University of
Minnesota,:Technical Paper No. 53, Series B, July.-

‘'The development of criteria and a generalized procedure for
the design of an abrupt, transition from a circular pipe to a rec-
tangular open channel are presented. The equations developed -
descrlbe the lqcatlons of the.water surface elements to within:
an average of 0.1l pipe diameters of their correct locations.
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The maximum anticipated location érror is i 1.4 pipe diameters.
The equaticns-for the envelope curves covering'the crests of “‘the
sidewall waves, which determine the channel sidewall helght, pro-
‘vide an average freeboard of 0.08 pipe diameters and a maximum
freeboard of 0.3l pipe dlameters._ When the envelope equatlons
are used only 2% ‘of the wall waves will overtop the 51dewalls,
the maximum overtopping being 0.04 pipe diameters.

Blaisdell, F. W. 1954. Equation of the free falling nappe.
Journal of the Hydraulics Division, ASCE, Separate No. 482,
VOl. SO’Augt "‘J ppn 1-460 :

: A general equation for the form of the nappe is developed -
in this paper. The equation is not valid close to the crest,
but applies to that portion. of the nappe that is free-falling,
where pressures within the nappe are atmospheric. The constants
in the equation have been evaluated for the vertical sharp-
crested weir having approach channel-depths ranging from deep to
zero (the free overfall); that is, over the entire range of sub=-
critical approach velocities. The evaluation is made using nappe
coordinates obtained by others. The equation is checked by com-
paring its predlctlons with a number of published profiles. The
comparison is shown to be excellent for the lower approach
velocities and good at the higher approach velocities.

Butcher, A. D., and Atkinson, J. D. 1932. The cause and pre~-
vention of bed erosion with special reference to the protection
of structures controlling rivers and canals. Minutes of the
Proceedings of the Institution of ClVll Englneers, I.ondon,

Vol - 235, pp. 175- 193. ;

The experlments descrlbed in thlS paper were started in
connection with certain problems of erosion which had arisen at
the Sennar dam controlling the Blue Nile, about 200 miles South
of Khartoum. The continuance of the erosion rendered necessary
the provision of some form of protection and a start was made
by designing horizontal aprons for the first twenty sluices
whlch were screened by an 1sland from the main river channel.

-Chang, F. M. and Karim, M. 1970. Erosion protection for the out-
let of ‘'small and medium culverts. South’ Dakota University, Brookings,
South Dakota, -Report PB190565 Feb., pp. 1-52.

This is a pilot study to investigate and evaluate the
feasibility of an erosion control. work for the outlet of small
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-and, medium culverts. The proposed control work consists of a .
recessed stilling basin armored with gravel and a tranverse im- -
pact wall. The primary objectives of this investigation were to
find the dimensions of the stilling basin and a proper location

of the impact wall for the design flow discharge for two tail-
‘water condition simulating a discharge into a receiving channel.
Two things were considered important in regard to the satisfactory
functioning of this control 'work: (1) stabilization of thé stilling
basin, and (2) minimization'of the scour below the impact wall.

Chitale, S. S. 1959. Energy dissipation in hydraulic jump below
weirs and falls. Irrigation and Power, Vol. 16, No. 4, Oct.
pPp. 465-477. :

Both the Indian as well as American practices of design of
hydraulic jump type horizontal cisterns for energy dissipation
below weirs and barrages are examined. The length of the cistern
according to Indian practice is based on the height of jump while
American designs correlate it with downstream depth of flow.
Using experimental data, a relation between length and height of
jump is first established and on this basis the length of cistern
according. to the Indian practice in terms of downstream depth is
obtained. ' '

Curgis, D. D., Martinez, J. E., and Vasquez, V. 1956. Coefficient
of contraction for a submerged jet. Proceedings of the ASCE,
Journal. of the Hydraulics Division, Vol. 81, No. HY4, Paper No.

1036, August, pp. 17-19.

: In computing the rate of discharge for a submerged orifice,
it is customary to assume that the coefficient of jet contraction
is the same as it would be if the jet were free. This experi-
ment is undertaken to compare both the geometric and the kine-
matic characteristics of a free and a submerged jet issuing

from the same orifice under the same differential head.

Diskin, M. H. 1961. Hydraulic jump ;in trapezoidal channels. Water
Power, January., pp. 12-17.

... Reports of, experim¢nts on the hydraulic jump in non-rectangular
.channels. indicate that the conjugate depths of the jump, as measured,
agree quite closely with theoretical values derived by the momentum
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- equation. . The computation of the theoretical conjugate depths,.
however, is a tedious process which involves a graphical ' )
solution or successive approximations. The method presented in
this article is based on an equation similar to that proposed

by Elevatorski but derived in a different way.

Diskin, M. H. .1961. End depth at‘a drOp in trapezoidal channels.
Proceedings of the ASCE, Journal of the Hydraulics Division, Vol.
86, No. HY4, Paper 2851, July’ PP. 11-320 .

The momentum equation is used to derive a general equation
for the end depth in prismatic channels in mild slopes at an
abrupt drop. The equation is solved directly for exponential
channels and in a tabular form for trapezoidal channels. Experi-
ments on two trapezoidal channels are reported and the results
are compared with the theoretical values of end depth derived
by use of the momentum equation. o

Doddiah, D. D. 1949. Comparison of scour caused by hollow and
solid jets of water. M.S. Thesis, Colorado Agricultural and
Mechanical College, Fort Collins, Colorado, Dec.

The problem for which this thesis seeks to furnish an
answer may be stated as follows: What is the scouring capacity of
a hollow jet of water and how does it compare with that of a
solid jet? An attempt to further analyze this problem in a :
search for its solution will be much facilitated by a review of
the work that other investigators have already done in this field.

Doddiah, D. D., Albertson, M. L. and Thomas, R. A. 1953, Scour
from jets. Proceedings, Minnesota, International Hydraulics
Convention, Minneapolis, Minnesota, September, pp. 161-169.

Scour from jets of water which might be found under naturai
conditions was given rather detailed treatment by Schoklitsh in
1935. In this work, Schoklitsch describes a variety of condi-
tionis under which scour might occur and gives data for design of
certain structures involving scour. Doddiah, in 1949, made a
study of scour resulting from circular jets issuing vertically
downward onto a bed of alluvial material covered by a pool of
water having various depths. More recently, Thomas has studied
the scour resulting from a two-dimensional jet or sheet of water
issuing from a free overfall and impinging on an alluvial bed



also covered by a pool of water having various depths. This
paper reports the studies made by Doddiah and Thomas and compares
the study of Thomas with the equation of Schoklitsch. -

Donnelly, C. A., and Blaisdell, F. W. 1965, Straight drop spill-
way stilling basin. Proceedings of the ASCE, Journal of the
Hydraulics Division, Vol. 91, No. HY3, Paper No. 4328, May,

pp. 101-131. _ ' '

The development of generalized design rules for a straight
drop spillway stilling basin is described in' this paper. . This
stilling basin was developed because experience had shown that
there was no satisfactory stilling basin for the straight drop
spillway. The stilling basin can be used for a wide range of
discharge, head on the crest, crest length, height of drop, and
downstream tailwater level. A method of computing the stilling
basin length for all tailwater levels is presented. The design
rules developed as a result of the laboratory tests were care-
fully checked and verified. An example shows how these rules
can be applied to the design of a field structure.

\

Einstein, H. A., and E. A. El Samni, 1949. Hydrodynamic forces
on a rough wall. Review of Modern Physics, Vol. 21, pp. 520-524.

The dynamic forces which a turbulent flow exerts on the
individual protrusions of a rough wall have been measured. it
was found that even in the case of an extremely high relative
roughness, the drag forc# on the protrusions may be determined
from the logarithmic friction laws. The lift force, which was
measured, was divided into a constant average value and a random
fluctuation superimposed over the average. Statistical analysis
showed that the frequency of lift forces followed the normal
error law. This fact seems to indicate that in the description
of turbulence near a rough wall, the pressures must be regarded
as the primary influence, not the velocities.

Elevatorski, E. A. 1959. Hydraulic energy dissipators. Engi-
neering Societies Monographs, McGraw-Hill Book Company, Inc., .
New York.

This book draws upon many sources of material in presenting
experimental as well as design data to serve both researxch and
design engineers. A partial list of references to such litera-
ture is given at the end of each chapter.
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Fiala, G.. R., and Albertson, M. L. 1961. Manifold s*illing
basin. Proceedings of the ASCE, Journal of the Hydraulics
Division, Vol. 86, No. HY4, Paper 2863, July, pp. 55-81.

This paper presents the manifold stilling basin as a device
for dissipating excess kinetic energy. This device has certain
important advantages for some conditions. Two successful field
installaticns of the manifold stilling basin have already been
made. Both installations were made at the outlet ends of the
pipe drops in canals in which the vertical drop of the water
surface was several tens of feet.

Flammer, G. H., Skogerboe, G. V., Wei, C., and Rasheed, H. 1970.
Closed conduit to open channel stilling basin. Proceedings of the
American Society of Civil Engineers, Journal of Irrigation and
Drainage, Vol. 96, No. IRl, Paper No. 7124, March, pp. 1l-1ll.

Criterion have been developed for designing a stilling basin
to serve as a transition from closed conduit flow to open channel
flow for a fully submerged pipe outlet. The unique feature of the
stilling basin is the short-pipe energy dissipator for the basin
configuration. The expanding characteristics of a submerged jet
were used in establishing the length of the stilling basin. The
unsteadiness of the water surface and the relative boil height
in the model basin were used as the criteria for evaluating the
effectiveness of the structure for energy dissipation. Relations
between the tailwater depth, the outlet flume floor elevation, the
height of boil in the stilling basin, the width of the stilling
basin, and the amount of freeboard have been studied. The
interrelationship among these variables have been shown graphi-
cally.

Forster, J. W. and Skrinde, R. A. 1950. Control of .the hydraulic
jump by sills. Transactions, ASCE, Vol. 115, pp. 973-1022. :

The object of the study described herein was to investigate
the performance of such sills in level rectangular channels, and
to attempt to formulate a general method of design. The experi-
mental results are shown to compare favorably with a thecretical
analysis and data of general application are presented dimension-
lessly. Two types of sills were investigated. First, a vertical
nonaerated weir with a sharp crest and second, an abrupt rise in
the channel bottom. Charts have been prepared which may be used
to determine sill dimensions for preliminary design purposes and as
a guide in analysing or predicting the effect of such sills under
given conditions. '
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Foss, W. L. 1959. Experiences with canal duops of various
designs. roceedings of the' 8th General Meeting of IAHR, Vol.,
21, August, pp. 1-24. g : ‘ G

~ The development of the design of special drop sitructures
for canals on the St. Mary Irrigation Project in Southern
Alberta is described. This included large scale model experi-.
ments carried out in the open, beside a fall on an irrigation
canal. Equations for the hydraulic design of structures of
any size and capacity are proposed, the design being in terms
of canal dimensions. Criteria are developed by which the
performance of any structure can be compared with that of the
model. The main principle involved in the design is the
spreading of the stream within the structure back to the
average canal width before and during the hydraulic jump.

Grimm, C. I., and Leupold, N. 1939. Hydraulic data pertaining
to the design of rock revetment. U.S. Army, Corps of Engineers,
North Pacific Division. '

Discusses current revetment practices. Tabulates and plots
available laboratory data of movement of solids by flowing water.
Evaluates Bonneville, Passamaquoddy, Isbash, WES, Groat, and
Hooker data. Includes observed prototype data on Columbia
River, Zuider Zee, and in the Los Angeles District.

Gyorke, O. 196l. Energy dissipation in protected beds down-
stream of river barrages in the case of shallow stilling pools.
9th Congress IAHR, Dubrovnik, Yugoslavia, pp. 184-196.

Principles for the design of an effective energy dissipating
system are summarized in four points. It can be seen from the
typical flow-patterns, that the stilling pools of shallow depths
~and with high terminal sills are impracticable. Theoretical
conclusions are supported by the results of experiments with
tailwater apron designs according to an apron test of a river
barrage to be built into a river-bed consisting of fine soil.

‘Hallmark, D. E. 1955. Influence of particle size gradation on
scour at base of free overfall. M. S. Thesis, Colorado Agri-
cultural and Mechanical College, colorado,‘Aug.

The objective of this study is to obtain information that.
‘'will ultimately lead to the use of gravel for amorplating stilling
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basins. ' The subject for immediate investigation 13 the effect
of size gradation of bed material on scour at the base cof a free -
overfall. This investigation has been limited to a maximum
steady flow discharge of 0.5 cfs per linear foot of crest width.
The maximum height of drop has been four feet. The sizes of

the bed material have been limited tc % in. mean diameter and
'1/32-in. mean diameter. Armorplating gravels have been tested
on the 1/32-in. bed material only. A constant channel width

has been used to maintain two-dimensional flow.

Hallmark, D. E. and Albertson, M. L. 1956.  Recent developments .
in the design of a simple overfall structure. Proceedings of the
Four States Irrigation Council, Fifth Annual Meeting, Denver, '
Colorado, January.

This paper describes the work carried out at Colorado A & M Coll.
in an attempt to develop design criteria for a simple, economical
and effective drop structure for canals and conveyance systems..

Hallmark, D. E., and Smith, G. L. 1965. Stability of channels
by armorplatlng. Proceedings, ASCE, Journal of the Waterways and
Harbors Division, Vol. 91, No. WW3, Paper 4452, Aug., pp. 117-135.

The results of experlmental and theoretical investigations
are .oresented for certain sediment characteristics found pertinent
to the control of localized scour in alluvial channels. The
relationship between fall velocity of the sediment particle,
velocity at the beglnnlng cf sediment motion, tractive force, and
bed shear velocity is developed in terms of the nominal particle
diameter.

Hickox, G. H. 1944. Aeration of spillways. Transactions of the
American Society of Civil Engineers, Vol. 109, Paper 2215, pp. 537-566.

‘A method of computlng the size of air vent needed for aeration
of - splllways, based on all the available data, is presented in .
the paper. The effect of insufficient aeration on the reductlon
of pressure beneath the nappe and on the discharge is dlscussed.
Formulas and diagrams for calculation of these effects are in-
cluded.
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Ingram, L. F.)iottman,IR.“E;iand'Tracyytn.‘J.f‘1956; ‘Surface
profiles at a submerged overfall. Proceedings-of the ASCE/,
Journal of the Hydraulics Division, Vol. 81, No. HY4, Paper No.
1038, August, pp. 12-16. ' : -

Depending upon the interrelationship of a number of variables,
the free surface at a submerged overfall will assume one of several
basically different forms. In addition to the coordinate position,
the pertinent variables include the velocity and depth of the on-
coming flow; the depth of the tailwater in the forebay:; the channel
slope, roughness, and cross-sectional dimension; and the dimensions
of the forebay. For the purpose of this exploratory study, the
channel was made smooth and horizontal and the drop as great as
possible, changes in boundary alignment were limited to the verti-
cal, and the surface configuration-was observed in the crest
vacinity only.

Ippen, A. T., and R. P. Verma. 1953. The motion of discrete
particles along the bed of a turbulent stream. Proceedings,
Minnesota International Hydraulics Convention, pp. 7-20.

The movement of glass and plastic spheres having diameters
between 2mm and 4mm were observed on a flume bed roughened with
sand particles. The bed roughness was described by an effective
roughness computed from the Karman logarithmic laws. The en-
trainment function of Shields was checked and found untenable
where the bed load and bed consist of different particle sizes.

A new entrainment function was derived that was more generally
valid for the range of experimental results.

Isbash, S. V. 1936. Construction of dams by depositing rock
in running water. Transactions, Second Congress on Large Dams.

_ Summarizes experiments for construction of dams by depositing
rock in running water. Author briefly reviews +heory resulting
frcm small-scale experiments and gives equations applicable to
various stages of construction. Riprap composed of 15- to 500-1lb
rock. Large rock not moved. No basic data given in report. A
tentatively recommended curve for riprap design is given.
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Ishihara, T., Iwasa, Y., and Ihda, K. '1960. Basic studies on.
hydraulic performances of overflow spillways and diversion '
weirs. Disaster Prevention Research Institute, Kyoto University,
Bulletin No. 33, March, pp. 1-29.

This paper describes the theoretical characteristics of
round crested weirs which are one of the controlling devices for
released discharge from a reservoir or a main stream and the
verification of the theory by experimental research. The head-
discharge relationship of a round crested weir is theoretically
estimated through the hydraulic characteristics of control
section mathematically obtained by the geometric properties of
the basic dynamic equation. The theory described in this paper
can also be applied to the control structures of overflow spill-
ways. Some contributions to the design procedures for control
structures are also presented.

Jeppson, R. W. 1965. Graphical solutions to frequently en-
countered fluid flow problems. Utah Water Research Laboratory,
Utah State University, Logan, Utah, June, pp. 1-27. g

This publication presents nomograms and charts which
solve the hydraulic equations most frequently used for both
open channel and pipe flow problems. This method of solution
should be of considerable practical value over "cut and try"
approaches usually applied to these kinds of problems. The
use of the nomograms and charts is described briefly and
illustrated by example problems. :

Kandaswamy, P. K. 1957. Characteristics of flow over terminal
weirs and sills. Proceedings of the ASCE, Journal of the
Hydraulics Division, Vol. 82, No. HY4, Paper No. 1345, Aug.,

‘Generalized experimental results are presented to show the
variations in both the discharge coefficient and the nappe profile
for two-dimensional flow over a vertical sharp-crested weir as
the ratio of head to depth of flow changes continuously from
zero to unity. : e ;
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Katsaitis, G. D;n;1966.anhejuse;Qfzdissipation,bars,in.chqnnel,1'
drop structures. The Journal of the Institution of Engineers,.
Australia, Paper No. 2005, Jan-Feb., pp. 9-18. R

A systematic investigation of the use of dissipation bars
in stilling basins for vertical drop structures is presented.
The dissipation bars were found to be effective energy dissipators.
Design equations have been derived which express the efficiency.
of these bars in terms of scour in the outlet channel. Example
designs are listed.

Keim, R. S. 1962. The Contra Costa energy dissipator. Pro- ...
ceedings of the ASCE, Journal of the Hydraulics Division, Vol...87,
No. HY2, Paper 3077, March, pp. 109-122.

The laboratory development of the Contra Costa energy
dissipator is described. The dissipator is used in the re-
establishment of natural channel flow conditions at culvert out-
falls where uncontrolled, excessively high effluent velocities
at depths less than half the culvert diameter otherwise would
cause undesirable damage.

Kindsvater, C. E., and Carter, R. W. 1957. Discharge charac-.
teristics of rectangular thin-plate weirs. Proceedings of the.
ASCE, Journal of the Hydraulics Division, Vol. 82, No. HY6,
Paper No. 1453, Dec., pp. 1-35.

The flow pattern for rectangular, thin plate weirs is not
subject to complete mathematical analysis and experiment is
presented which provides a simple, direct solution for the
di.scharge and a convenient method of compensating for the in-
fluence of viscosity and surface tension. The effects of
viscosity and surface tension are related to an increase in
the effective head and a decrease in the effective notch width.
Thus, the combined effects of the fluid properties are accounted
for with adjustment coefficients which are applied to measured
values of the head and width. Consequently, the coefficient
of discharge is defined as a function of the width contraction
ratio and the head weir-height ratio, only.
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Kindsvater, -Gi, Ei ..1942.” The hydraulic juiip in sloping channels.
Transactions of the ASCE, Vol. 67, Paper No. 2228, Nov. pp.
1107-1154. : ~ sEERE T 20

Common forms of the hydraulic jump in sloping channels have
been classified into three general cases, and an analysis is
presented which leads to a practical method of computing the
dimensions of the jump. Satisfactory agreement between analysis
and experiment was obtained from laboratory tests on a channel.
with a 1 on 6 sloping floor. Conclusions drawn from this in-
vestigation indicate that experiments on other slopes might
eventually yield a satisfactory treatment for hydraulic jumps on
any slope within the practical range.

Lane, E. W. 1942. Spillways and stream-bed protectioniwérks.
Nandbook of applied hydraulics. Edited by Davis. .McGraw-Hill
Book Co., New York, Section 9, pp. 333-357. ‘ ‘

The design procedures for various types of spillways is
given, along with requirements for scour protection in natural
river channels below stilling basins for spillway structures.

Luthra, S. D. 1950. Dissipation of energy below oVerfall,dam,.
The Central Board of Irrigation Journal, November. pp. 660-665.

The paper presents a method of dissipation of energy of
water flowing over a spillway dam which has been developed as a
result of a large series of experiments. The existing methods
such as hydraulic jump or an upturned bucket were tested for
securing protection against scour below an overfall spillway.

Massey, B. S. 1961. Hydraulic jump'inbtrapezoidal channels,
an improved method. Water Power, June, pp. 232-233.

The author presents a simple and exact solution of ‘the
 equations, in preference to approximate methods,: in solving
the problem relating to the hydraulic jump occurring in
trapezoidal channels. - “ : o
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Moore, W. L., and Morgan, C, W.  1957. The hydraulic jump.at_

an ‘abrupt drop.’ Proceedings of the ASCE,'qurnal'of‘thé’Hydraulics
Division, Vol. 82, No. HY6, Paper 1449, Dec., pp. i-2l.

_ . The hydraulic jump may form at various locations relative
to a low abrupt drop in a rectangular channel., The role of the
drop in determining the form of the jump and in stabilizing its
position is clarified by analysis and experiment. An example
illustrates the application of the results to the analysis of
stilling basin design., S o

Moore, W. L. 1943. Energy loss 'at the base of a free overfall.
Transactions of the ASCE, Vol. 108, Paper No. 2204, pp. 1697-1714.

Experimental studies were made of a free overfall with a
view to obtaining information that would be of value to designers
of hydraulic structures. Detailed laboratory measurements
showed that the energy losses at the base of a fall were of
appreciable magnitude. These measured energy losses were applied
in the development of a rational formula for calculating the
height of the hydraulic jump below a fall. Limited information’
was also obtained on the length characteristics of the jump and
on the effect of the submergence of the jump on energy dissi-
pation. The presence of standing water behind the fall is ex-
plained and its height is calculated by application of the
momentum equation. '

Morris, B. T., and Johnson, D. C. ' 1943. Hydraulic désign’of
drop structures for gully control. 'Transactions of the ASCE,
Vol. 108, Paper No. 2198, pp. 887-940. ' -

In the stabilization of gullies, small overflow dams are
used to retain silt and to control the stream grade. These
dams are simple drop structures similar to those used in irri-
gation canals. 1In this paper, the development of rules for the
proportioning of such dams is described in terms of the hydrau-
lic requirements for structure performance. The formulas in-
cluded in the design rules are presented graphically for con-
venience in application. These xules are based on the accumulated
experience of engineers in irrigation and soil conservation work
and on the results of a series of laboratory test programs.
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Murley; K. A.71970. Ifrigation channel-structures, Victoria,
Australia. - sProceedlngs of the American Society:of Civil.
Engineers, Journal of the Irrigation and Drainage DiViSlon,
Vol. 96, No. IR2, Paper No. 7371, June, pp. 131-150.

The basic types of structures used in irrigation channels. -
at Victoria are overflow drops (check regulators, measuring -
weirs:and vertical drops), gate operated regulators undershot..
flow, access crossings and pipe structures used for culverts,
siphons, and chutes, scouring tendencies and scour control
arrangements of the structures used as observed in the field
and as studies in model tests are considered in this paper
measuring structures have been covered separately but some
comments are given on hydraulic design for pipe structures and-
orifice measurement with submerged flow.

Nakagawa, H. 1969. Flow behavior near the brink of free overfall.
Disaster Prevention Research Institute, Kyoto University, Vol. 18;
Part 4 Bull “No. 149, March, pp. 65-76. ’

As for the free overfall, the boundary conditions can be -
determinative only at the terminal section, so that the flow
behaviors in this case have been confirmed only by the experi-
mental procedure, oi the theoretical solution of the flow to be
obtained would be restricted by the terminal section. The author
tries to clarify the controlllng mechanism of free overfall by
one-dimensional analysis with the aid of experimental research
and to develop a more exact method of analysis of the flow
characteristics of free overfall, based on universal laws
obtained by experimental investigation.

Neill, C. R. 1967. Mean-velocity criterion for scour of coarse:
uniform bed-material. Proceedings, XII, Congress, IAHR, Vol. 3,
Paper CG, pp. 46-54.“ ' L o o o

New experimental data is presented on incipient motion of
uniform bed materials ranging from 6mm to 30mm in diameter. - The:
data have been correlated with comparable data by previous in-
vestigators to develop a dimensionless expression for scour of
coarse uniform material. A design nomogram is presented relating
competent mean velocity to grain size, specific gravity, and depth
of flow. Predictions of the formula are compared with those of:
earlier design curves and formulas. .
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-Neillgacsﬁk;w 1968, - +A-re-examination-of ; the beginning_ofquVefg,*
ment for coarse granular bed materials. “Report Int.:68,.
Hydraulics Research Station, Wallingford,uBerkshire, England.. -June.

_ Flume experiments on low movement rates of uniform coal
grains,-glass spheres, and coal mixtures are described and . @
analyzed.  -Reasonably consistent results were obtained using . a-

" numerical criterion for beginning of movenient. A 3-parameter
relationship is proposed expressing a dimensionless grain dis-
placement rate as a function of the original Shields parameters.
Empirically, the beginning of movement for uni-model mixtures:
of moderate dispersion can be estimated by inserting the Dsy
size by weight into the expression for uniform materials.

Opie, T. R. 1968. Scour at culvert outlets. M. S. Thesis,
Colorado State University, Fort Collins, Colorado, March.

. The procedures used in, and the results of, experiments:

" to determine the size and geometry of scour holes in flat,
loose rock beds at culvert outlets are given. A review of four
recent . approaches to the problem is also included. From a . .
dimensional analysis, the depth of scour at such .an outlet is.. -
related to the discharge and bed characteristics. The depth of.
scour has been related to the length, width, and volume of .
scour. The relations are severely restricted in their appli-

_ cation to the range of outlet conditions. Practical examples .
are given. Results are presented in graphic form.

Peterka, A. J. 1964. Hydraulic design of stilling basins and
energy dissipators. Engineering Monogram No. 25, U.S. Dept. of
the Interiox, Bureau of Reclamation, Denver, Colorado, Sept.
pp« 1=222. '

Generalized designs are given for stilling basins and
energy dissipators of several kinds, as well as associated
appurtenances. General design rules are.presented so that the
necessary dimensions for a particular structure may be easily
and quickly determined, and the selected values checked by
others without the need for exceptional judgment or extensive
previous experience. Proper use of the material in this
monograph will eliminate the need for hydraulic model tests on -
many: individual structures, particularly the smaller omes.
Designs of structures obtained by following the recommendations
will be conservative in that they will provide a desirable
factor of safety.
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Pillai, ‘N« Ne,-and Unny, :T. E.. 1964. ..Shapes for appurtenences
in stilling basins. Proceedlngs of the ASCE, Journal .of the
Hydraulics pivision, Vol. 92, No. HY3, ‘Paper No. 3888 May,

PP 1-21.

New. shapes for stilling basin appurtenances in the form of
wedge ‘blocks with an apex angle of 120° are proposed based on
.detailed analysis of the existing literature on the subject and .
by further experimentation. The new type recommended causes
greater energy dissipation in a shorter length than the
comrionly adopted rectangular blocks. Also, the modified shape
is expected to be free from cavitation danger at the large
velocities encountered in high dams. . The overfall arrangementz
of the stilling basin shows an apprec1ab1e reduction 1n the
size of the basin. _

Prasad, R.: 1970. Numerical method of computing £low proflles.
ProceedlngJ of the ASCE, Journal of the Hydraulics. Division,
Vol. 96., No. HYl, Paper No. 7005, Jan.,.. pp. 75-86.

. A general method of computing flow profiles based on
numerical integration is presented. The differential equatlon
of gradually varied flow may be numerically integrated using
Manning's (or any other) formula for energy slope by the . .
method deacribed in this paper.

Qazi, N. ‘A. 1958; >Stabllity of canalrlinings.<.M.S. Thesis,
Un1versity of Toronto, Ontario.

Presents historical data reported by previous 1nvestlgators
on incipient motion. In addition, laboratory experiments were
conducted using partlcles ranging in size from 0.25-to 1.5 inches.

Rajaratnam, N.  1963. Method of hydraulic equivalents for
critlcal-flow computatlons. Water Power, Feb. pp. 79-80.

a modifled method of hydraullc equlvalents for critical-
flow computations in open channels is presented.
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Rajaratnam; 'N.  1965: ‘‘Submerged hydraulic jump. - Proceedings of

the ASCE, Journal of the Hydraulics Division, Vol. 91, No. HY4, =
Paper No. 4403, July, pp. 71-94. - - \ L

The writer has attempted to solve the submerged hydraulic
jump as the case of a plane turbulents wall jet under an adverse
pressure gradient over which a packward flow has been placed.
Using the writer's results, an analysis is presented of the
forward flow in the submerged jump as a plane wall jet. '

Rajaratnam, N. 1967. Diffusion of submerged sluice gate flow
over a drop. 12th Congreses IAHR, Fort Collins, Colorado, Vol. 4,
Paper No. 17, pp. 156-163. S

The paper presents an experimental study of the diffusion
of a supercritical stream emerging under a submerged sluice gate
situated over an abrupt drop. The length of the eddying region,
the characteristics of the velocity profile, and bed shear
stress after reattachment are studied. It has been found that
after a certain distance downstream of the reattachment line,
the supercritical stream could be treated as a reattached plane
turbulent wall jet which behaves very much like the corresponding
classical wall jet. The variation of the bed shear stress is
expressed in the form of a dimensionless similarity plot.

Rajaratnam, N., and Muralidhar, D. 1964. End depth for ex-
ponential channels. Proceedings of the ASCE, Journal of the
Irrigation and Drainage Division, Vol. 90., No. IRl, Paper No.
3819, March, pp. 17-39.

An extensive investigation of che end depth problem for
exponential channels is presented. General theoretical equations
have been developed for all cases. From a large number of care-
fully conducted experiments, the end depth ratio for horizontal
free overfalls has been found to 0.795 for the triangular shape
and 0.772 for the parabolic shape. For sloping channels, the
end depth ratio has been found {» be a function of the relative
slope. For the rectangular free overfall, it was found that
the already available results for the confined case could be
used with little error for the uncenfined case.
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~Rajaratnam, N., ‘and Subramanya, K. 1968. Hydraulic jumps
below abrupt symmetrical expansions. Proceedings of the ASCE,
Journal of the Hydraulics Division, Vol. 94, No. HY2, Pappr No.
5860 March. pp. 481-503.

. An experlmental study has been made of the R-jump and S-
‘Jump occurrlng below abrupt symmetrical expansions in rectangular
channels. A new characteristic length has been developed to
correlate the mean flow characteristics of the S-jump. The
S-jump has been treated as a three-dimensional turbulent wall jet.

Rand, W. 1955. Flow geometry at straight drop spillways.
Proceedings of the ASCE, Journal of the Hydraulics Division,
Vol. 81, Paper No. 791, Sept., 13 pp.

The flow pattern at a straight drop spillway can be des-
cribed by a number of characteristic length terms: the drop
length, that is the distance from the vertical drop wall to
the toe of the non-submerged nappe, the length of the hydraulic
jump if it begins at the toe of the nappe, the depth of flow
downstream from this jump, and the depth of the under-nappe
pool between the drop wall and the nappe. All these values
are represented as functions of the discharge and of the height
of the drop. The resulis are given by a collective plot of
dimensionless terms. Two geometrical properties of the flow
pattern are established, consisting in practically constant
relationships between some of the terms. The determination of
flow geometry is important for the design of straight drop
stilling basins.

Rand, W. 1970. Sill-controlled flow transitions and extent of
erosion. Proceedings of the ASCE, Journal of the Hydraulics
Division, Vol. 96, No. HY4, Paper No. 7212, April, pp. 927-939.

Sill-controlled flow transitions in open channels, dependent
on the geometry of a rigid (fixed-bed) boundary, have been des-
cribed earlier. This investigation deals with the same flow
transitions where the channel downstre2m of the sill is erodible.
A similarity concept for erosion, to be confirmed by experimental
evidence, will be establ‘shed as an extension to the similarity
criteria valid for a rigia boundary. As a result, prediction of
the extent of erosion is expected to become possible for a wide
variety of sill -~controlled flow transitions, including the
natural hydraulic jump, and flow transitions present in the hy-
draulic jump stilling basins.
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Rao, G. N. S., Seetharamaiah, K., and Swamy Chandrasekhara, N. V.
1960. Dissipation of energy of a circular jet submerged in water.
La Houille Blanche, No, 6, Nov. pp. 704=713, ' ‘ ‘

This paper deals with the study of the dissipation of
energy of a high velocity flow into a standing mass of water. At
the instant when the jet enters the standing pool of water, the
jet possesses the maximum energy, which is gradually dissipated
along its passage in the surrounding medium. Some studies were
undertaken with a view of studying the mechanism by which the
energy of the jet is reduced to a minimum. Studies are also
reported regarding various conditions of flow.

Rao, G. N. S. and Rajaratnam, N. 1963. The submerged hydraulic
jump. Proceedings of the ASCE, Journal of the Hydraulics Div-
ision, Vol. 89, No. HYl, Paper No. 3404, January, pp. 139-410.

An inyestigation on the submerged hydraulic jump is presented.
The submerged jump has been defined with the introduction of a
definition sketch and a submergence factor. Theoretical and ex-
perimental equations have been developed for the main flow para-
meters. A general ecquation has been derived for the energy loss
in the submerged jump. All the theoretical developments have
been experimentally verified for the range of supercritical
Froude numbers from 2.94 to 10.0 and for the submergence factor
to values of approximately 4. It has also been established
that, in a submerged jump, high velocities continue along
the bottom for considerable distances, thereby causing scour.

Roberge, R. A., and Peixotto, E. D. 1956. Similitude of in-
cipient motion. Unpublished M.S. Thesis, Massachusetts Institute
of Technology, Cambridge, Mass.

This is a laboratory investigation of conditions controlling
incipient motion of graded rock particles composing the bed of a
turbulent stream. A resistance coefficient was obtained for
various sized material and plotted against Reynolds number.

Rouse, H. 1936. Discharge characteristics of the free overfall.
Civil Engineering, Vol. 6, No. 4, April, pp. 257-260.

- The free overfall can be used as a flow meter without cali-
bration. Although the flow at the overfall is not parallel, the
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crest section is' that of true minimum energy and hence is the
actual control section. The crest depth is a constant percentage
of the computed critical depth for parallel flow.

Rouse, H. 1958. Turbulence characteristics of the hydraulic
jump. Proceedings of the ASCE, Journal of the Hydraulics
Division, Vol. 83, No. HYl, Paper No. 1528, Feb., pp. 1-30.

Hot wire measurements of the turbulence in an air-flow
model of the hydraulic jump are described for Froude numbers 2,
4, and 6. Results are analyzed and interpreted in the light of
the momentum and energy. In an initial analytical section, the
modeling method is justified and the differential and integral
forms of the momentum and energy equations pertinent to the
investigation are explained.

Rube, W. W. 1938. The force required to move particles on a
stream bed. U. S. Geological Survey, Professional paper 189-E,

Three theories regarding the movement of particles from a
stream bed are discussed: (1) the impact theory, which states
that the weight of the largest particle moved by a stream varies
as the sixth power of the velocity: (2) critical tractive force
theory; and (3) hydraulic lift theory, which is concerned with
the difference in pressure above and below the particle. The
laboratory data of Gilbert has been used to test these theories.

Shields, A. 1936. Application of similarity principles and
turbulence research to bed-load movement. Translated from

German by W. P. Ott and J. C. van Vchelen for California Institute
of Technology, Pasadena, California.

This is a translation of the original German report which
deals with general problems of bed load movement with particular
reference to the influence of weight and shape. By using parti-
cles of barite, granite, coal, and amber, a range of particle
weights could be studied. Investigation of grain shape covered
rounded, angular, and sharp-edged grains. The development of
the Shields function is explained, along with its ohysical
importance.
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Shih, C. C. .and Parson, -D. E,' 1967. Some hydraulic character-.
istics of trapezoidal drop, structures. - Proceedings of the 12th
Congress, IAHR, Fort Collins, Colorado, Vol. 3, pp. 249-260.

This study is concerned with some of the hydraulic charac-
teristics of flow over drop structures connecting two trape-
2zoidal channels at different elevations. The drop structures
are formed by an abrupt drop in the horizontal channel bottom,
and are equipped with or without a weir. The dimensional
analysis, which was based on theoretical considerations of the
flow problem, resulted in a set of dimensionless parameters,
namely the relative depth, the drop number, and geometric para-
meters of the drop structure. Experimental results are pre-
sented in graphical form through dimensionless parameters for
various trapezoidal drop structures.

Shihmen Reservoir Project. 1963. Hydraulic model studies on
the overflow section and stilling basin of Shihmen Afterbay
Weir. Engineering Department, Shihmen Development Commission

in Cooperation with Taipei Hydraulic Laboratory, National Taiwan
University, Technical Monograph No. 3, Taipei, Taiwan, Republic
of China, August., pp. 1-28.

The results of tests involving the hydraulic performances
of the ogee crest, the sloping apron, the stilling basin, and
the downstream river bed including pressures, water surfaces
and scour measurements are reported. The tests also included
a study of the hydraulic performance under conditions of tail-
water levels progressively lower than those assumed in the
basic design.

Shukry, Ahmed, M. 1957, The efficacy of floor sills under
drowned hydraulic jumps. Proceedings of the ASCE, Journal of

the Hydraulic Research, Vol. 82, No. HY3, Paper 1260, June,
pp. 1-9.

The results of hydraulic tests on the performance of various
types of floor sills are presented. The study is mainly con-
cerned with low-head river barrages which are generally operated
under conditions of drowned jumps. The distribution of velocity
for various types and location of sills was recorded by a Pitot-
static tube. The efficiency of any sill against bed scour is
indicated by the rate of adjustments of the flow to the normal
distribution in the downstream channel.
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SilveSter;aR;nul964.-,Hydraulic:jump in all shapes of horizontal"
channels. . Proceedings of the ASCE, Journal of the Hydraulics .
Division, Vol. 92, No. HYl, Paper No. 3754, Jan., pp. 23-55.

Exact solutions are provided for the conjugate depths and
enerqgy. loss for hydraulic jumps in rectangular, triangular,
parabolic, circular, and trapezoidal channels in terms of the
upstream Froude number. These agree with previous solutions
derived in terms of other dimensionless parameters and are
verified by published data and local tests. The equation for
the length of the jump for the various shapes of channel is
obtained in terms of the upstream depth and Froude number.
However, the constant in the relationship must be determined
experimentally because it is dependent on the general pro-
portions of any given channel shape.

Simons, D. B., Stevens, M. A., and Watts, F. J. 1370. Flood
protection at culvert outlets. Colorado State University, Civil
Engineering Dept., Report CER 69-70 DBS-MAS-FJ W4, 211 pp.

In this study, several classes of information concerning
flood protection at culvert outlets are presented. The information
is related to the flow conditions at culvert outfalls and to the
hydraulics of rigid basins and outlet basins stabilized with
rock riprap. In addition, the characteristics of high tailwater
and non-scouring, low tailwater basins are covered.

Skogerboe, G. V., and Hyatt, L. M, 1967. Analysis of submergence
in flow measurement flumes. Proceedings of the ASCE, Journal of
the Hydraulics Division, Vol. 92, No. HY4, Paper No. 5348, July,
pp. 183-200.

The calibration curves which describe submergence in flow
measuring flumes are developed by a combination of dimensional -
analysis and empiricism. The parameters developed in this
manner are further verified by the theoretical submerged flow
equation developed from momentum relationships. A flat-bottomed
rectangular measuring flume was used to generate data necessary
for establishing the parameters describing submerged flow. The
resulting form of the discharge equation has been verified for a
trapezoidal flat-pottomed flume and a Parshall flume. For any -
particular flume geometry, both the free flow and submerged
flow equations can be placed on a single graph.
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Skogerboe, G. V., Walker, W., Hacking, B. B. and Austin, L. H.
1976. Research topics for small irrigation structuxes. Pro-
ceedings of the ASCE, Journal of the Irrigation and Drainage
pivision, Vol. 96, No. IR3, Paper No. 7542, Sept., pp. 309-318.

The primary purpose of this effort has been to delineate
specific research topics which could be accomplished as a thesis
by graduate student at the master of science level. In most cases,
pursuit of the suggested topics requires the collection of labora-
tory data regarding discharge, flow depths, and consequent energy
losses. -

Smith, C. D. 1959, The effect of sidewall height on the hy-
draulic jump on a continuously sloping chute. 8th Congress of
the International Association For Hydraulic Research, Montreal,
August, pp. 65.

In three-dimensional tests of the hydraulic jump on a '
sloping chute, it was shown that the height of the sidewall had
an important effect on the performance. The results of these
studies and the consequent design criteria are presented.

Smith, C. D.: ' 1962. Brink depth for a circular channel. Pro-
ceedings of the ASCE, Journal of the Hydraulics Division, Vol. 87,
No. HY6, Paper No. 3327, November, pp. 125-134.

The relationship between the discharge and the depth at the
- brink of a freely discharging circular section is investigated.
Through application of the momentum equation between a section
upstream from the brink and a section downstream from the brink,
the limits for the brink depth are established from theory.
Experimental test points are found to lie between the limits

so delineated. A dimensionless plot is provided, from which

the discharge versus brink depth can be calculated for design
purposes for any size of. pipe.

Smith, C. D., and Strang, D. K. 1967. Scour in stone beds.. Pro-
ceedings of the 12th Congress, IAHR, Fort Collins, Colorado, Vol. 3,
pp. 65-73. S - ‘ ; D

*he problem of scour dua to nappe impingement in a stone bed
downstream from a vertical drop structure is reported. The stone
size and areal extent necessary for a dependable design was de-
termined. The data is presented in dimensionless charts.
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Smith, G.° LV 1957." 'Scour and energy dissipation below ‘culvert
outleéts. Colorado Agricultural and Mechanical College, Fort:
COlllnS, Colorado, Report CER 57 GLS 16, April.’

The first qeu*ion of this material introduces the concept
of kinetic energy dissipation as a function of the effects of
viscosity fluid motion. The second section, which considers
the concentration of excessive kinetic energy as learned from
engineering experience, consists of the general classifications:
(a) eroding velocities in conveyance systems; (b) control
structures installed in conveyance systems; and (c) outlet
structures such as culverts and tunnels used to by-pass water
between conveyance systems. The third and final section re-
views the various types of energy dissipation structures which
have been developed on the basis of knowledge gained from
experience, experimen%, and theoretical analysis.

Smith, G. L. 196l. Scour and scour control below cantilevered
culvert outlets. Colorado State University, Civil Engineering
Dept., Report CER 61 GLS 14, 109 pp.

An investigation of the phenomenon of scour and scour
control below a cantilevered culvert outlet under steady, uniform
flow conditions was investigated. Primary consideration was
given to the kinematics of the jet causing scour, the outlet
boundary geometry, and the characteristics of both the bed
material of the alluvial channel and the graded-gravel (armor-
plate) used for scour control.

Stevens, M. A. 1969. Scour in riprap at culvert outlets. Ph. D.
Dissertation, Colorado State University, Fort Collins, Colorado, Jan.

" The object of this study was to develop design criteria for
riprapped stilling basins at circular culvert outlets. The data
for the design aids were collected from models of culverts and
rock basins; model pipe diameters ranged from 6 inches to 36
inches and rock riprap from 0.5 inches to 7 inches. For the type
of flow encountered at culvert outlets, the Froude model law was
tested in various sized models and found to be sufficient for
scaling results to prototype installations. The important variables
in the hydraulic design were the discharge, pipe diameter, brink
depth, tailwater level, and representative rock diameter. Since
such large riprap was required to prevent scour at culvert outlets,
emphasis was placed on rock basins in which scour was allowed. Ex-
amples of the design riprapped basins are solved in detail.
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Task Force on Energy Dissipators for Spillways and Outlet Works.
1964.. Energy dissipators for spillways and outlet works. Pro-.
ceedings, ASCE, Journal of the Hydraulics Division, Vol. 92,

No. HY:!.’ Jano' PP. 121-1470

‘The history and development of hydraulic jump and roller
bucket stilling basins are given, as well as the present (1963)
state of knowledge for design of these basin types. Criteria for
the selection of basin type and the need for basin appurtenance
are given in the light of some often overlooked considerations.
The primary conclusions of the report are summarized as follows:
Many factors other than established empirical or model relation-
ships must be considered in the design of such basins, such as
the absolute size of the structure, frequency of operation, and
durability of river bed downstream. However, extensive use of
hydraulic models over the past 25 years has done more to establish
correct design criteria for such basins than any other single
procedure. Future progress in improving the performance of such
stilling basins will be assured with further laboratory tests
and testing and reporting the findings of tests made on the re-
sulting full size structures. An extensive bibliography on all
types of energy dissipators for spillways and outlet works,
believed to be essentially complete through 1962, is included.

Thomas, R. A. 1953. Scour in a gravel bed at the base of a
free overfall. M.S. Thesis, Colorado Agricultural and Mechanical
College, Fort Collins, Colorado, May, 117 pp.

Extensive erosion or sedimentation in localized areas has
often resulted from the conveyance of water in irrigation systems
in the Western United States. The most widespread occurrence
of excessive erosion is in irrigation canals and open drains
which were constructed too steep and whose grades have not been
corrected. The experiments reported in this thesis were con-
ducted in a glass-walled flume in the Hydraulics laboratory at
Colorado A & M College. Emperical formulae for the depth of
scour were developed for each size of gravel.

Watts, F. J. 1968. Hydraulics of rigid boundary basins. Ph. D.
Dissertation, CSU, Fort Collins, Coloxrado, Aug. 237 pp.

The object of the study was to develop design criteria for
three classes (A, B & C) of rigid boundary energy dissipating
structures. Design aids developed during this study include:
dimensionless coefficients for the energy and momentum equations
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which correct for nonhydrostatic preasure distributicn and non- -
uniform velocity distribution at the outfall sections of circular
and rectangular conduits; dimensionless water surface contours

and velocity vectors for freely expanding jets supported on the
bottom, downstream of circular and rectangular abrupt expansions;
drag coefficients for roughness elements of knowa size and spacing;
and other minor criteria. Design procedures based on continuity
of flow and the balance of impulse and momentum frcm station to .
station are presented for the three classes of basins.

White, C. M. 1940. The equilibrium of grains on the bed of a
stream. Proceedings, Royal Society of London, Series A, Vol. 174,

The discussion focuses upon the fluid flow in the vicinity
of the particles rather than just the bulk flow parameters which
might bring about movement of a particle. The forces required
to move an individual particle, the shearing stress at the
stream bed, and the effects of turbulence are discussed.

Whittington, R. B. 1969. Convergent stilling basins. Institution
of Civil Engineers, Proceedings, Vol. 43, pp. 157-173.

The paper deals with the operation of convergent stilling
basins in the "drowned jump" condition. Particular attention
is paid to the occurrence of "sweep-out". A momentum egquation
is given for the calculation of the "backing-up" depth at the
entrance to the basin; this yields good agreement with experi-
mental results. The paper attempts to relate the observed
phenomena to the fundamental work of Ippen on cblique shock waves.

Yalin, M. S. 1965. Similarity in sediment transport by currents.
Hydraulics Research Paper No. 6, Hydraulics Research Station,
Wallingford.

Dimensional analysis has been applied to the problem of in-
cipient motion of bed particles. The criterion developed by this
technique are verified by hydraulic experiments.
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Zimmerman, F., and Maniak, U. 1967. Scour behind'stillingrbasins
with end sills of baffle-piers.’ 12th Congress IAHR, Fort Collins,
‘Colorado, Paper Cl4, Vol. 3, Sept. pp. 117-124.

The nature of scour in the movable bed of a river downstream
‘from a stilling basin of a weir permits a judgment to be made
on the rate of the dissipation of energy in the stilling basin.
Scour is an important criterion in determining adequate dimen-
sions for stilling basins. In this paper, two rows of baffle
piers are used in the stilling basin and design formulas are

developed with regard to minimizing scour. The results of
the model tests are confirmed by field obsexvations.
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: APPENDIX ‘B

EXPLANATION AND LISTING OF
COMPUTER PROGRAM TO EVALUATE
'FLOW  CONDITION- AT THE BASE’

" OF SMALL IRRIGATION DRGP STRUCTURES



The following computer program can be used to evaluate
*he hydraullc flow condltions at the base of small irrlgatlon
-drop structures. Baslcally, the program handles -the following
‘cases as descrlbed ‘in an earlier section:’

';(1),~Rectangular shaped drop. str',,ures which 1nc1ude

| 'straiqht drop splllways of varvlnq helght and dis—
fcharqe,{and inclined drops of varying horlzontal
‘length,”height, and discharaqe.

(2) uTrape201dal shaped drops such as -the stralght drop
ysplllway and lncllned drops., In addition to the
?parameters varied for the.rectangular case, ‘side

slope and bottom width can be varied.

~The scope of the program is: ‘toinitialize with the flow condl-
,_tions of the inlet and compute the condltions at the base of

‘ the drop._ These condltlons include the depth, Froude. number and
'”conjugate depth for the tlow., Before ‘using the program, several
'llmltatlons ‘should be observed:

(1). Incllned drops;in small: 1rrigatlon systems are often
steep, S0, that the appllcafron of the graJually

varled flow equatlon to compute the flow proflle is
not entlrely Justlfled.

K2l;‘The depth at the inlet has not been experimentally
evaluated, consequently an assumption must be made
jbetween .7 times the critical depth and the critical
‘depth.

(3)"Eor;the,case‘of the straight drop spillway, the
papproach;channel has been assumed to be horizontal.
lf{such is not the case, adjustment can be made.
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Provision. has been made-in the:program"to:vary'the:channel.
roughness /if desired, @3 °wéll as &dd- thé'velocity distribution
coeff1c1ent.

To better facilitate the’'pgssible- use of the ‘program, a’
lnst of wariables:and. their. deflnltions have been - included be-
low. Also the functions ‘6f the program- subroutlne have been
tabulated. '

‘Program-’Definitionhs

Y

Velocity head coefficient
AN “Mannings roughness coefficient
AT Froude number

B Bottom width of channel; always equal to 1 for
rectangular channel

-DL. Iri€remental division in incline length for
-Surface profile computations

EL' - Length of incline

H Height of drop structure

S Side slope of the channel sides-
SO ‘Slope of the incline

UQ Unit discharge for rectangular channels and total
.discharge for the trapezoidal channel

X Horlzontal length of the drop structure
Y1 Depth at the base of the/ﬁrop |
Y2 Conjugate depth at base,/or the drop

Yc Critical depth
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.subrgu’ﬁine "'Des@.‘iptigns.f

Subroutine YDOTZ This, subroutine is. the.numerical solu-
tion to the differential equation des-
‘cribing gradually varied flow. Used -
exclusively in the incline evaluation.

Subroutine TRAPC Solution to the critical depth in
trapezoidal channel.

Subroutine TRAPZ Solution to the conjugate depth in ,
trape201dal channels. '

Subroutine PUTOUT Output of computations.
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FARTRAN EXTE-'F0 VERSICN 2.0

PRNGPAM THOM (INPUT«0UTPUT s TAPES=INPUT s TAPEG=NUTPUT) ,

CONMAN H(20) DV (20) 010 (20) 9 YC(20) Y1 (209200 « AL (20420) »¥2(20,520) 980
1(20420) 9 AT(20020) o AW (20420) o X(20) 08(12) 9S(10)

CRFANI(S42) NUeNYeNXsNS¢NH 9 NOPER «NCD

FhereT(2413)

"NEMIMAED OF DTSCHARGES, NH=NUMRER OF DROP HEIGHTSs NX= NUMBER OF
WP CHANNEL LFMGHTS, NS= NUMBER OF CHANNEL SIDE SLOPES<AND NB= NU

MUFER OF CHANNEL ROTTOM WIDTHS

IF NCD IS 1 THE WWOGRAM WORKS THE RECTANGULAR PROBLEM ,
TF NOPFR IS 0 THE SRAGPAM WOKKS THE STRAIGHT Y0P SPILLWAY
TE NOPER IS 1 ThF DRNGRAM WOKKS THE INCLINED QNP

P NCD IS 0 THE PenGuAM WOWKS THE TRAPEZOTDAL WROWLEM

~FantBy]) (HN(T) e 1=1eNO)
REAN (S 1) (H(I) e T=]eNA)
~EAC SV (X(T) 9T =] oK)

WEAN(S591) (S(T)eT=1ay5)
SFAN(541) (3(1)ei=)eNR)
FOUMAT (1PF6o1)

‘W =0,]
Ch=],08
CAmM=z=(, 018

17

AOND

601

10

N 12 I=1eNH

N 12 J=1eNO
YI{(leJ)=Dan
Y2({IeJ)=0.0
ATET&J)=0L,0

"o 11 Ks1eNX

10 11 11=14N8

N 1Y TJ=1eNS
NN100J=1eND
IF(MCDEQel) GO T 600
CALL TRAPC(Js1JeIlsY)
GO TO 603

CONTINUF

YCUJ)=(UN(J)#UN(.)) /32.176)#80,333

COMTINUE

NOINODT=14NKH

YN ,ReYC(J)

IF (NOPFRGENL0)GN TN &S5
I7=0

N1=12(Y)

H2=S(TY)
FLESORT(H(T)#824X (K)#2D)
RI=R(I1)

SO=H(T)/X(K)

I3=0

COMTINIF ,
IF(T3.60.1) AN Th 1]y
IF(I12.GF410) 5, 1y 119

CALL YNOTZ(YeI3eler?901aANsA +SOsULEL)

17=1P+1
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Ynonvz FRTRAN EXTENDED VERSION 2.9

SUMROUTINE YUOTZ(YeL9sHaSe0oAN9AL +SODLEL).
FXT?(H.S.AM.%O.AL-Q.Y)‘(SO-((AN“Q)*“E*(B*?.“Y“SORT(IuOS“S))““ l ,33
13 V(2,21 ((3+5aY)0Y)se 3,333 ))/(1.-((AL’Q“Q#(BOZ.”S*Y))/f32 176
28 ((HsGuy) iy )R4#7)))

YOOTI=EXTL (4S9 ANeSOAL 4QeY. )

YNNT2=YNOT)

I=0

101 TFMR=YNOTZ

[=Tel ,

Y2=Y +(YDOT1+YDOT2) /2. 4DLHEL

IF(I.GTOQU) ..=1

TF(TLGTeS51) Y=N,0

IFIT1,GT.50) GO 70 111

TFIv2.i T,0,0) Y2==Y2 "~

YDCTP2=F XTZ2 (39S eANASNH AL s Qe Y2)

TF(AFSlfFMD-YDOT2)¢GT 0.0001) GO To 101

Y=YpP

111 COH'TINUE
KFTHiRh
Fand
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PUTOLUT FORTRAN EXTENOED VERSION 2.0

SURROUTINE, PUTOUT (NHeNQeKsNSeNBoI1sIJeNCD9INOPER)
COMMON H(EO)QDV(?O)OUQ(?O)’YC(zo)QYl(20’20)QAL(?OOZO)!YZ‘ZOSZO)OBD
l(709?0)9AT(80970)oAH(ZOa?O)oX(ZO)98(12)05(10)
TF(NCD.EQ.1) GO TO 200
WRITE(Ae20))
201 FORMAT (1H). /////947Xo*DESIGN OF TRAPEZOIDAL DROP 'STRUCTURES#/)
GO T0 702
200 CONTINUE
WRITE (A91) L
1 FORMAT(IH19///7/+4TX+s#DESIGN OF RECTANGULAR DROP STRUCTURES#///)
202 CONTINUE
IF (NOPER.EQ.0) GO TO 203
WRITE(As76) XI(K)
76 FORMAT (1HO9#LENGTH OF DROP SRTUCTURE'OFG 2)
203 COMTINUE
IF(NCDL,EQ.1) GO TO 204
ARITE(69205) B(II)eS(IV)
205 FORMAT (1HO«#BOTTOM WIDTH#¢F6. ZQIOXQ‘SIDE SLOPE®#yF6,2//)
204 CONTINUE
WRITE(64+3)
3 FORMAT (1H o #HEIGHT#¢50X 9o #UNIT DISCHARGE/CRITICAL DEPTHS#)
LK=1
WRITE(6+957) (UQ(J) eJd=19ND)
S7 FORMAT(1H 9//910X+20F6,.1)
WRITE(6944) {YC(J) 9 J=LKsNQ)
44 FORMAT(1H 410Xe20F6.37)
WRITE(6+109)
109 FOPMAT (1HO04A65Xe#F1 / Y1 / YZ®)
DO 108 I=lsNH
WRITE(6eSIH(T) 2 (AT (I 0eJ) oJ= LK’NQ)
5 FORMAT(IHDeFSe195X920F6,2)
WRITE(6e56) (YL (IaJ)eJ=LKeNQ)
WRITE(6e56) (Y2(1ed)eJd=LKeNQ)
56 FOPMAT(1H «10Xe20F6,.3)
108 CONTINUE
106 COMTINUE
RETURN
END
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TRARC FORTKAN EXTENNED VFRSION 2,0

SHNDUTINE TRAPC(JeIJelIeY)

Commnn ﬂ(ﬁ‘)oDV(?O)-UQ(?OloYC(ZO)oYl(ZOQZO)oAL(ZOo?O)oYZ(ZOoZO)oBD

1(?"020)9AT(?0920)oAW(EOOZO)QX(ZO)OB(IZ)OS(IO)

NFL.X=1,0,

Y.‘=000M l
101 CAMTINIE.

Az (1) 42,085 (TUYEYD.

A1=32.) 1R#(YNE(R(IT)+YDRS(IJ)) )83

AP L 1) e &4

1F(A]1=A2)1021034104
102 !F(DFLA.FQ.) O)GU TO 105

JTHINEILXeF 1), 3 n) 60’ To 105

YNH=YD+N,1

GO T) 101 ‘
1046 JE(DFELYJFQW3.M)GO TO 107

NELX=2,0 _

YO=YD=(0,,01}

G0 o 101
108 NFLX=3,0

YN=YDeN 001

GO T 101
103 COMT INUF

YCt)=ynH - ,

XO=S (1) 8YC(I /8LTT)

AFC=6o0% (1,047 ,0#XCo+XCHXC)/(940420,08#XC+10,0#XC#XC)

ACHP=YC () /B(TT)«SUTUIR(YC(J) /7R (1]) ) #n2

ABR2=ACAP#AECH*H(TT)#R(IT)

Yz==b (T1) /2 /G(IJ)*%QQT((H(II)/S(IJ))““204.“ABB£/S(IJ))/2.

RFTUKN

FNDY
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TRAP2 FORTRAN EXTENDED VERSION 2,0

SURROUTINE TRAP2(JeIJUeIleY3s])
.COMMNN H(?O)vDV(ZO)OUO(ZO)!YC(?O)QYI(ZOQZO)OAL¢20920)0Y2(20’?0)’BD
1020520) 9AT(20020) « AW (209203 5X'(20) sB8112) 95 (10)
Dl‘(B(II)*S(IJ)“Yl(IvJ))“Yl(IOJ)/(B(II)’Z O*S(IJ)*YI(IOJ))
T=H(II)/Z(S(IJ)#Y1(]e))
AT (T+J) UQ(J)/(‘B(II)*S(IJ)“YI(IQJ))’YI(IOJ))/SQRT(DI“32 176)
21P=0.0
R=1,0
101 CONTINUE ' R
Z=R8964  +(2.59T+1.0)5RP%3  +(1,5#T+1.0)8(T+1.0) #R%42" "+ (0587482
14(T=3.%AT(19J) 892 )#(Te1,)) #R=3.#AT (1sJ) %82 #(To1.) 402
IF(Z)102+103+104
102 IF(ZIP.EQe2.0)G0 TO 105 -
- IF(ZIP.EQe3.0) GO TO 105
R=PR+0.1 )
60 TO 101
104 IF(ZIP.EQe.3.,0) GO TO 103
2TP=2.0
R=kR=0.,01
GN TO 101
105 Z21P=3,0
R=R+0,001
GO TO 101

103 Y3=R#Y1(I+J!
RETURN
END



APPENDIX C
DESIGN EXAMPLES



DESIGN' C-1
INCLINED DROP
"WITH USBR STILLING BASIN II

References
(a) - Chapter 4, Pages 3-5.
(b) Chapter 4, Pageé 14-19.
(c) Peterka, 1964.
(d) Prasad, 1970.

Problem Description

A 10 foot drop (h = 10 ft, Figure A-1) between two 10 foot wide rec-
tangular channels carrying 100 cfs is to be accomplished by an inclined
drop with an USBR Stilling Basin II to dissipate excess energy and thus |
protect the downstream channel. The tailwater depth is 3 feet (Yz) and
the horizontal length of the drop is to be 30 feet (x = 30 ft, Figure
4-1).

Design Assumptions

(a) Based upon the study results cited in Ref. (c), the following
design criteria are recommended for the USBR Stilling Basin II. Refer to
Figure 4-1 and Figure 4-6.

1. The stilling basin should include a 5% safety factor for
tailwater. Thus, the elevation of the apron should be
0.05 Y2 below the floor elevation determined from the
tailwater depth and flow depth after the hydraulic jump,

2. The Froude munber of the flow entering the basin should
exceed 4.

3. The height of chute blocks and the width and .spacing of

these blocks equals the depth entering the basin, Yl' A



()

Design |
(a)

®)

space equal'to-Yf/Zfisitofbe allowed adjacent to the wells.

4. The height of dentating sill equals 0.2 times the tailwater

"'d'ept.h'.‘,‘ : Y2 . .

OLIS;Yé;d'Siope ef-eontinuous part of 9111'13 251.

In order to determine the’ depth Yl, 1t is necessary to compute

‘The maximm width and spacing of dentates is

the water surface profile down the 1nc11ne. The method chosen
was that described in Ref. (d). The assumption is made that
the brink depth is 0.8 times the cr1t1ca1 depth, Y . A.

Manning roughness factor n of 0.018 will be used.

Computation of water surface profile. For a unit discharge of

10 cfs/ft, Yc = 1.459 feet,:and_thus the brink depth is 1.17

ot

feet. Using the computer program listed in Appendix B, an end
depth Y1 of 0.535 feet is derived.
Basic stilling basin dimensions. The inlet Froude number can
be computed as 4.50 and thus from Figure 4-8,

1/Y = 3.8 or L1 11.4 feec.
Chute block he1ght, width, and spacing is 0. 535 feet

The other bas;c dimensions and the number of chute blocks and

dentates is the end sill follow from the earlier assumptions.



DESIGHN. C~2
INCLINED DROP
WITH USBR STILLING BASIN III

References
(a) Chapter 4, pages 3-5
(b) Chapter 4, pages 19-22
tc) Peterka, 1964
(d) Prasad, 1970

Problem Description

A 10 foot drop between two 10 feet wide rectangular channels carry-
ing 200 cfélis to be accomplished by an inclined drop with an USBR
Stilling Basin IXI to dissipate excess energy for downstream protection.
The expected tailwater depth is 5 feet, the horizontal length of the
incline is 30 feet, and the channel roughness coefficient fMaﬁning's
N) is 0.018.

Design Assumptions

(a) Based on study results cited in Ref. (c), the following design

criteria are suggested for the USBR Stilling BasinlllI. Refer .

to Figures 4-1, 4-9 and 4-10.

’1. The apron flow should be set 0.05 Y2 feet below the floor
elevation determined by subtractiné the flow depth after
the hydraulic jump from the tailwater elevation. This will
allow a 5% safety factor for tailwater depth YZ.

2. The Froude number entering the basin should exceed 4.

3. The height, width and spacing of chute blocks should equal

| the flow depth entering ;he basin Yl. Chute blocks should

be at least 8 inches high, but width and spacing may be
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Design Assumptions (cont..

Desi

(b)

(a)

(b)

reduced proportionately tojaccomodate:smallerﬂvaluesfdfﬂYi,
§; The upstream face of the baffle piers should be OYBEYia
feet downstream from the chute block faces.
5. Slope of end sill is 2:1,
6. Stilling Basin apputténances should not. be streamlined.
7. The transition between chute and stilling basin should be -

roundgd‘for chute slopes greater than 45° (R > 4'Y,),

"The.computation of the water surface profile down the chute

necessary to determine Y, was preformed using the method out-
lined in Ref. (d). As such, the brink depth is aSsiined to be

0.8 Y_, when Y_ is the critical depth cf flow.

Computation of water surface profile. For a unit discharge of
20 cfs/ft Y = 2.315 feet and the corresponding brink depth
is 1.85 feet. Using the computer program used in Appendix,

B, and end depth Y, was found to be 0.8555 feet. This depth

1
would correspond to a Froude number of 4,46;

Stilling basin dimensions.

From Figufe 4-8, the total length of the basin ‘can be found

as 11 feet.

From Figure 4-10, the heighﬁ of the baffle ﬁiefS“hs“isgfdund

i
A

to be 1.37 feet and the heightﬁdfitﬁe'eﬁd’Sill h4 is also equal
€671, 37 Eéet.
dther basic dimensions, including the distribution of chute

blocks and bafflé piers, follow from the design assumptions

and information shown in Figure 4-9.



DESIGN C~3
CONTRA . COSTA- ENERGY  DISSIPATOR -

References '
(a) Chapter 5 Pages 1-3
(b) Keim, 1962

Problem Description

A transition is to be made from'e three foot wide rectangular
conduct carrying 100 cfs to an open channel with an cxpected tdilwater
‘ﬁepth of 3.0 feet. Design a Contra Costa Energy Dissipator that will
provide sufficient downstream protection.

Design Assumptions

(a) the inlet pipe is flowing partly full with an assUmed flow

depth at the culveft outlet of Y1 = ZfO_feet.\
(® D<H_ <3
(@ Lfhy = 3.5
() 0.67Y2_“_<_?0.S‘)‘Y2
Design
(a)
Afrom.FigurerSel.uh2/81”=tl.3. Thus, h, = 2.6 feet and

| La = 9,1 feet.
(b) . jCompute, Lb

From Figure 5-1, Lb/La 1.6. Thus, Lb = 14.55 feet.



(c) Determine Z.
From Figure 5-1 at La/h2 §‘3i5'Z/hé?i'2}C4.
So, Z = 5.31 feet. '

(d) Compute hs.

h, = 0.6 Y,

= 1.8 feet.



DESIGN C-4
MANIFOLD STILLING BASIN

References
(a) Chapter 5, pages 3-6.
(b) Fiala and Albertson, 1961

Problem Description

A transition is to be made from a two foot diameter pipe carrying
60 cfs to an open channel with an expected tailwater depth of 6.0 feet.
Design the Manifold Stilling Basin which will provide sufficient energy

dissipation to insure adequate downstream protection.

Design Assumptions
The basic geometry of the basin is illustrated in Figure 5-2, page

5-4. From Ref. (d), the suggested dimensional ratios include:

L/B =8
W/s = 0.5, 1.0 or 2.0
a must be close to 0.10
V122g
for W/s = 0.5 VI/Vo = 1,37
W/s = 1.0 V1/V° = 1,24
W/s = 2.0 Vl/Vo =1.13
Design
(a) Basic manifold dimensions. )
n.d
inlet area, A = B2 = H2 = BH = 141 = 3.14 Ft?

inlet velocity, Vo = Q/Do = 19.1 Ft/Sec
manifold width and height, B and H = 1.37 Ft. L = 10,95 Ft.
The number of cross-bars is assumed to be 11 and a W/s ratio

of 2.0 is initially assumed. Then, W = 0.333 Ft and S = 0.167 Ft.



(bl Basic jet geometry.

When W/s = 2.0,*V1/V7f;'1}13;5beV“”='2.16 Ft/Sec.
| | A
From continuity, A, = —2 = 2.78 Ft2
» A Tl
The total open area of the mainfold’ is*/(L) (B).(0.5) =" (L) (B)

(0.167) = 5,83 Pt2
‘The percentage of area actually ‘occupied by the jets is.thus
47.3%. Now, B, can be compﬁtéd,
B, = .473 (0.333) = 0.1575 Ft2
and £inally, b/B, = 38.1
(c) .Boil height.
a s o
v,%/2%

' V,%/2g = 7.25 and Erom Figure 5-3, when b/B = 38.1,
0.15. Thus, a = 1,09 feet.

Comments

_ Best results are expected wnen is reasonably close to 0.10,

2
As a result, if the first' trial diffzrslggmewhdt from this value, another
iteration should be made.
In actual construction, it is difficult to construct a device such
as'this in terms of the dimension arrived of above. Consequently, the

' designer should use standard dimensions éommonly encountered with const-

ruction materials.
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DESIGN C-5
USBR STILLING BASIN VI

‘References

(a). Chapter 5, pages. 6, 9, and 10.

Problem Description
A transition is to be made from a four foot diameter. pipe carrying
151 cfs to an open channel. Design a USBR Stilling Basin VI to accomo-

date this condition and protect downstream channels and appurtenances.

From Table 5-1, all perfinént dimensions can be.found.
W = 11 Ft. 9 in.. T.= 4 Pt. 11 in..
H=29Ft, 0in, d=2Ft. 0in.

L = 15 Ft. 8 in. e =0 Ft, 10 in.
a.m 6.Ft. 9 in. £.= 3 Pt. 0.in.
b = 8 Ft. 11 in. g.= 3 Ft. 11 in.
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DESIGN C-6
USU STILLING BASIN

References
‘(&) Chapter S, pages 6, 11-13.
(b) Wei, 1968..
+(c) xFlammer,»SkogqrboeiyWeiagand;Rusheed,'1970,

Problem Description

A transition is to be made.from-a one.foot.diameter pipe carrying
20 cfs’to an open channel with an expected tailwater depth of 1.5 feet.
Design the USU Stilling Basin which will provide suffigient energy
dissipation to insure adequate downstream‘protectiOn.

Design Assumptions

Jhe basic geometry of the basin is shown in Figure 5-6, page 5-11.
From Ref. (c), optimal dimensional ratios were noted during testing of
the basin, these include:

(a) D2/D1 = 2,0 (c) W/D1 = 0.5

(b) L/D1 = 1.0 (d) YI/DI'= 1.5

In addition, the freeboard, fb, should not be less than 0.5 feet.

- Design
| (a) »Incorporating the bssic design assumptions suggested in Ref.,
(c);
Dzif.zmo,feeti ‘W.= 0.5 feot
L =1.0 feet Y1 = 1.5 feet

(b) PFroude Number F, may be computed as follows

F, = v/ Vog [5-3]
t(,%gzll\fgéji;g- = 4,49
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(c) Basic basin dimensions not already known may be deteimined
as follows:

1. assume M = 3 where
Y. + Y
m - .E%T__Ji [5_4]
1

then Yz = 2.5 feet

2. Knowing 7 and F,, enter Figure 5-6 and get a value of

A where, _
A= YB""‘[(Yz +Yt)] /Dy ='0.75 [5-5]
Therefore, Y, ='4.75 feet

b
'and'fb/DI ='0.6
Therefbre;’fg = 0.6 feet
3. Compute length of stilling basin, Ly,
L= 2.5 (D,/D, -1) + 1.0 [5-6]
Thefefbre, Lb = 3,5 feet
4. Determine stilling basin width Wb from Figure 5-6,
Wb/D1 = 4.6
Therefore, Wb = 4,6 feet
Comments
Repetition of the preceding steps should be made with various values of
m to arrive at the most economical design. As the value of m is de-
creased, the flow will become less turbulent and thus a resulting

decrease in scour potential will exist in the downstream channel.
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DESIGN C-7
STRAIGHT DROP. SPILLWAY.

References
(a) Chapter 6, peges4-10.
(b) Domnelly and Blaisdell, 1965.

Problem Description

A drop of ten feet is'to be designed between two rectangulhr channels
carrying'ZO'cfs/Ft. Deéign a Straight Drop Sillway to facilitate this 4
drop in a manner safe to existing downstream conditionms.

Design Assumptions

(a) L, = Xy ¢ 2.55 Y,

® X

() X,

(d) Floor Blocks are proportioned:as.:follows:'

0.8'Y
(]

height = 0.8 Yc
width and spacing = 0.4 Yc
square in plan should occupy 50-60% of basin width

(e) Y, =2.15 Yc

2
(f) sidewall height = 0.85 Yc above tailwater
(g) 1low slope spillway crest
(a} Critical depth, Yc
Y_ = (@2/e)Y/3 = 2.315

c = 7415 432

M) Cdmpﬁtatioﬁ of X,
From Figuré 6-4, xa/Yc-= 4,6 when h/Yc = 4,32 and Yz = 5 feet.
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Thus, X = 4.6.(2.315) = 10.75 feet
and L =/10:759% 5:95 =i16:70:feet.
u(é):‘Othéf basic dimensions
VxB'§ 1.s7 feet
'g=m1ﬂa
‘/Afloor blocks: height = 1.87 feet
width: spacing: 0.9 feet
and sill:!«%0.93: feet
side:wall height from floor:=;7.feet,.
Comments |
| Both the conditions upstream and downstream from the drop have
considerable influence on the adequaé& of the dQ§ign, Any. uncertainties,
_particuiarly with respect to the tailwater deptﬁ;vmust be‘provided for
byblowering the stillingibasin;floorwto/ipsure,fhat the hydraulic jump

occurs in the stilling basin.
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DESIGN C-8
* VERTICAL DROP: STRICTURB
WITH DISSIPATION BARS
.Referernces
(a) Chapter 6, pages 10, 12-22,
(b) Katsaitis, 1966.

Problem Description

A drop in elevation of six. feet is to be designed for the trans-
~ition between two rectangular channels carrying 10 cfs/Ft. Design a
vertical drop structure with dissipation bars to accomplish this drop
_in a manner which will protect all downstream facilities. Note that
the crest is not in weir form. (See Figure:656).

Design AsSumptions

(a) From elementary principles of dynamics, the following relatic
ships can be developed. (Refer to Figure 6-7 and Equations
6-10 through 6-24.)
| (a) Total specific energy above crest is
H=Y +V?2/2g=2.19 feet
hi = drop height = 6 feet

(b) Basic flow geometry

Z = h; + 0.373H = 6.0 + .815 = 6.815 feet 6-14
sz = 0,672H(2g) = 40.379H = 88.4 vx = 7.64 fps 6-15
vzz = 292 = 64.42 = 439, V, = 20.95 fps 6-16
V2 = v*2 + vz2 = 479,379, V = 21.9 fps - ‘ 6-17

g/ve = .0671
(H'/2) = 0.435 H = 0.95



.C=16

X =.V, £i414.06" feet:

L,= ,v(Hi"/z)' + X'='5.91 feet 6-19
L, = L.5L, = 8.85 feet | 6-20
L, = W = 0.04/(g/V?) "= 0,596 feet 6-24
D = 0.17/(g/V?) = 2.53 feéet 6-21
M = 2.738H (g/V?) = .409 6-23
Y;"/H‘='M-"-:¥"'0;'2177 = ;1913 6-23
Y= 419 foet 6-23

‘Comment
The desigrier should note that the preceding design is based on' a

'stéﬁlby-Stepiprocedure’butlined-iﬁ‘Tﬁblé§'651;“and-5ﬁ3,


http:Vxtu"4.96
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DESIGN C-9
RIPPAP FILTER MATERIAL

References
(a) Chapter 8, pages 8-33 to 8-36.

"Problem Description

The range of allowable size distributions for a filter material is
to bé determined. A sample of a local source of riprap was run thfdﬁgh
a series of sieves and the weight of sampie retained on each sieve is
Iisted below. A respresentative sample of the soil through which the-

channel is to be excavated yielded the size distribution listed below.

Channel Excavation “Riprap
- Sieve Opening Weight Retained Sieve Opening  ‘Weight Retcined
in inches in Grams in inches in Pounds
0.50 68 18 77
0.25 141 15 108
0.125 182 12 124
0.08 217 9 6?
0.03 161 6 34
0.02 133 3 21
0.01 90 2 10

Total Weight 992 1 4

Total Weight 445
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Design:Assumptions.

(ay

(b)

{c)

Dy Riprap
D,. Base '

.DS--Rlprap

For a given open channel, it was determined that the required

riprap size at the design discharge have a minimum value of

'€ of 11.5 inches. First of all, s determination must be

made:if a filter layer is required. Then, if a filter is

required, ‘the gradation requirements for the filter layer must

be-established to insuve that the base material will not be

eroded.
The criteria which are frequently used in determining whether

a filter layer is required can be defined as

<5 iEquation 8-23
85 '

;Dlsekiprap N ,
5 < -[-)-l-s_-ﬁ-a-ge—- < 40 “quuat1°n8-24

0
D50 Base

Where D

< 40 Equation 8-25

. 15"Dsq; and Dg. are the sizes of riprap and base |
material- of which 15, 50, and 85 percent are finer. If these
criteiia (Equations 8-23, 8-24, and 8-25) are not met, then
a filter layer is required.

1f a fiiter layer is reauired. the following equations can
be used to determine the size distribution of the particles
for the filter material.

Dis«Riprap

D, Filter

85

<5 Equation 8-26



D, . Riprap
Filter

Dys

‘D., Riprap
;;ﬂl._,____ < 40
D50 Filter

D sFilter

1

08523359

< 5

D, Filter

15 — < 40
Base-

5 <
Dis

pso-Fllter.

D50 Base

<40

Design

Eduation ‘8527

Equation .8-28.

Eauation 8-29

~Equation-8-30

Equation :8-31.

From the data obtained by the-sieve;analysis.zthe'values;dfrDls,

Dgys and Do were calculated.

Channel Excavation

éPis = 0.0245 inches
DSO = 0.11 inches
'DBS = 0.335 inches

Riprap

8.8 inches

[
u

= 14.0 inches

o
I

.
]

18.3 inches

These ‘values- are then used:in‘equatfﬁﬁé?g523;18-24.fand.8-25 to deter-

mine'if a filter is needed.

. Dy Riprap .
: . 15 7 8.8 inches _ . .. i matildee it
Eq. 8-23: vE;;'EZEE—' <5 5.535 inches =°26.3 which is not-1éss :than 5
Dy, Riprap ) ..
15 8.8 inches _ s g gk
Eq. 8-24 5 < 5;;—5533--< 40 5,025 inches ° 359 wh1chlls not “less than 40
. D., Riprap A s :
' 50 : 14 inches _ .. . . S aAn
Eq. 8-25 B Bass 40 0.11 inches 1.27 which is not less than 40

50
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Therefore, it .can be concluded that filter is required.
‘Knowing that a filter is required, the next step is to.determine

_the values of D D o,'and D . for a suitable filter material. By

15’ 5 85
using equations 8-26 through 8-31, these gradation values can be cal-

culated,
oo, D15 RiPFEP
Eq:"8-26% ~-———-—--D85 Fiiter 5

Solving for Dge filter, this becomes

D;g Riprap 3
D85 filter > 3 . Therefore,
Dgs filter > §4§—%EEEE§ > 1.76 inches

'553'bggffi1té§ must be greater than 1.76 inches.

Dg Riprap

Eq. 8-27: 5 < m‘; < 40.

SquiﬁQUfor*Dis‘filter'this*becomcs:

D15 Riprap
D].S filter < ———5——— and
.. Dy Riprap ‘
D15 filter > = 16 Therefore,

Dy filter < 2:810CNES - 4 76 inchesiand

fD‘”jfilfef->*8‘8 inches

15 70 "='0.22 inches.

D50 Riprap

—————
D50 Filter

Eq..8+28

Solving for Dso‘filter,

D5'1Riprap'

e o
D50 Filter > —
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Qﬁ;g_iﬂsﬁﬂi. = 0.35:inches

0
Therefore, the filter that will work with the riprap is degcribédfggﬁ

%Dsaffiltér‘s

follows:

0.22 inches < Dis filter < 1.76 .inches, filter > . 0.35. inches,

andﬁbsslfilter > 1.76 inches.
Dis filter
Dgs

Eq. 8-29: < 5.

Base

Solving for D, filter,

pls filter < 5*(985&9a3e).
Therefore,
| Dy filter < 5 (0.335 inches) = 1.68 inches
L ' D15 filter
Bq. 8-30: 5 < 31-;—8-55-— < 40.

SOIVingxfof,Dls filter this becomes:
D,. filter > § (Dls Base)

15
and '
iDlS filter < 40 (D15 Base)
Therefore,
Dic filter > 5 (0.0245) = 0.123 inches
D;¢ filter < 40 (0.0245) = 0.98 inches
| Dgy filter
Eq. 8-31: W( 40

Solving for Dgy filter

D50 filter < 40 (D50 Base)

so,

DSO filter < 40 (0.11) = 4.4 inches
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Therefore, the filter that:;must be used with-the-base'is described as

follows:

0.123;1nches <D, filter < 0.98 inches and Ds filter < 4.4 inches

1F 0
Ini‘order to obtain a better feeling for how 'all of the'nﬁmberé'ére

‘relgted'to each other,'fhey are plotted as shown iﬁ‘Figﬁre C-1. Here,

| , and D

the upper and lower limits of D that were:calculated

| 15* P50 85
are plotted and smooth curves are drawn through the points. The area
between the highest minimum size curve and the lowest maximum size
curve (cross hatched area) is the range ‘through which the values for

‘the filter material may vary.
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DESIGN C-10
RIPRAP REQUIREMENTS

Reference

‘(a) Chapter 8, pages 17-19.

Problqm Description

ft is necessary to determine the size of riprap required for the
following trapezoidal channel. Flow rate. = 50 cfs; Bottom width =
5 fee?, and side_slope'= 2.5:1. Twobed slopes will be investigated;
namely, 0.001 and 0.01.
Design

%ﬁe design has to be divided’ into two parts; namely, the sizerof
riprap required for the channel bed and that required for the siopihg

side walls. For the bed siope, Sbﬁ of 0.001, the design*proceeas as

follows:
To find the vdlue'of!Dso required, Equation 8520 is used
- §/2
118 13/6 R
S
'Solving fozfADSo yields
2/5
o Jous Sb13/6]
50 P/R

The vdlue of P/R has been.-found to vary from a value of 13.3 to 30.
‘Using’ these two values as upper and lower limits, the corresponding

values of D50 are obtained.
2/5

: 3 _3 13/6
Dso‘= [so ft /sec (118)(1 x 10 7) = 0.0282 ft, or
’ . 13.3

‘8.6 mm.,
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/5
= 0.0022 ft, or

s 5 13/6 1
D.. = [50 ft}/;gc (118) (1 x 10 ) ]
50 30.0
‘6.7 .mm.

Since both values of Dy, are reasonably close together, ‘the upper
value would be selected. The reason for this is to:provide a margin
of safety. Therefore, the value of DSO for use on the bed of the channel
would be selected as 9 mm, which corresponds to a value of approximately
0.03 feot.

Since the :iprap on thé‘side qf the channel also has a force due
to gravity aétiné in such a way as to cause it to move down to slope,
the stones must Le larger in order to have éﬁ eqhal resistanée.to move-

ment as those on the channel bed. Equationb8-14 is used to calculated

a proportionality constant K which relates the value of D50 for the bed

to Do, of the side, where:
T .2
K=Tr'gs_ = 1-51.11 ¢ 0000100000'000000(8-14)
cb 5in” 9

The values of 6 and$ are obtained from Figs. 8-12 and 8-13, respectively.
Therefore, assuming that crushed rock is to be used, the value of
Dg, for the sides is calculated as follows:
o = 39°
¢ = 22°

Solving for K

2
. 2 0
k A1- 2in_(22) . 9,799, say 0.8

5 in™ (397)

Then,

D
D = “50b
50s ...r
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‘8o,
! 0.03 ft PSR
"DSOS _0_:?_ 0.0375 ft, orgJ.l._4 mms
Therefore, since this is the minimum value for D..., the riprap for use

50s

on the sides would be s3lected as having a D., of at.least 12 mm.

50
For a value of bed slope equal to 0.01, the proceedure would .be,

-the same and proceed as follows:

- , 127¢] 2/5
Hien 003 13/6| />
DSO - 150 ft"/sec (118)(0.01) = 0.21 £t. = 64 mn.
13.3 i
[ .3 - 13/6] /5
DSO - |50 ft*/sec (118)(0.01) 5 = 0.15 £t. = 46 mm.

- 30.0 .
Theréfbre, to be conservative, a D50 of 64 mm. could be used, although

~a riprap size between 46 mm and 64 mm cquld be used, depending on the
‘value of P/R actually used.

From Tables 8-12 and 8-13, we find that 6 = 41,5° and ¢ = 23.5°
for crushed rock.

Therefore,

2
K ;V(:S 1“2 23.5) _ 0.799, say 0.8
5 in® (41.6)
Then,

_0.21 ft

Dsos * — 0.3

= 0.262 ft, or 81 mm.
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DESIGN C-11
DESIGN OF RIPRAP LINED CHANNEL

Reference
(a) Chapter 8, pages 14-32.

Problem Description

A riprap lined trapezoidal channel-is required to carry 50 cfs'.
with'a bed slope S of ‘0.001.
The limiting values of P/R for trapezoidal channedls are 13.3

and 30.0. The riprap requirement for:each is computed using:Equation*

8-20.
5/2

(.,)

(Sy)
Solving for Dgy,

3 4 8/2
S0
P/R

The‘flqw velocity is then calculated using Equation 8-18, where
D3 . :
50
V = 4,60 176
Sp
Knowing the .flow rate Q and the flow velocity F, the, cross:-
sectional area of flow is calculated from. the continuity equation.
A= Q/V

For a P/R value.e< 13.3,

.

D o|50(118)(1 x 10
50
‘ 13.3

2. 2.84 - 10-2

ft: . 01'»8,.646_‘ mm.,

This same value can be,obtained using Fig. 8-7.
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Therefore, a value for D, of about 2.5 x 1072 £t; or 8 mm, would.
be selected.

The allowable velocity in the channel would be,

(2.5 x 100 zﬁ |
o X
(1 X 10 ]

:TheraIﬁe'ef the hydraulic radius R egnsnOWQQe;dete:minedﬁugipg
E?3¢‘341977 |
CRiE 1l
Kﬁéﬁingﬁ?.thg,\flow::ra.te:;Q.» and the,flow yelocityV, v.tj-.he-.:c.ros,s,:séctiﬁ?na};«.sv
area can be calculated. |

50 ftslsec 2

2.3 ft/sec
For use w1th the figures, this can be rounded to 22 ft°.

A= = 21,7 ft
-The geometry of the channel can_now be determined using Figs. 8-14,

8-15 or 8-17. Since these graphs each represent a different value of

s1de slope 7. three differeat channel geometries will be obta1ned. It

should also be noted that these graphs are prepared in such a way as

to produce geometries such that the material on the sides is as stable

as that on the bottom.

Channeél 1. 2 = 1.5, B~ 17 £¢, Y =193 £t (Pig. 8-14)"

1.35 £t (Fig. 8-15)

Channel 2: Z = 2.0, B = 16 ft, Y

1.5 £t (Fig. 8-17)’

Channel 3: Z = 3.0, B=11ft, Y
The value of Y obtained for each, channel is the attual water depth

and .does not contain any allowance for channel freeboara. To obtain

‘the * channel depth required}“tﬁé’freéboaid would have to be added. For

this -problem, the freeboard should be' at least’ 0.5 Ft.



