
2 .  

i i 

~i ~ • 

~ ° 

• : $ 

ii: 

~!:: !.:: . : 

BU;~k, U OF RECLAMA'fION 
HYDRAULIC LABORATORY 

NOT TO BE. I%~OVED ~0~ FI;.~ 

* : ~ITED ~ STA~ 
* D~PARTM~T :OF ~IM i ~ M X ~  
* ; ~ £ U  ~ OF R ~ I £ ~ T I O N  

* 

* 

* 

* 

* 

. .  

* 

* 

* 

* 

: *  

'H,YDHAULI~ :I,ABORAT(~Y:REPC~T~ NO. :28 

ml ~ ml 

. M  .EEGffLATION OF. 8MALL~ STEEAM8 :Br ~ M  
OC~S~Y~UCT~ON OF DROPS 

C. : KEUTNER 

Translation 
by 

E. F. Wilsey 

Denver, Colorado 

October :15, 1937 

J ~  

,'4- 

,,M- 



( , " . . ;  , , . .u ,,," • 

' . I ~ I T E D  "STATES 

BIFREAU ". OF : RECLAMAT ION 

- DEPART~.~T  OF ' THE ,INTEHIOR 

.~THE R EGULATICN ~' OF ::SMALL :STREAMS 

• ' SY '. DROPS 

A translatlon~of 

': DIE : P~GELUNG'.KI~L~ERER :.WAS~ 

..DURCH ~ 1 1 P ~ J I / G  ',VON ::GKYAILSTOF~N 

~ b y  

::C. ;KEUTNER 

:DIE :' BAUTECHNIK 

VQL~I:IS, 1937,~PAGE.'IV3 

• ~Tramslated ::bY 

EDWARD :F. 

• Deave c, , C~lorad9, 

, October D.5, :i737. 

"v" 

! 

e ~/! 

.I 



. . . .  , • . . . .  , . .  

~ BUREAU OF, KECLAMAT ION 

~DEPARTM~NT OF':THE ~INTERIOR 

.THE, REGULATL:N OF SMALL:STRFAMS 

:BY~.DROPS 

l ',% 

%. 

;A translation ~of 

DIE~ REGELUNG ELK~ERER WASSW~ 
~N 

IDURCH ~ERRICRTDq~G ~0N .GKFALLSTUFEN 

by 

C. KEUTNER 

in 

DIE :BAUTEC~IK 

.VOL. il5, ~1937., i. PAGE i~173 

Translated by 

:EDWM%D -~,. '~ • WILSEX, ;:ASST..Ei~GR. 

Denver, Colorado, 

October 15, ~1937. 

6'4 

! 3 '. 



J~ 

THE RE£~LATION OF SMALL !STREAMS 

BY ;DROPF 

/~. ,Generali~le~ .on :~he :ReRulat~on ':of ;SmaSh. 

. .Streams .~it~,,~.Part, icu,l~r R e f e r e n c e  ~to 

!the -¥ore.~Alps 

~,The following account of :the problems iinvolved .'.in the regulation 

'of small ,streams was ~motivated by an iinspection .trip; ~I 

:l 
This ins~ction trip was,,made in 19.34 under a s~ipend.of .:the 

Wiilliam G. Kerck0ff ;Foundation ,_ ~.Bald Nauhelm., 

Extensive systems ~of drainage canals ~introduce'd .;as :a ~resu~t of 

agricultural exp~sion into ~marsh ~land and areas i-covered : with ~sour 

grasses, which often are of ~llt~le ,~value £or ~pasturage, ,cause ~a !low- 

erlng of thewater :table. These can~is~,~st ~.be :large and ~deep ,enough 

to ,carry ordinary floods ~without overflowing '~the :banks. ,0nly ~during 

unusuallyhigh floods ~i~::%the flooding -of fields permlssible.. :Crooked, 

~u~y .streap~ which m~mder :.through .the ~countryside should ~be. sh0:~- 

-ened by. excavating .cutoffs~ and ~their ,botto~ ~slopes should be :reduced. 

:However, "this may ~involve bLti.lding ~entirely new .streams with 'fixed ~ba~s 

The primary ,requirement :fc, r~ ,.regulating .streams ,p~seing ~.through 
• towns and cities is .the ~prevention of floods. !Wide,~ :shallow-.streams 

:.with.easily eroded banks should ~be ~replaced by canals which can-carry 

.the .total flood disch~,rges and whose ~.water .surfaces lie ~.at ~'.low ~eno~gh 

elevations to ~efl'eo~ively drain-~_the ~ dist~cts :through ~whlch :they pass. 

Furthermore, the shape of the ~cross ~section :of -the :canal ~,st be :so 

chosen that -the velocity of flow, during ~low ~water :periods, ~is :hi-gh 

enough to prevent ~ii -but ~ small amount -.of-silting. 

; ~'~:' :~ " ,~ ,,/- ::" ~,:~. • " : .... • ~ ~/ ~- <~.". • .,~ , i. :~-!i!.-.~ ~ 
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I f  :,the ~ e x i s t i n g  s o i l  p r o p e r t i e s ,  w i l l  ~not p e r m i t  : the  ,~ne~ ~bottom 

s l o p e s  . : r e s u l t i n ~  f r o m  ~.shor~enin~ ~streams,  ~deep ~ e r o s i o n  ~ of."~the ~bottom 

w i l l  e n s u e .  ~!This , p r o d u c e s ~ u n d e r s c o u ~ i n g  and, c a v i n g  fin ~o,~' :.the :banks 

-and :re-,,li~u~nt~ of ~the streams..iln, case ~£he .clmr,-:cter of ~the .!so£1 

will:not peln~it the ::ren.ui, slte :slopes, ~the ~bo%tom ,and ;sides :of :the ilcan81 

,must be )lined With ~riprap, ~rubble, .;concrete .~or !titumen. iHoweve~.p ~In 

,,most ~eases a ,speciil i:liuing.)is ,'.not ,.economical. ~.Therefore9 ~In ::general, 

~,Zhe : maxim,_m; permissible :bottom ~slope ~is: chosen., and ithe ,m~plus..~faI.l ..~Is 

taken ,care Of b y  drops. ':The ~nature .:iof"~the ~Zerraine governs ~the loc,~ion 

of i both ~the ,-canal and ~:tthe ::drops. .~The ,ilatter ~may ,:e~%her :be ~built as ~over- 

:fall ~s~ructu~es, .as !is .mo,T~ 'frequently ~e ease., .:or ~;as ~hu%es .... :also 

~known ~:as ~"~sli~es" ,i(Rutchen"). !.D~Ops ~-often <involve :a ~la~ge <.pa~. ~Of ~the 

total :cost,- of:the work of re~ula~ion~ ~..which ;.must be ~kep% .'as iilow .',as 

L possible, ~ since ':a Considerable part ,of ~he ~cost :must !be, <borne :by :asso- 

ciatlons of property ~ holders who :from ~Z~e %0 ~time ~have %~ttle ~inanci~l 

resources, iSince ,the ~ amotmt of ~excavation ~Is go~erne~ ~by ~the ~prope~ies 

of the ,~sOil~ ~.%he' most likely -sou~o~ ,.of ~..saving ~is !in ~%he .cost cof ~.speci~l 

struc.%ur.es. ~Drops :m~st ?have !:the best ~design ,from a ?~,ydrali].Ic -.standpoint 

and, .at -the same ~:time, should ~require %he~!ieasZ <o~tl.ay ~,in imon ez, ithis 

:beln~ .'idepe~dent • on i.the ~-imost ~ ecomo~ical ,~choioe ~:.of b%t~Irhh%g i.~ate~la-ls. 

; During-~the ~past .iyear~, : a :mmber ..of ~. ~/stincZ %ypes of ;s~ruc~u~.es 

• ha~e'~ been built ~by !.the ~,.various boards ~ of works, ',the .~outstanding ~ examples 

of ~hi~ch ~ W i l l .  "be  ,:consi~dered ;~in what follows. " ' 

i Essentially:dlfferent.~equirements ~md ".vle~points .~overn ~.re~l~lat~on 

,~of ~.s.%reams passing ~i~%hr.ough .~cities- where freedom ~from ~floods ~In ~,%he .~.%h~ckly 

-set-%led :,mlning ~ ~ad ilndust~ial ~ dls%mlc%S, .~is ~the ~'essen.tle.l ~r.e~.uir, eme~t, 2 

:He~ e, ~in order..%0 ,-combat :floods~ ~.the 

: Bulo~, :,F. ,V.~; !Die : Lei s~ungs f~/~ !gke%t ~.~on :Fluss-., Ba oh-- Werkkea~l :,- 

umd !Rohr~uerschni.%ten-~.unter~besonderer ~Be~cksl.cht~g der ~,.~"~ 

"2 
t- 

:.i! 

~5~ ~. 
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der !Emsohergenossenscha~.t in iEssen zu 'k~nst'~chen ,Wasser~u/en 

ausgebauten Emscher ~.und ~hrer Neben~che ,.(The ~C~pac'i%y of .Kiver:, 

Brook, ':Canal~ .and iPipe ~Cro.~s .Sect'Ions ,with :Spec~'al ~Re'ference %0 %he 

,Emseher River ::and :~ts :Tributaries 'Rebu'~t :as A_~t~'~eiml ,Can~s .by 

~he Emscher Board .,'of :Works at Es.sen. ~Gesund~elt ~ -- :~ugen~eur. 1927~ 

most economic~'l :canal :must !have ".a large cross section and ,be :e~cavated 

~o 'a ,.considerable depth. :For ~example, %he Emscher iRiver ,was lowere8 

.about ,:4 metere 'i(13..i fleet:,):as a •:consequence ~'o~ regulation. .These 

.streams ~are ,required %0 transport .quickly :and :s~/,eiy. ,the .drainage .of 

• Cities and 'industriml :pl~ts,~ .~,W~ich ~conT~s a ,considerable -amount 

0I :s'ilt ,and :other ,refuse, and :somet:imes, .in addi%'ion~ :gTound water 

.pumped to the surface from ,mines, ,These demands ~are met ,~by relati~e~lY 

-sna~l :chann@l :sections '~md ~elatlve~ .IY -steep. slopes} "thus such .~streams 

• mAst be completely 1:ined with :concrete ~or :some .other mmterial. The" 

design of drops employed :her~ .also merits 'considerat~on- '3 The-t~pe ~of 

,construction :use~ ,in 
• , • n n ,, - 

3 Die Energleve~ichtung :bel Abst~L~.zen ~und .SChu~sstrecken ;Ramshorn, ..A.,J 

in o ~ f e n e n  ;Abwasse~kan~L~en ~(Energy ~Diss~pation .-~.t i~D~,qps and -'Chutes .:~h:l 

!:.0pen ,Ch~--ei~):. idle .~Baute~,4~, ~,,~oI. i0. 19.~2- :page '13_9. " . - 

:~dustrial districts .is ~not suitable :.~or ~TiCUlture :re,ions ~ecause 

-of ~he ,cost :.~vOl~d. 

The design ,of ,canals :and .drops may :be cons'idered -separ~te!~ 

although %he design :of ~one i S  In~'luenced ,to .~ ilarge -,extent ~y :the 

~other. 

"~!. ~The ,Canal ,between i ,Dro~s - ,,, . - . . . .  , - 

i. ~For~ ,o£ Cross :,Sect'Aon .. - . " ' 

".The .discharge, :.Qp .is .-always :given ~for-~he .des.i.gn .of'..~ ~egulatlon 

proJ eet. ~.~he .cross-.sectlonal .~ea :o-f .a ~camal gore.s -~e :amoun~ of 

e x c a v a t i ~ : |  ..the : .canal .  d e p t h : g ~ e r n s  : . the am°unt  .,of ., ~ra inage~  .,the ~,wid~h 

i 
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of the canal governs the land area required; the wetted perimeter 

governs the amount of bottom and slope protection; and the soil pr~ ! 

perties govern the permissible bottom slope. The most economical design 

is to be found from these factors. 

A trapezoidal section is by far the most popular section for a 

c~al (figures 2, i), ~md its area is easily computed from tables found 

in most hydraulic construction handbook~ & 

, , ,  L I  , , . . . . .  

4 " 

Weyrauch-Strobel; Hydraulisches Rechnen (Hydraulic ~rmulas and 

Tables). Kourad Wittwer. Stuttgart. 1930. 

Bela yon Kenessey concludes from his observations on artificial 

canals that a trapezoidal section does not retain its original shape 

because of silting, bank d:~mage, etc. 5 Similar to 

r 

5 
Kenessey, Bela; Mederszelvenyek es Med~:rsze!venytablazatok (Bed Fro- 

files and Bed Profile Tables). Vizugyi/Kozlemenyek, Vol. 15, 1933, 

_Day~e 2~8. 

natural streams, artifici~_l canals almost with no exception change 

their form so as to resemble conic sect~ions. He proposes that such 

changes b~ anticipated, and instead of/a trapezoid,,1 section, a conic 

section, correspondiug to the expected change, be used in design. If 

this is not done, the coefficient in the velocity formula mu~t be a~Justed. 

The circle and parabola ere the two conic sections most easy to 

com~Ate. 

For a trapezoid superpose6 on a circular segment (figures 2, 2) 

we have8 

Area 

A=(~ +s)t - n s 2 

~(~r~i~-~ 2 _i) ~ 

4 
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~Wetted _~erimetmr 

P =  _2t ~ / ~  - S )~ 
Xl 

11 aI'C' ~ .~ 

Vr~" _ l 

) 

~oe 
R~dilus of the circular bottom 

r = 

2 (,/:~-:) ~n 

Height of the Junction of the circular bottom'.wlth the tangential 

t I 
2v~: 

.: .. 

!,,/ 

.7 

For o section consistiug of a trapezoid superposed on a parabolic 

bottom (figIAres 2, .3) we ha~o: 

Equation of the ~arabola with the ori,~in -~t~ the ve.!,tex 

.3_ 
= 2s X 

-If 

Parameter 

P = s__ 
n 

Area of, cross section 

A = (~ +s) ~- sn 2 
n 12 

Wetted net!meter 

P = 2 t  ~ /  l+n I 
n 

+ 2.3o~ ~ log("+ ~T~'~ ) 
n 

.5 



Height .of the J .un..ction .of the parabel~bo~tom Wi~h :the .tnngent~1 

side 'slope 

:! 

%1 = s~ 
•2 

In ~st cases the.most economicalsecti~n is ~lso the most efficient 

from a hydraullcstandpoint. ~urthermore, by adopting such ~a ~sectlon, 

the~exca~mtion costs, the land area required, ~md the~amount of side 

"slope protection, depending on the slope of the sides, are all reduced. 

~Thedischarge for a given bottom slope is a maxi~aimIDz 

. d_~_Adp = 0 and . dP ~d2A > 0 (figures..2,, ~') 

The mathematical derivation for the ~best dimensions will be dispensed 

with here. Kenessey ~alyzed most favorable sections~, ihydraulically 

speaking, consisting of trapezoids ~superPosed on circular and parabolic 

segments, respectively. He demonstr~.ted %hat the best section is one 

having a circular bottom. A parabolic bottom becomes less favorable ~he 

greater the slope of the sides of the itrapezoid. ~!n general, the 

difference is not large; with a slope of 1:3, it amounts to about II percent 

in section~l area :md 3 percea% in :hydraulic racLius; with a slope of I~:!, 

:the difference is only 3 percent in area and 1 :percent in hydraulic radius. 

If ~ parabolic bottom is chosen, it should ~be ~noted that the angle 

of inclination of the sides should mot ~be more-than 60 degrees. With a 

greater slope :, a parabolic bottom cannot be ,used, f'or then its vertex 

lies ~mlthin the trapezoid. 

Kenessey tabulated the dimensions of various croso sections in 

relation to the slope of the sides. -These tables facilitate com~utations 

particularly for curved unsymmetrical sections. 

~!It should be mentioned in this connection ;%hat computations for 

true ~parabolic cross section~ at curves ~n~ ~in the straight pants of 

~meaadering streams are also :given in Keaesse~'s paper. 

6 



2. The Eischarge Capacity of 'C'~uals 

Numerous so-called "velocity formulas, are ~v~Lilabie =for 'computing 

the discharge of open ch~uanels.. 

Using the Chezy-Bruhms equation as a 'basis, other investigators 

'ha~e devoted their ,a%tenti,',n either to determining the size :of %b.e 

roughness :coefficient i'or various .types of beds (san~':.grs~el, ~etc...) 

or to deriVi~ new equations :in ..;hich the roughness Of%he channel is 

expressed as an exponent. 

Of the various Tor~as for the ,value of C, the Ganguillet-Kutter 

formula is ~probably the most ~'iaely used especially .~.fter Schewior,s 

~tables 6 and a graphic~Ll :chart appeared. 

6 

Schewior, G.I; Hi lfstabellen zur Bearbeitung yon Meliorations - 

entw~rfen, Kanalisatlonen ~und anderer wasser - und tiefbautechnis- 

chen Aufgaben (Tables for Recl~natlon Canalization ~md Other ~Hy- 

draullc end Foundation Problems), 3rd Edlti.~n, Paul Parey, Berl~n, 

L~udquist investigated ~am~ing,~ l'or~ula in the light <.f numerous 

additional data, devised a nomog~am for it ~:nd ~eco~,ende6 it as the 

me st usable formula. 7 
, , • , , _ 

7 

Lind(.!ui~t, E. G. W; .On Velocity ?or~ulas for Open Channels ,~nd Pipes~ 

:IngeniSrsvetenskapsakademiens, No. 130, 1934, or Nemenyl, Paul; 

Wasserbaullche Stromungslehre ~(Hydr~ullc Textbook)~, .J.A. Barth, 

Leipzig. ~ I?~. 

Fcrchheimer adopted ~uning':S procedure and obtained a discharge 

e.quntion based on measurements ~in i6:rge eunsls. 8 

,tL 

8 
~orehheimer, Ph., Grundriss de~' Hy.']raulik (Fund:'menta!s of Hydrau- 

• des). 2rid .~dition..Teubner. !',~26. _ ......... .... 

7 
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In Austrie and Swftzerland, Strickler'.s .~formula<of the .Manning:... 

type iis preferred. 

R. Wiakel started fro,~ th~ Chezy £ormula, arrived at ~a ~new 

equation for %he ~r,-ughness coefficient, and obt:~i~md ~ dischar~e :formula 

without arbitrary cnefficient s.9 

9 
Winkel, R.; Die Grun~I/-~gen der Flussregel, mg (~te ~Undament~i~ls of 

River ReAn,1~,~-tion). Win. ,Ernst and Son. Berlin. 1934. 

~on~ the equations ,without :roughness coefflcients Is th'=t ,of 

Mataklewicz lO which was derived from dst~. ou rivers~ canals 
- .  |, 

l0 
Mztakiewiez, M.; Die Geschwindigkeitsformel und ~lhre ,huwen.~un~en. 

(The Velocity Formula -rod Its Applications), ~males de T'Ac~idemie 

des_ Sciences Techniques a Varso .vie. Vol. ~. 1935, ~-e~.e 115. 

and mountain strew.ms. 

These formulas afford :-~ ~relatlvely speedy calcUlsti.ou of ~the dis- 

charge and are satisfactory for the ordinary condiOi~ns imet Jin ~pr~ctice. 

3. The Limiting Tractive Force for Va~i-us Ty~es of Beds 

_ The cause of thedeepenlng .(erosion) of the ~bed in the upper pool 

at a droo is the so-callefi tractive force or dr-Lg. :This force shoves 

the particles forming :the sides and bottom of a stre;~m .forward. If :this 

transportation of bed m~tter, iai is to be preveated~ the resistance to 

:scour of the slopes and ~bottom must be l~:rger :than the-tractive force. 

_Tractive force can,~be~expressed as a ~function of. tthe depth of 91ow and 

the slope of-~the water .-surface :~i(for .uniform flow :the slope of the water 

surface ~;is equal to the bottom slope) thus.: 

F t = 62.3,.DS. 

where :F t = ~the :tractive force :in -pounds ;per square ~foo~t. 

D := the depth of flow in feet 

S ~.= slope o f - ' t / ' , e  w,z~,e . I '  surface . .  



~.. -. 

,. ~ -. 

I 

For narrow can~s: 

= 62:.3 '~ ~DS F 
t 

@ 

According to Schokli:tscb, ~! ~a i~ ~pproxlmate!y unity for ch..~nnels 

II 
See dlootnote 4, ~w-~e 79. 

of a width, b > 30d. For narrow channels, he proposes 

F t = 62.3P~ 

where R = the~hydraui~clradius in ~eet. 

This i:ormula for the tractive force was based on the ~oilo~ng ~ 

argument: 

Krey derived a relation between the tractive force .n~ the aver- 

age ~iameter d m of the bed ~material. ~He obtained for the limiting 

depth, D O , and for approxlmatelyunl-gran~ular s~nd, the em:~iric~l 

relat~alP: 

7. 

12 

The various ~ractive £orce for~alas ~.~re given in: (~)Kr:Imer, H; 

Modellgeschiehe und Schlep.~,:kreft (Model Bed Load ,rod Tractive Force), 

1932; (b) Ca.~ey, H. J.; ~Uber Geschelbebewegung (On the Motion of 

Bed Load). B~.th papers appear !n a publication of the Preus~. Ver- 

such sanst~it £~r Wass.erbau ,uhd Scbiffb~u ,. Berlin. 1935. 

DoS = dm 
24~0 to 6100 

where d = ~he average diameter in millimeters. 

Therefore- 

~F o ~ ~.62.9 DoS = 0.025 to 0.I d 
m 

9 

r. 

i: 
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Fora can-I o:' ~uniform roughness, twr, [llmi%Ing w~lues ,of the 

tractive force ~re of :particular ~slgnificanue. The greater of the 

two obtsins when .~ level ;bed ,mr rest ~s :set ~n emotion, the ~smal!er, 

when %he moving ted material begins to depo'sit unlformly. According 

to Kreuter the difference between the two in natural streams amounts 

to about 30 percent. In l~boratcx-j ~tests on fine~uni-granul~r m-~teri~l, 

according to %he observations of Schoklitschp %he difference decreases 

almost ".to zero. 

Tr~i'~portatic~n of bed m~.teri~l ~J.nd the ~amount of eroslon in ,canals 

are ~deed extremely difficult problems in i hydruullcs to ,solve-.ouant- 

it:',tively~. As long as no rigid formula for *the movement of bed material 

based .-.n measurements on natur~l streams is posslble~ ipast expe~lence 

mu s t ~"" su~ice Tn nractice. 

If the tract~ ve force, Ft. , of ithe flow is greater than the limiting 

tractive force, F ° ,~'cr ~z given type of soll or artificial lining of ,the 

chanuel, ±hen the p~rticles of Zhe bed will )Je set in motion. It has 

becn observed theft wrious beds present different resistances to the 

tractive force. If the tr:~,cti.ve force of the flow decre'.ses to less 

them ~ certain v,~lue. , deposit i~n occurs in the charme]. The :size of" the 

"erosiv~ tr~.ctive force" as well ,as the '" " seoiment~d.~v~ tractive force" 
must be consiflered.-In design. 

Kreuter :rod ;Lueger !3 determined the "erosive tractive 

13 
See ~fg.otnote 4, bake 80. 

force" from :obserw~tion:~ on various type~ of bed material. ~ 
J 

Measurements by the Nurenburg ~.grlcu!turai~:p}~ineerlng BoardlA 

gave a number of values for the limltLng tractive #orce of 

14 

(a) Schok_litsch, A.; Der Wasserbau ~(Hydr~,ulic Construction), J. '~ 

Spriager, Vienna, 1930. (b) Strele, G.,; Grundrlss der Wildbach- 

verheuung (Fundamentals of Checking Wild :S.trenms), J..Sprin6er, ., 

Vienna. 19~4 



beds composed of o uartz sand and gravel, loam, and istr'Ltifiec', l~im~stone. 

The lngolstadt A&Ticul%ural iFnA~!neering Co~l-ssion 'bases its 

desi~ns in accordance width ~the following v~Suesf%~ken from p~.st 

experience~: 

i. For Firm].y packed s,'~nd ua~ fine gravel 

=0.16 to 0.18 pounds per~ squarefoot for norms/ 0 
flow 

F o :. 0.2 to 0.24 pounds per square .foot for brief 

floods 

2. For loamy &'ravel 

F ° = 0.3 pounds per s(:uare foot for normal flow 

F o = 0.4 pounos per sl]uare foot for brief floods. 

Ramshorn I:' gives: 

15 
~ e e  ,-'Ootno%, b, 1"i~ure 6. 

"o = 0.5 poum.c ~er square ~foc0t ."or ...c~,,l lined ~ith con- 

cr,'te. If thi,; ].!m!ting tractive, force 'i;. exceeded, the clnder ~.se 

of the slabs is removed -:nd the entire lining is ?]ispi~ce~. 

In connecti n -.'ith the wore in the C~nsberg district of the 

Agricultthrr~l Board, the author observed that on the Zusam and :Laugna 

.Rivers with approxlm.~..tely eoual bed conditi',ns and slopes, an unimportant 

yet distinct deepening of the ue::s of bver 1.97 £eet .occurred. 

The bed of both str ares consists of s~,nd to ~hP.rd loam,pa.Pt].y clay. 

At several places on th~ Zussm Rivel[, the sandy loam is mixed v~th ~small 

st:~ne~, a'Jth both beds, ~ ,~ignif~cant er~,sion occurred during[ floods 

~.ith a tract!w< force of 

F t = 0.254 pounds per so, u~rc foot ,(S = 0.000.7). 

pure sandy loam ~:t other places was eroded duyir, g flo,~d~ bY a tractive 

fc,rce of 

F _-0.206 pounds ,per ,,square foot (S = 0.006). 

11 



! 

J~ 

Luclu~ions such ~-~ small stones ccn&iderably reduce the bed's resis- 

tance to scour. 

Since this erosion, fox" the most part, was produced by ~the ~pro- 

tracted aormal discharge, the limit/ink tractive force must lie below 

0.2 Founds per s~luare foot .'.'or this type of bed. 

The "sedimef~t~tive tractive force", that flap that force ~t which 

s~md and silt are deposited, is given as follows: !i~, 

1. According to observatim:e Of the :Ingolstadt Agric%i%tural 

Engineering Coi~ission on e,~rth canhls without lininzs 

- 0.08 to 0.I0 poung.s per scual'e foc.t. 
o 

~.. Acco?din~: to Ramshnru for canals llne,1 with concrete ~slabsp 

Fl = 0,05 pounds per square font. 
0 ~u: 

The roughness of these :two :caut~l~ is different and therefore 

the limiZin~ tractive forces ~re different. The great,~r :the rou&%- 

hess of s channel, %he l~.rger the "sedamenta~ive limltin[~ %ract~ve 

force" must be chosen in order ~to ~revent 6iltinz. 

~he relation l~tween the tractive force, rt' end Zhe ~hydrsulic 

radius, }:, for various slopes, S, according to Schoklitsch's formula 

for narrow channel~ is .sho~n in fixture 3. Pot excmpla, if a value of 

F o = 0.4 poun4s per square fo:~t is permissible lot a given :stre~m ibed, 

for R = 6.56 feet a ~lo[Je of S = 0.001 may be chose:~. ~ 

~or R = 3.z8 feet, then ~ : 0.00 ~.; thus with 8hallo~', streams the slope " 

can be almost Ocuble~.. 

'lhe tractive force :m~y be express;~: al~o in termz of the aver~ge 

velocity. A limiting velocity for v~rinus types of be~s c-.n ~be obtained 

in a similar w&y :~s the l imitin{~ :trsctive force w~s found. ~Figures 

and 5 are ,based on Schoklitsch's tr~ctive force ecuation ~4 ~Forchh- 

elmer's permissible ,velocity/fo.n~ula. Using ~ v~.lue for the rou-~mess 

~coeffioient equs:l to 48...9 :in Forchheimer'stenuation, :we havel 

12 
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F t = 62,3 ills i(accordlng to 'Scho~Itsch) 

V = 48.9R 0;7 sO ;3 : (according ;to Forchhelmer) 

v = 89 rt  ° ' 7  
15.5 30.2 /~ 

!/ 

where ,V = the :limiting velocity :in feet, per second, li 

The functions, f(D), f(A), and f(R 0"7) are plotted in ~flgure ;4 Jfolr ~a 
IL 

trapezoidal canal whose sides slope l:l.5 ana for bottom Widths ~o= 

4 feet to 20 'feet. Similar graphs uan :be drawn for other slae ~sl~pes 

and bottom widths. Fi~u~re 5 shows 'the relation between :the hydraulic 

radius, R, and the .bottom slope, 'S, for varlous values of the mean *ve- 

loclty and also for various values of the tractive force, ~Ft- ~The F.~- .... 

curves intersect the ~" .... curves. The ,point of intersection Of:any two 

such curves gives both the tractive t'orceand'the corresponding .uean 

,velocity for a glv~1 slope and hyaraul~c radius. 

Example given: 

Depth of flow, D = 6 feet 

Bottom width, B = 10:feet 

Slope of sides = l:l.5 

Choose the limiting tractive force, F o = 0.4 pounds per :square 

foot for the given type .of bed and choose the bottom slope, ~S = O.O01. 

To find the discharge and ~the :tractive force, IF t. 

From figure 4, R = 3.66 feet and/A = ll5 square feet; from figure 

~5, V = 3.8 feet per second and h,mce Q = 440 second-feet. From the 

same figure, F t = 0.22 pounds per square foot whlch is less than 'the 

llmiting ~tractive force, F o := 0.4 pounds per square foot. Similar 

graphs can be i.prepared for different side slopes, bottom widths, 

anddepths of flow au~ountered in design work. 

i 

.% 
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The f~ l lowing  ,re some observed wJlues of  , the . . t im~ting ve loc i tys  

According to Engels 16 .the limiting velocities are: 

,m, 

16 
Engels, H. ; Handbuch des Wasserhaues (Handbook of Hydraulic Construction)~, 

W. Eagclmann, Berlin-Lelp~ig, 1914, pa~e 9L. See also: Forth'ore'4, 

n.age ~. 'lhe resul.ts of Reinhard~and Telfo.rd are given !in ~hls reference~ 

ii. For li~t sandy soil, V = ~- ~ Test .per .second. 

2. For averag.' s~dy soil, ....... V = 2.5 feet per second, 

3. For loam, ............... ~V = 3.0 feet 5per second. 

4. For gravel and compacted soils, • '~'~: 3.9 feet per second. 

The me~m velocity is grea~er ~h~n the bottom ~elocity~ hence fin 

considering the amount of erosion, the ~veloclty :ttearcst the bottom is :the 

true criterion. Schaffernak 1'7 derived the following eauation from an 

~malysis of numerous curr~.nt meter measurements of the 

~ q  

-% 

~17 
Sch~ffenak; ~{eue OrungLlagen f~z' die Berechntmg der Geschicbef~hrun~ 

in l~sen (New Basi~ for Computing the Be~:-Loa6 o!' ~ive~'~), Viennaj 

192:~. 

bottom velocity: 

~V b = 0.65 DS O'5 

Kozenj proposed U~e following ratio of the ,bottom .velocity to ~the 

mean .velocity: 

"v.. b = 

V m 

..~hether o_-not-the ~.ater was clear or laden with silt was not ,taken 

Into.consider~tion in ~he above v..lues of the limiting-velocity. '-Actually 

the silt load of the flow i~ not unimpert~,nt in connection with the liml- 

t~Ig velocity. ~udendy states that erosion of a streambed begins if 

the tractive force is larger than ~resistive force oi the b;d. As~the 

. . , - 
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ernsirn increases, the ~ater increases fits Silt loa~,, ~nd "its ,,.ver.qge 

velocity ~ecreases. A eertrlin ~egrec ~f saturation is rencheL~ as~a 

result o. e which the erosion ceases. Pure w~'~ter:has "a creater er, slve 

pov;er t}mn silt-l:~den wat~', i hence ;the silt iload increases 'until the 

saturetlc,n ooi~',t is r~ached. The studies of Fortler and Scobe~. ~18 in 

19.'-.6, gave v.~rlou-. - limiting velocities in relation to :the silt 

18 
Fortier, S. ~n5 Scnbey, F. C.; Permissible Canal Veloc£Zies, Trans. 

A.S.C.E., Vol. 89, 1926, p. 910. See also: Hjulstrom, Filip; 

Studies of the i~orphologieal Activity of a River as Illustrated by 

the River 9B~ris, ReprintAd from the Bulletin of the Geologic~tl :In- 

stitute of U~sal~., ~193£, page ~02. This interesting disseration, 

written from a nontechnic~l ~vle~:pbiL~t, gives a r.,<ther comprehcnzive 

present~tlon of the pertinent resu/ts in foreign liter.,~ture on~bed- 

lozd snd silt m~vem%nt 'rid accompan-¢in~ questlcns. 

properties of the water ~(table i). 

-% 
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TABLE .11 

Maximum, Permissible. Canal ',Velodlti e. 

.Original .Material :~. :no .: ~Colloidal 
Ex.....cavated 'for Caner ~:Detritus: :Sil'ts 

: ~ V e l o c i t y ,  ; in  f e e t  p e r  s e c o n d ,  a I t e r  
: , ~ Ig inR .  ~.of :CanaAs C a r r y i n  K 
: :Clear :Water Trans-:Water Transporting 
: W a t e r  2: ;porting : : N o n c o l l o t d a 3  , : S i I t s ,  

1 Fine sand (noncolloidaZ) : 1.50 : 2.50 
2 Sandy loam (noncollolda~) = 1.75 : 2.50 
3 Silty loam (noncolloidal) : , 2 .00  : 3,00 
4 Alluvial :silts(noncollolual): 2.00 : 3.50 
5 Ordinary firm loam : 2-30 :: 13.50 
6 ~Volcanic ash : ~2.'50 ,: 3.50 
7 Fine gravel : 2.50 : 5.00 
8 Stiff clay (very colloidal) : 3.75 : 5.00 
9 Graded, .'lo~mto cobbles ; :  :: 

(noncolloidal) : 3.7.5 : 5 . 0 0  
I0 Alluvial silts (colloidal) : 3.,75 : 5,00 
ii Graded, :silt to cobble~ : :: 

(collolcb~1) : 4.00 .: 5.50 
12 Coarse gravel(noncolloidal): 4.00 ': 6.00 
13 Cobbles amid shingles : 5.00 : 15.50 
14 Shales and hard-pans :: 6.00 : 6.00 

.| :i~ 
_ _ . =  | 

::: Sand s,, Gray el s ,or 
-: Ro.ck Fra.~_~_ent@,. 

:: 1 . 5 0  
:': 2 . 0 0  
" . 2 . 0 0  
-: 2 . 0 0  
": 2 ; 2 5  
: 2 . 0 0  
, 3;75 
~: 3,00 

:: :5.00 
: 3.00 
| 

:: 5.00 
:: 6.50 
~': '.6.50 
:= ' 5 . 0 0  

: |  

Z 
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In gene ra l ,  water laden with c e ~ l o i d a l  ~s t l t  p e r m i t s  ~the ~greateat  

average velocity. I n  several cases the ~llm~1~In£ .veloclty of water 

laden with silt is greater by about 40 :percent ithan ~for Clear water. 

However, the table shows that water laden wfth Si~It Wt~ll erode ~loam, 

volcanlc ash, alluvial silt, and shale beds as much as or:more~than 

clear water. 

In determinln8 the depth, slope, etc., of a regulated stream, 

it must previously b~ ascertained whether the stream flows clear or ~i~s 

laden with det~d tus. 

4. The Protection and the Linlng of Artificial Canals 

The side slopes and ibottom are not protected by :a lining in ~the 

majority of cases. The foot. of the side slopes is often protected 

by a layer of b:~sh ~th wooden cross pieces lald on top; ~the slopes 

are covered with sod. If properly lald, the sod cover ~Is~an effec- 

tive protection having a llm/tlng !tractlve force up :to F o = 0.6 

pounds per square foot. ~Accordin~ to a statement ~by Theuerkauf 19 

5 

% 

19Theuerkauf; Hochwertlger ~Sasen ale Befestlgungsmittel ~bel Wasserbauten. 

(High Quality Sod as a Means of .Protection at Hydraulic ~Structures) 

Die !Bautecbnlk. vol. 14° 193bo..No. 42. 

the cost of laying hlgh~quallty ~sod~amounts to 22 cen~slper ~square ~yard 

:(in Germany) including a base of top ~soll abou$ 4 !inches thick. 

For larger canals, the itotal cross section ils o~ten divlaea into 

normal :discharge and ~flood :channels. A trapezolCal channel :,Ith ,Ida 

or narrow :berms~accordlng tothe ratio of the norms/ cLischarge to ~the 

flood glscharge , is uses. A comPoun~ ~sectlon, :ho~e~ez, ,in the course 

of time undergoes a change in ~orm due to depositions of ~silt. ~This 

can be ~observednot only in canals dn ,industrial districts ~(for example, 

the Emsher canal), but also in the ~Fore Alps ~(~Isen and blott canals). 

.Bulo,~ ?'0 states that the lower trapezoidal ~sectlon of the 

"20See foo tnote  2~ f i g u r e  1 ~ . .  .... 

,Emsher canal  has acqu i r ed  a . t r i a n g u l a r  :I"onn:due t o  :the p rog re s s ive  

. s i l t i n g . o f  the channel  i ( f tgare  7),. More ~speclt~ically~, l a y e r s  of s i l t  

17 
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are d~poslted which chang, the slope of the banks from 1:2 or 1:1.5 

to almost vertical banks. These latter are rapidly covered ~Ith plant 

growth but threaten to cave in constantly. In addition, the discharge 

capacity decreases p.~rceptlbly as a result of the reduction of the 

cross-sectlonal area. In the Isen and Rott canals, s~It deposits 

even extended above the rim of the normal discharge section (figure 7). 

In both of thes~ cas~s, the decrease of the sectional area led to a 

lowering of the bed. Hence, for streams transporting a large amount 

of silt, compound sections are not to be recommended. 

The foot of the side slopes is often protected by woven mattresses 

or mats of reeds. This type of protection is aavanta~eous only pI~vld- 

ing that the erosion of the. slopes can be repaired in a short time and 

providln~, that all wooden parts are completely ~mhmerged since wood 

rapidly succumEs to rot with a fluctuatln 6 water surface. 

S~de slopes during winter are subject to powerful attacks of floating 

ice. A wicker mat is a better protection of the banks than a sod cover. 

In th~s case F o = 0.8 pounds per square foot. Kesults found by the 

Wiedan Compamy at Munich indicate that the cost of laying a wicker rant 

mame entirely from local mmterlals varies from ~3 to 50 cents per square 

yard according to the loc~tion at which it is laid. 

If a steep slope ls demanded by the topography of the countryside 

and the actual tractive force Is larger than the limiting tractive force 

of the prevailing type of soil, than the bottom of' the canal must be 

protected by some effective means. One of the oldest remedies of this 

klnd is the drIvlng of piles into the bottom. The Salt Admlnlstratlon 

in the Train district In Upper Austria has usea this scheme. A row of 

piles is driven across the canal. Thls is repeated at wide intervals. 

,Each row ol p~les serves as a sill in preventlng rapla scour of the 

bottom. Thls type of  protection is belng used w~th good results by the 

forestry service in Karuten. Lo~s la'lu across the canal at .maxdmum 

permissible intervals have a similar effect. As a rule, these logs are 

lald directly on the floor of the canal. The In6olstadt Agricultural 

Englneering Commission places them on a faclne mat. The dlst~nce be- 

tween the logs in t~ds case is from 3-9 to 4.6 feet. The logs serve to 

hold down the mat and, In addition, act as sills. Bottoms protected thus 

can withstand large velocitle~. Such a protection has a long l~fe since 

the logs are c~ered ~th water. Uhen submerged in water comtalnlng 

18 
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l i m e ,  an a c t i o n  +simflar  t o  p e t r ~ £ 1 c a t i o n  t a k e s ! p l a c e .  However ,  the  

use  o f  mats  i n  ; s i l t - l a d e n  s t r e a m s  i 's r u l e d  o u t ,  f o r  t h e  t r a n s p o r t e d  

m a t e r i a l  d i s i n t e g r a t e s  them r a p i d l y .  :On a n o t h e r  s t r eam,  bo t tom p r o t e c t i o n  

was a c h i e v e d  by p l a c i n g  l o g s  on e v e r g r e e n  ibranches ,  l o r  bo t tom s l o p e s  

from 0 , 0 0 4  t o  10.006, t h e  l o g s  can 'be p l a c e d  ;a t  wide i n t e r v a l s ~  . for  

g r e a t e r  s l o p e s  t h e y  shou ld  be p l a c e d  n e a r e r  ~together.. A t  ~ s t i l l  a n o t h e r  

p l a c e ,  %ho bottom was p r o t e c t e d  wi th  good ; r e s u l t s  ~by e v e r g r e e n  b r a n c h e s  

he ld  down :~rj a lamer  ,of  c o a r s e  g r a v e l .  :l~f ~sui:%able t i m b e r  ~is a v a i l a b l e ,  

. the !bottom can be i p r o t e c t e d  by s p l i t  l o g s .  "+The l o g s  +may +be +laid ~close 

t o g e t h e r  w i t h  t h e  rounded : s ide  up.  Th i s  c o r d u r o y  + c o n s t r u c t i o n  can .be 

c a r r i e d  ou t  in  two .ways. t r  u n s k i l l e d  +labor ::i s .avai+lable ,  t h e  :rail+s 

a r e  +nai led  down t o  a +frame c l o s e  to  the  l o c a t i o n  where t h e y  .are  +to ;be 

used .  -ll' ..ski+isled l a ~ + r  i s  a v a i l a b l e ,  t h ~  bottom ~ s  +coversd by the  

r a i l s  and ' the  s i d e  s l o p e s  p r o ~ e c t e d  by ~reed m a t s  :at  t h e  sa~e t ime .  

The r a p i d  wear in~ away .oi" wood iby ~ d e t r i t u s  .and ! i t s  d e t e r i o r a t i o n  

due ito w e t t i n g  andS.drying p o i n t e d  t o  t h e  : p o s s i b i l i t y  .of u s i n g  s tone  

f o r  p r o t e c t i n g  ' t he -bo t tom and p a r t  ~of t h e  s i d e s .  

Paving the ~bottom and ,the :base of the :slopes wi'th rubble is a 

means or r eslstin~ large tractive forces, and the ~veloclty is .also 

r educed  due ~to t h e  i n c r e a s e  i n  ~rou~hness o f  .the c h a n n e l .  :Dry masonry 

linings are so~etlmes used. That I~- of the .banks-above the masonry 

i s  p r o t e c t e d  .by a .sod c o v e r .  The .banks .are  . p r o t e c t e d  ~by ~ a s o n r y  .1.th- 

i n g  .up .to a h e i g h t  a t  w h i c h - t h e  . t r a c t i v e  l~orce i s  l e s s  ._than t h e  l t m t . t -  

ing t r a c t i v e  f o r c e  o f  t h e  sod .  

I n  one c a s e ,  a . t r a p e z o i d a l  cana l  w i t h  a rounded b o t t o m  was .pre-  

f e r r e d ,  t h e  .bot tom-being  p r o t e c t e d  .by a d ry  masonry l i n i n g .  'The c o s t  

o f  t h i s  p r o t e c t i o n  has ibsen ..*s.t:lmated a t  0 .67  cen.ts .per  s q u a r e  ,~yard. 

Such c a n a l s  p e r m i t  _ l a r g e b o t t o m  s l o p e s ,  i n  one .case p r o w i n g  adequa t e  

wi th  a s l o p e  o f  6 .5  @ e r c e n t .  Masonry ~with J o i n t s  : f i l l e d  :by .~ce~ent 

mortar is ~particularly effective if well !placed. A ~flood canal near 

Deggendorf (figure .15) has.a ~bottom slope ~which~,varies-between 0.013 

to 0.020 and the average .velocity was computed :to .be from I/o.~ to 19..~ 

f e e t  pe r  .second.  O r i g i n a l l y  . t h i s  : s e c t i o n  was l i n e d  w i th  r u b b l e  .mason- 

ry  t o  a h e i g h t  o f  from 3 . 6  t o  4 . 9  f e e t  :above ~the ibottom. A .-.sod e lope  

o f  1 : 1 . 5  was added t o  t h e  t o p - o f  t h e  q~:t;~5 rubb l e  s l o p e .  A ~flood ...in 

1 9  
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1932 due :to heaT: rains over the s~all watershed created :a !heavy 

~runof£ in the strea~s of 'the :region w~Lich was Xound to ~be as much as 

91.4 second-feet per ~square~mile of ;dralna~,e :area.. Because of ithi~ :m~ny 

streams 'overf lowed t h e t r  '.banks. ,Water d i s cha rg ing  ,'from :a i t r l 'bu tary  

~into t h i s  canal  over - topped  ~he sod ibanks. .The :sod ~was d e s t r o y e d  ~and 

the  paving ~nderscoured .  -Since : the .-stones :were h e l d  / f i rmly "~ogether :by 

cement  morta~p :the pa~tng was moved and .broken up ~tn l a r g e  p i e c e s .  

iThe damage .progressed u n t l l , , a  ~total  l e n g t h i e r . l i n e d  cana l  of  a b o u t  

0.62 mile ,was destroyed and parts of the ~slde slopes were co~ple.tely 

r~iinedo When t h e  canal  ~was r e c o n s t r u c t e d ,  r u b b l e  masonry was .used ~to 

r e p a i r  !the damage to the  l i n i n g  and ~to r e p l a c e  . the sod  covez .  ~.or ~a 

more complete  p r o t e c t i o n ,  the~paving .was ,d iv ided i tn to  s e c t i o n s  ,/by 

conc re t e  r i b s  :placed a c r o s s  .the "Lottom and~up Ithe banks o£ :the .canal.  

In t he  f u t u r e  damage ire t h e  .paving should  be-confined- . to  ~tndividual 

sections. The above flood attacked the ~paved ~slopes w£th such a force 

that stcne blocks up to 8,8 :c~bic /feet in volume were displaced from 

..the , l i n i n g .  In  order  to  prevent  damage to  t h e  banks  from :spreading,  

togs  were p l a c e d  dn t h e  gaps and ancho red .  This ~s t h e  q u i c k e s t  .and 
most ef~ec~ive means of Ltemporary r e p a i r .  

Unfavorable .experience with :the sJ iting.of compound ..canal 

sections le0 to the development of ~simple ~sectlons ..'for streams in 

industrial .regions ~such ~as the one ~shown in figure 19, which, ,due .to 

i t s  p e c u l i a r  shape , i s  c a l l e d . a  " s t e e p  p r o f i l e  c a n a l . .  ~he  dished 

:bottom itself is composed of two parts. The sldes.are !protected .by 

one or more courses of ~side slabs, one over ~the other, the number of 

courses depending ~on .the local conditions. The concrete Zinlng was 

laid.on a clnder~base 15 c~. •(5.9 inches) thick. According .to-the 

.results of  the EmshQr Board the cost,.of ~inlng the canal -in ~1936 
amounted to: 

Dished bottom 'includln~ 'side slabs per linear i~oot 

of the canal .......................... :~19.~40 

Dished bottom without side slabs ,per .linear foot 

of  the cma l  . . . . . . . . . . . . . . . . . . . . . . . . . . .  11;85 

This price,holds for the Easher dls~rlct. 

-The cost-of laying the slab lining including ~storage .and 

d e l i v e r y  o f  a c inder  ~base 15 c~. (5.9 *inches.) : thick d sz 
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W i t h o u t  s i d e  s l a b s  ,p~r  ' l i n e a r  f o o t  . . . . . . . . . . . . . .  . . . . . .  .. ~ .:8.'54 - " 
? 

:With : s ide  s l a b s  p e r  l i n e a r  : foo t  . . . . . . . . . . . . . .  . . . . .  : . l ~ p 5  

The limiting tractive force of thls Ilning :.is relatlvely low or 

F o = 0.5 pounds per :square foot. ~Scourlng .out,~Of :the-cinder ,base ~i:~l 

result, in .the majority Of cases, in  '.the complete'destruction .of .the 

lining. 

Heavy  c o n c r e t e  s l a b s  "on a g r a v e l  ba se  ~for ~pr, : , tec~ing ~,the ~-upper 

. p a r t  oi' t h e  s l o p e s  and  r u ~ b l e  .wor~..for . . p ro t ec~ ing  . the  t f o o t  and ~ower  

par~  o f  t h e  s l o p e s ,  ~ave been used  width good r e s u l t s ,  ~Concrete ~slabs 

l a i d  d ry  and t h e  j o i n t s  s e a l e d  wi th  b i t u m e n ,  h a v e  a c o n c r e t e . c o v e r  

which r e s i s t s  t he  . t e n d e n c y  .o f  :.the . s ide  : s l o p e s  .to , s e t ~ l e  .and :~o :be 

u n d e r e c o u r e d .  

C a n a l s  i i n e d  w i t h  c o n c r e t e  a r e  v e r y  . r e s i s t a n t  !to . scour  .by .-clear 

w a t e r ,  bu t  t h e y  w i l l  n o t ,  i n  t he  l o n g  .'~un, ~wi~hstand . the .cor ros ive 

e f f e c t . . o f  d e t r i t u s ~  21 F u r t h e r m o r e ,  t h e y  :a re  . v u l n e r a b l e  ~o Z r o s t : : a n ~  

21Schoklitsch, A,; Stauraumverlandung und~.Kolkabwehr ;(Si:itlng of 

Reservol rs and Preventl on of '!Scouz);, • J~.. ~Springer, ~V!enna, .193 5, 

• pa~e 8. 

marsh water. Occaslonally these .two factors,completely destroy con- 

c r e t e  i n  a , s h o r t  t i m e .  For  sma l l  s t r u c t u r e s ,  n e c - . s s a r y . c a r e  i s  :no t  

,a lways t a k e n  ~to i n s u r e  . t h a t . t h e  a g g r e g a t e  .of  ' t h e  c o n c r e t e  i s  f r e e  :-of 

d e t r i m e n t a l  i n c l u s i o n s  such~as  sand c o n t a i n i n g  i r o n ,  l o a m y  . g r a v e l ,  e t c .  

Somet imes  a w a t e r - t i g h t  c a n a l  i s - d e s i r e d .  ~A c o n c r e t e  ~ l i n ing  .w i l l  m e e t  

~ th i s  ~ requ i r emen t  a f t e r  b e i n g  ~in s e r v i c e  a ~ y e a r  when t h e  . po re s  ihave .been 

c l o g g e d .  The s e d i t i o n  o f  an e f f e c t i v e - a g e n t  t o , t h e  cement  :such a s  '".Thurament" 

w i l l  a l s o  r educe  t h e  ~ e e p a g e .  

S i n c e  e x p e r i e n c e  .,with c o n c r e t e  ' l i n i n g s  .iis . -often u n s a t i s f a c t o r y ~ ,  

:b i tumen l i n i n g s  have been  ~ t r t e d .  S i n c e  1 9 2 9 ,  s y s t e m a t i c  : : tes ts  .on t h e  

a p p l i c a b i l i t y  o f  asphalt.and t a r  ~ o r  bo th ,~dry~land  and :.hydraullc s truc- " 

t ~ r e s  have  been p e r f o r m e d  ~ a t - t h e  R e s e a r c h  ! I n s t i t u t e  l o t  i Hydraul-i-c 

S t r u c t u r e s  and Water Power a t : M u n i c h .  T e s t s  :.on . t h e - . i n t e r n a l  s . t r~ac tu re  

. o f : t h e  . -ma te r i a l s  showed,  t l ~ t  l i n i n g s  . c o u l d  ~ be -made ~ei~her  - t i g h t  -or  p e r -  

:pe rmeable  and cou ld  r e s i s t  w e a t h e r i n g  f o r - , y e a r s .  

21 
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The growth ol plants such as thistl~s, willows, etc., ~s accelerated 

as a result of ~h~ absorption of heat by the dark :surfaces. iPlan%s push 

through the lining and loosen it. It Is, ~herefore, necessary '~to %yea% 

the soil base by sprinkling Wl th a plant eradlcator before ~apply~ng ~he 

bi:t~en cover. 

In  1933 the Deggendorf Board :supplied a masti:c cement l~n:ing to  

the bottom and lo.er .part of the sides of the circulation ~canal :at the 

Saubach pumping plant. The .canal is ~:656 .feet ~l:ong. ,The lln~ng, 1.6 

inches thick, ~wlth .and .ithout drainage holes at :,the foot of the side 

slopes. So far, this lining :has been saZisfactor~.. However, . i t  has the 

tendency to flow during :hot w~ather when ~he :soll is dry. 

Important projects, in which ~asphal% has been ,~sed to ~some extent, 

have been completed during the past ~en years. 22 However~ a longer 

22Vogt; Versuche mlt AsphaltOichtun~ belm Bau des Adolf :Kitler - Kauals 

(~xperiments on ,the Tightness ~of .,aSphalt for ,the Construction ~of ~he 

Adolf iBltler Cana!~).. :Die Bautecbnlk, Vol. 14, 1936, ~No. 28. Scb/ller- 

Gorges; Versuehe mlt Asphaltbauwelsen bela ZIwei%ungsbau :des ;Dor%mund - 

Ems - Kanals (Experiments on :the Structural Uses of ,Isphalt for the 

Widening of the Dortmund -!~,s -Canal), Die :Bautechnik D Vol. 14, 

1936. ~o~. 31 and "32. 

experience record :on large ~structures ~awai%s ~he future. 

Linln& the bottom ,and :side slopes of a stream may ~be ~eoonom/cal 

,dep~ndln~ .on :the ~nature ,of :the territory '~o%%gh whlch the stream pass- 

~-es. II reduces the cost of excav~tion ~because a ,steeper !bottom :slope 

i.s .perudsslble, and It prevents silting .and scour_Ing. Howe~.er :fro~.. 

the an~ler's vle~olnt, lining .a stream i:s not ~adv~:sable :because the 

natural hiding places of ~he fish ame el imlna~ed. Ar~Iflcial !hldlng 

places, demande~ ~J f'Ishing experts, fail in ~hei,r~,pu1~pose when !ns~%s~l- 

ed economlcs~]21y. They inevitably increase -.the cost :of ~oons,%ruc%i~. 

z 9- mops 

i. CalcUlation :of .,the Discharge 

The discharge of drops :is u s u a l l y  computed from Wetsbach~'s formula. 

l:f .the dl~char~e .is f ree ,  that :is, ~f .the ~ail.a~er lles below ..the 

22 
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, e l e v a t i o n  o f  t h e  c r e s t  ,of ~the d r o p ,  and ~tf ~Che , c ros s  s e c t i o n  a t  ~.he 

,drop is equal ,to the cross section of the canal so :that conLract~ons 

and ,expansions are suppressed~ thenz i. 

L\ trU .] 
in which 

Q = the ~scharge in second-feet. 

p. = the drop coeffJclent. 

b .= .the mean .width of the .drop in ~eet. . • 

h = :the 'head ,on .the drop in i'ee,li° 

'.V = .the mean velocity of approach .:in fecal 

p e r  second. 

Only in exceptional cases of'stream regula~on~ :i:S it necessaz-j 
to know the discharge at the ~drop, for the discharge depends ,on the :capac- 

ity of the canal. The fla, in the canal produces a certain head, it, on 

%he crest ~of the drop. This static head produces a drop-down ~of the 

water  s u r f a c e  from t h e  c a n a l  t o  t h e  . c r e s t  o f  . the d r o p .  As t h e  :depth  d e -  

c r e a s e s ,  the velocIty increases, ~an~, in .cartOn <cases., .the bottom ,of 

t h e  c a n a l  is , e roded .  T h e r e f o r e ,  i t  is impor t . an t  .to ~now t h e  v a l u e - o f  

h for aeterminlng the ,t~pe and extent of .the llnIng-just :upstream from 

~he drop. The Welsbach formula yields ..only approximate result's .slnce 

: I t  does .not -.take .into . cons idera t ion  :the .flow condltions at .the drop. 

A rational i'ormula is ~only possible on the :basls .of ..the potential 

theory. However, such .a formula is <too compllc~,~ted for ,_use in practice. 

Boss 23 developed a .method .for calculating the discharge and the 

, , , , , 

23Boss; Berechnung der Abfuss~engen-.,und tier Wasserspi.egellage .bei 

.Abs turzen  und S ~ h w e l l e n  , u n t e r  ' b e s o n d e r e r  .Beruckst  c h t i g u n g  d e r  d a b e i  

auftretenden Zusatzspannungen ,(Calculation of the Discharge and ••Water 

,Sui:fao~ Curve at Drops .and !~i!,lis by :Consiaerlng the Back-Pressure 

<Occurring there), Wa sserkraft .und 'Wasse~w'i..rt scha£,t., .Vol. 24, .1929, 

. ~ e  13. _ " 

drop-do~u .curve bY considering the :pressure on .,the floor jUSt ~upstream 

from .the drop. From a ,condl,tlon ~of uni~form .flow:upstream from the drop, 

the water .surfaces fall ,and :pass .through ;the ,so-called critical depth, 

.dcr (-figure 2 2 ) .  l:f the stream llnes are eti'li .straight and parallel to 

:each :other at .section 71-!, .then 

23 
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The height of the energy grad~en~ at I"I is: 

H-~+,_n-dcr+,V~ " 
3 3 2~ 

Downstream from l-l, the pressure on the ;bottom becomes notlce- 

ab).y less than the static pressure sue to a-certain back pressure. 

• ~s this :back pressure increases the water surface falls r~pidly. The 

magaltu~e of the back pressure can ~be expressed in %eros ,of a number:, Z. 

By assuming a straight line pressure distrlbution the equation for the 

discharge becomes 

.3Z 
'The two limlts of z are z = 0 (straight l~'allel stream lines) 

and Z = 1 (maximum discharge:). 1,f IZ = l, the total static pressure 

is transformed into velocity head; th~.s ,can only happen when the .over- 

fallinE nappe is completely aerated. In general, BBss obt~,Ined the 

following equatdon for the depth at maximum discharge, the back .pressure 

being the independent variable: 

a - ~:b2 8/9 g (z 2 - 3z + ~):-~ 

From this analysis and the results of ,e~periments, BS,ss con- 

cluded that for the maximum dischaxge, ~he form oi" the drop :has •little 

influence on the discharge. ,His eqtmtion, however, presupposes un- 

known values of z and d in the .calcuAation of Q. Hence ~he discharge 

can be computed only ~by trial and error. .. 

Somewhat .more difficult Is the aetermination of the depth (static 

.head) at a drop when it is .submerged. .The tail-~ater elevation in th~s 
case lles higher ,than the crest of the drop. The dlechar~e Is usmally 

computed from the following equation: 

3 



~ n  which  

~h 2 = e l e v a S i o n  o~" t h e  t a ~ l w a t e r  above t h e  c r e s t  o f  t h e  :drop .  

h t h e  head on t h e  Clrop m e a s u r e d  : u p s t r e a m .  , 
1 

k = V2 = v e l o c i t y  head .  
2g  

The use  o f  t h i s  To rmu la  ~ i v e s  on~y a p p r o x i m a t e  :r~m:~ts s i n c e  

~i :and M 2 .cannot ~be :determined ~w~:th sufficient accuracy. 

The author was able to ~how by means of model tests that a sub- 

memged weir can be considered in the light of a we~r with a ~ree nappe, 

that i~ as the tailwater rises, the flow condltions for the letter 

change gradually into ~the flow condltiaus for a .submerged weir. 2~ The 

J 

2 4 K e u t n e r ,  C. ;  B e r t e i t u n ~  e i n e s  neuen  B e r e c h n u n g s v e r f a h r e n s  f f l r  den  

Abflus an Wehren aus der Geschw~ndi~keitsverteilum~ des Wassers 

~ber der Wehrkrone ,i(Developmeut o f  a New Procedure for Computing 

t h e  D i s c h a r g e  o f  W e i r s  Baaed on t h e  V e l o c i t y  D l s t r i ! b u t i o n  o v e r  t h e  

Wei r  Crest~)~ ;Die B a u t e c h n i c .  V o l .  7~ 19~9,  P a c e  575. 

ddstrlbution of velocity directly over ~he crest wa~ ~ea~ured end the 

data was aaalyzed .according to Welsbach',s formula° ~igure 23 mho~s 

the zesults .o£ these tests for a Eivan ,discharge but ~d.th dlfferant 

tailwater elevations. The water ~urface drop~ from 'h to h' for every 

conddtlon of suhmer~p~uce, for ~the uasubmerged welt in i(i) of figure +23, 

~the ~area l, 2, Vn, 3, 4, shows the ~heoretl ~ .... ~. ~(NeSsbach's equation 

wlth~ = 1.) The experimental Q- area is given by 5, 6, vv, 3, 4. The 

ratio of these t~o are~= ~s ~he coe~',fi.~,ent, ~, in ~NelsbaCh's formula. 

The tests showed %hat the theoretlc~l v~loci%y according to Torrl cel1$~'~s 

law~ 

is valid only at a point on the water surface directly over the weir 

:create As the ~ailwater rises, ~he ~head, ;h, is not affected ~until , a  

ra~o of hl to :h2 equal to 2°5 is reached. This value will be ,consid- 

ered a~ the point of transiltion ~rom the free ~e~r to the ~u~merged w e~r. 

25 
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As t h e  t a t l w a t e r  r i .ses s t i ' : l  :far.~her~, ithe v e l o c i t y  i n  t he  n~pps,  ~V,y, 

:decreases  ~as a consequence ~of :the .back p~essure :of :the t a i : lwa te r .  The 

t h e o r e t ' i c a :  veloci : ty  i s  a t t a i n e d  on:y  a t  ~he wa te r  ~surface f o r  .~11 t a i l -  

water  ~elevat ions.  As h 2 ~ncreases ,  t he  v e l o c i t y  in  ~he nappe decrease~ 

and  .the V v-  c~vve becomes . f l a t t e r °  .~s t he  ' .velocity dec reases ,  ~heihead,  

;h,,  a t  the  cre~t, of t he  weir  i n c r e a s e s °  The ,sums of  t he  'k!nett .c-  and 

p r e s s u r e - a r e a s  as wel l  as the  t o t a l  a reas  'bounded by t he  V v-  cu rves ,  

r e s a tn  :constant .  I f  t h e  weir  coef~ ' l c ten t ,  :~:, i s  computed as the  r a t i o  

o~" ,the ac tua :  ~- area to  the t h e o r e t i c a :  ~- area ,  a s e r i e s  of  va :ues  w i l l  
be o b t a i n e d ,  t h e i r  s i ze  .being uni formly  dependent on  ~he t a~ lwa te r  e l e -  

v a t i o n .  Among o ther  t h i n g s  t n  .these graphs~-: the  Q-a reas  r e p r e s e n t i n g  the  

t h e o r e t i c a l  d ischarge fo r  a submerged weir !(equation w~thout c o e f f ~ c i e n t s )  
are  also shown. In (5), t h i s  :area .i's .glve~ by 1, ~2; r6~ "V~ 7, 4~ ~ d  

a l though  they  r e p r e s e n t  equal discharges~ they  ~are n o t  equal in  a r e a .  

There fo re ,  t he  equat ion A'or .the ~su~nerged wei r  cannot :be computed u s i n g  :a 

uniform r e l a t i o n  between the  heao, :h, measured upstream from t h e  weir  

and the  submergence, ~h 2 . .£ submerged we i r  possesses  two 'types o f  .nappes, 
a d iv in~  nappe  .when 

h 2 ~ 1°17 as  in  (~) :and :a w~ve nappe' when :hl/h 2 ~ i 

as  .in (~) and :~(5). The c r t t i ce_ l  depth f o r  s t r a i g h t ,  p a r a l l e l  .stream l i n e s  
• was computed fro~ 

b g  

and i s  a l so  given in .the graphs .  Wlth a "free ,nappe~ t he  :head~ h ' ;  o~ 

t h e  c r e s t  of  ,the weir i s  s i g n i f i c a n t l y  smellier than .h,./hcr° With .the 

..type :of d~scharge s h o ~  .~n (3) ,  h '  £s . s t i l l  l e s s  .than :hcr, bu t  .with a 

wave na..ppe, :.h' ) bcr .  ,The r a t i o  h ' / h c r  i s  dePenden ~ on h2" 
,Genera l  e~u~tic,u 'fO~":these ~" .. low . r e l a t i o n s  .cam :be d e t e r a i n e d  from 

the  . r e s u ~ s  .of measurements on v ,~ ious  shaped .we~rs :h~ving ,dt I : ferent  
~he!ghts of  .c res t .  2~ The func t ion  

26 
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~25Keutnerp C.; Der :Einfluss ~der X~ung der Wasserfaden auf di'e 

Energlebilenz und das Wasserabfuhrungavermogen 7on abgerundeten ,und 

scharfkantlgen Wehrkorpern i(~The In f luence  o f  Curvature o£ 'the :S~rea= 

Lines on the Energy ;B~auce and -the Discharge :Capacity 'of ~Rounded and 

~harp-Crested Weirs).; Wa~serkraft und Wasser~irtschaft, ~ o l .  28, 1933, 

Pa~e 2~o 
Is plotted ~in figure 24 from ~,lLich values of :~ ,cmt be ,read. dcraOr- 

.responds to hcr in figure 23; d I :is the~depth oefore '~he :drop-down curve 

begins. These ~-values are the :new weir coefIlcients iln iwelsbach',s 

equation. In figure 25, the following function for the submerged weir 

i s  represented= 

= rfN 
• \d2 

The iboundary between the two types of,nappes is also ~shown in figure 25. 

From these two graphs, both ~ and .d E can be quickly determined for a 

dcr 

given va lue  of the  . r a t io ,  d l / d  2. A £ t e r  computing dcr  from t h e  r a t i o ,  

dE, ~! can be c~iculated. For ,a first approxJ~atlon set d E = dl- 

dcr 

According .to Muster le ,  t he  curve of ~he water sur face  can !be 
26 

.correctly computed by means of the ~apulse law. It was observed in 

. L  

26Husterle, T.~; Abf lussberechhun gen ~bei Wehren mi t ~breiter  .Krone r~ t  

,Hilfe  des Impu!ssa tzes  . (Calcula t ion  of  the  Discharge ~l'or Broad,Crest  

~e i r s  iUsln~ the Momentum : P r i n c i p l e ) ,  Die Wasserwir t schaf t ,  ~ o l .  23., 

__. 1930, Pa~e ...41+1 . . . . . . . . .  

model tests that the critical depth for ,straight parallel flow does not 

occur d i r e c t l y  a t  the  .brink of -the drop,  ~ ( se.ction .]~] -]  I ; f igure 22) .but 

a t  some d i s t a n c e  Upstream. II" the d i scha rge  i s - h e l d  .constant .and :the 

t a i l , a t e r  i s  r a i s ed ,  . , there- is  a l i ~ i t  ,up .to ~hich :the water l e v e l  uP- 

s t rea~ ,is ,not-changed (de f ined  bY t h e  au thor  as ',the : t r ans i t i on  :from ,a 

submerged weir .to .an unsubmerged . e i r ) .  : InMus te r l e ' : s  ~analysis,  ,~the 

c r i t i c a l  depth .is p laced  ,at t h e  b r i n k  o f  the  :weir ( l i s u r e  126), and can 

be computed by,means o f  :~hemtntmum ,dynamic capact tyJ  The sum o f  t he  
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aotu~l dynamic capacity, S ÷ D., upstream must ,equal 'its value :8 %1 It 

downstream :from the drop. Further 

S := Stain = 3--2 w 2 ~or b 

in .v~ich 

or - wb Du 2 o 

ii - 
:s - 2%Zu) 

!~, Q:- 

V 2  u 

u 2g 

= PcK = Iimin = b g  d c r  or 

d can be computed, or Q may be calculated from dcr, 
u 

The analysis for an unsubmersed weir :is ,similar, ,only in ~thls ,case 

the dynamic capacity at a cross section nf the canal upstream from ~l~Ae 

drop must be set •equal the ,dynamic capacity,at the dropo 

gacoby 27 developed a method of calculation\based on model tests 

which is especially well adapted to determining the discharge over a 

ground s£11. • 

I i I ii ~ i - -  , 3 i  - t ~  . . . . .  ~ - -  I I - -  i . . . .  

27 Jaeoby , E.; Die Berechnung tier Stau~ohe bei Wehren ii(l~e Calculation 

of the Head on Weir.~))Y.lasserkraft and Wasserwirtschaft, 1/oi. 28, 

J l  I 1 - -  - -  

Z. The Calcu.l.ati~n of %Ae Drop-Down ~Curve 

After determining the depth at ~e .brink of the drop, it is neCes- 

sary to find the-extent of the dro~-dov~n curve ~d ,from tn£s :%/~e extent 

of the increased velocity. Calculations of t/~e,drqp4own curve by the 

most popular formulas usually do not a6roe with measurements. In partic- 

ular with narrow trapezoid~l canals, . the  .difference between computed and 

measured curve is very considerable. Kozeny ~8 developed a :semi-£raphical 
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28Kozeny, J,.; ~ber  d l e  ungle lchformlge  iBewengung d e s  ,Wasaers •In ,elemen- 

rarer  Darste l lung .  ~ t t  einen Zusatz ,uber d ie  n i c h t  s ta t tonare  ~Bewe- 

gung (On Non-uniform Motion of  ,Water Represented ~:Ele~ntar~ly.  ,With 

an Appendlx~on ~on-steady ~otlon) Dle ~Wasserwlrtschalt, Vol. 22, 1929, 

S o s .  2? and ~0. ., ' 

method for computing ithe :drop-doom i n  ~narrow ~channels, which shows good 

agreement vttth measurements.  
F igure  ;2? shows a comparison o f  the drop-down curves computed by 

Kozeny ' s  and Ruhlaann's :methods. The d i f f erence  d~s very  ;not iceable  

c h i e f l y  because with the  drop-down curve accord ing  to Huhlmann, the  
depth,  d ' ,  was computed from Wetsbach*s equation and there fore  i s  too 

l a r g e .  According to  Ko'/eny t h e  drop-down extends about 1 , 1 5 0  f e e t  up- 

stream from the brink of the  drop. The v e l o c i t y  ,of :approach accor0Ang 
t o  ,~ozen,y, v~, and according ,to Ruhlmann, vR 11ke~:1~o a r e  ~d~iffe~ent. 

I f ,  for  t h e  example shown in f i g u r e  :2~, ~:a ~ tmtt tng  t r a c t i v e  :force o f  

0 . ~  pounds per square f o o t  !is p e r m i s s i b l e ,  the :al lowable T e l o c t t y  i s  

5./~5 f e e t  per seconc.  The botton of  the  canal must be l i n e d  to a d i s t a n c e  

oi" 57~ • feet  upstream from the drop i n  order  :to prevent  scour.  According 

to :Rub/mann the l i n i n g  must extend s t i l l  t 'arther. ~However, ,the drop-  

down curve computed by ~Kozeny's method agrees  we l l  a f t h  the measured 

curve.  The s e a m e d  t r a c t  ~-ve force  :is  ~also p l o t t e d  i n  the f i g u r e .  'The 

determinat ion o f  F t  f o r  a s i n g l e  s e c t i o n  i s  howeverp ~naccurate ,  s i n c e  

t h e  tangent  t o  the  .~a ter  surface must ,be introduced f o r  the  s l o p e  o f  

the water s u r f a c e .  S i m i l a r  computations can b e s t  ~be evaluated ~n terms 

Of ,the v e l o c i t y  rather ~h~n the ~tractive force .  

Kozen~9  a l so  advanced a method ~or computing the  idrop-doen curve 

in broad canals which ~ l ~ e ~ l s e  show~ ~ood agreement ~ l t h  m.asureaeuts .  

, , ,  , , 
_ - . -  . , , 

- ~ozeny, J.; "Bereclmung der Senkungskur~e In regelm~sslg~n ~breiteo 

Gerlnnen (Calculation ,of ,,~the Drop-Down Curves in Unl Zorm, Broad 

channels). Wasserdraft und ~asserwlrtschaf~, , V ¢ I .  23, 1928, Page 

2 3 2 .  ~ere  the v a l u e s  in  th,.~ t a b l e s  are p l o t t e d  i n  graphs. See 

a~so • f p o t n o t e ~  
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Figure .:~.8 shows .backwator curves :as :far'as :i.~I Test ,above ~a .drop 

computed by ,Kozeny's '.and :Schafferuak"s methods, respectively,. T~he ~t~o 

curves deviate conmlderably ~£rom on~. another,. 

As already noted, -a smaller ,depth -t.han :,the .critical .depth, <dcr 

exists directly over ,the crest o£ the :drop. 'Accordln~ .to Kozea~: 

q = a d ,3/2 = 34,2d '~3/2 
• @  

i n  . h i c h  q = .the d i s c h a r g e  per  t o o t  o f  w i d t h  :in ' . s econd- fee t  and  :d' = 

t h e  depth on . the br ink  i n  d ' ee t .  . ,Tbls .va lue  oi" '.0 . agrees , . approxImate ly  

~ i t h  ',the v~! .ue  .which S c h a f f e r n a k  found .forum ; b r o a d - c r e s t e d ,  hor~ z o n t a l  

and gravel-studded weir, namely: d = .3?,6 <to 30.9. In ~the example, 

d' = 2.~.0 feet..If the drop-down curve ~s extended tO ,a depth d', the 

position of the brink of .the arop should :be approximately .g,~vau. This 

lles at about 6.56 feet downstream from the ~sectlon at ~h~ch the crltice~l 

depth occurs. .The :polnt at which ~the water surface ibeglns :to drop ~s at 

a distance, I a = 8d o (appro~dmately~ ,upstream i'rom the ,computed posiSion 

of the brink. 

,,$ 

3-  The Form o£ the  •Gross S e c t i o n  a t  t h e  .Drop 

S i n c e  the  drop-down curve  b e g i n s  ups tream-from ;the b r i n k  o f  the  drop,  

an attempt has been made to contract the cross ~seu~ion at the drop, in 

order to localize .the drop-do.n cu,,z~..e. With ~some ~sultable :~.truoture 

such as a sill or side contractlone,, it ,is posslbleto .raise the surface 

curve.upstrea~ from the-drop. To .accomplish this, .a-vertical oontraL;~ion 

such ae a Gill !s ;pre£erred. ,,Often-the brink o£ the drop ,!:s :placed a 

~few inches f~:~?.~r~do~ustream. Ho,e~er, the ~ater surface cu~ ~.is only 

affected at relatively ,amall depths,,o£ £1ow .when .such;a s.cheme Is used. 

.~ss 23 ~Ives a method :i'or .comp~tlng the height :'of .a ~sill whdch 

will flatten oat .the drop-down ~)irv=-. ~e .s~azts .from ~the critical d~pths 

for ~t~ai~nt ~ana for carvea stream ~lines i(euu ,£1~re 22,),. '~1;£ ~he expresslon 

~or the height of the energy gracLiea~t ,~i'or .straight sir, earn lines .and magi- 

mum discharge :~s set equal to the he!£hL o£ .~he ener~" .gradloat t'or the 

flow ~Ith curved stream llnes, the height, :hs, o£ the el'l.1 ~Is ,£1ven ~by: 

.'< 3 0  
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#or t h e  , coapu ta t ion ,  :a c ross  ,~section I s  chosen .for 'the ,.canal :for 

which the l o c a l i z e d  drop-dora; :,i8 .not l a r g e  .~(figure ;28)~. The  !depth of 

flow a t  the  , s ec t ion  a t  4 9 . 2 f l e e t  As : ' 4 .66 : fee t ,  a n d  %he ',veloci!ty ~head 

t h e r e  i s  0.87 f e e t ;  : t h e r e f o r e ,  the  h e i g h t  of t h e  .energy g r a d i e n t  :;at 

t h i s  s ec t i on  i s  .5.53 f e e t .  :Assumt-n~ tha t  tthe ~.nappe spr ings  ,.free, Z ,cau 

be taken _equal , to  u n i t y  and ,the h e i g h t  of ;the s i ~ l ,  :he, from t h e  Bess 

equation is 0,95 feet. .For Z = 0.5, h e 50.87 feet. For a Sill at 

least 0.95 feet high.or about O.IZ+5 do, the drop-down curve will not 

extend back beyond : the c r i t i c a l  depth  ~hich w i l l  .be a t  the  ..sa~e :place 

as wi thout  a s i l l .  However, t h e - w a t e r  su r face  a t  .the drop ,wi l l  !be ,r~Jsed 

an.amount ~h. Thus - i f " -a , . dep thon  the  c r e s t  of  ..the s i l l  equal to  :2.2 

f e e t  i s  assumed s u f ' f t c i e n t  for  the  given d i s c h a r g e ,  .the new .water -sur- 

• face  w t i l  l i e  .3.15 f e e t  above the  b r i n k , o f  the  drop.  During f l o o d s ~  :a 

sill of ~Inlmum-height will be effectlve, ,for the most :p~rt, .in pre- 

ventln~ erosion of the ~bottom.of the cane/ just above ~the _drop. '~ha% 

height of sill .which will.not raise t he  backwater curve-in ~the .canal is 

shown .in . f igu re  28. ,The water s u r f a c e  ~is such t h a t  ~the .dePth of  ,flow 

. in  t he  canal  as f a r : a s  a s ec t ion  nea r  the drop,  ~ts cons tan t ,  ..as i s  .seen 

from the  l oca l i zed .d rop -down  curve ,  .and, t h e r e f o r e ,  the veloc.~ty t s . . about  

equal  to t h e . c r i t i c a l  .velocity. .  If ~he head upstream _f.rom-%he s i ~ l  is 

computed fromWelsbach's formula wJth~ = .0.736, a .v~lue, ho-= .3,68 

!.feet, is .oMit- toed,  l i t  should ~be noted  t h a t  -in o rde r  .%0 .car.ry :the g i v e n  

dlecharge, the 2aximum height-of sill is, h s = :6.56 - ~.68 = 2.88 .feet 

or about 0.44 d ~  .The new depth a t  t h e . d r o p ,  de,  . i s  :found f..rol =the 

depths.over the  c r e s t  of  t he  . . s i l l ,  ..h'., which .is.com.puted .frcln ~he authorl~,  
.24 

f o r a u l a ,  i 
h' =0.37h (' h) 0"2 
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~where : h -  : h e a d  ,on  t h e  :S'ii: . ._ . .~ .~ . -,..:-,.. r, , , :  ,, . . . .  ,~ ...... : , _ _ _ :  - ' .  :i 
. . . . . .  . ,  .. =~aza:.  .:e~nus 

" , h '  : = : ~ 2 , , 8 3  me*t:~r ,a' . 's  = ; 5 . m  .:£eet.;  : , ~ c c o r & l n g : t o  ~ O b : e : e r ~ g n : £ :  :::Sua 
2 ' ' 

, d u r i n g  ii£iood ! s ~ a g e s ,  . ~he  water suri'a¢ 

dgs char.ges j .  - , 'The.. v e l o  c f t s .  ~:,"'~ts ~ _.___~decr~a~' 

~,whtdh ,:are n o ~ " : s c o u r e d ~ b u t  :~by rare ::f'lo 

iobject1on, a:sectlon-of ',the!s~ll !:~s 1 

.2: 

I n  : t h e  c a n ~ . ,  h o  . . . . .  :t . ~hel ghf; ~of "st~}l ::i's ,h " . .=  

• • .: :~:.. ':••:i:%..:.'! 
, :•  • ...~:~.• •.. 7 • .  • •  ' 

"' " .... : .flood: .di scharge.., aHoweven, ~;s~nCe-':the)he.]ghg:of i~he 

:',, e ~ l i ,  ,a "e iooa. , . i : l i  ~t'-~e-ge,~he,drop.."i.t~.~s~:hi:', 
:- :" : a p p r e c i a b l e  ;and :! favo~abie.  :re~,,sing o f  i~he w a g e i : ' i , ~  ~ 
:~: :'~ i m l ~  :St11. " :' 

~ e p p e  :Is,~eee a t : ' ~ h e  7", : .. ,':: 

,v• 

: " r " " :  ~ :t ,rac.tt  o n e .  
..... ,-. '~F; :.GeI'il. was ~;he f, lrs e pr~nclpl~ 

. . . . .  • . l~lch., :.~.:, ~ R e g u ~ l e ~ g - y o n  ;l~ 

of' :,Streams wJt h •Large :Slopes). ,  
ceased). 

© 
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drops w i th  aide ~contract ions f o r  .el imtnat~nE':drop -down curv~so =as 
employed ~a parabol ic  .shape : f o r  ;the ~.drop :and ,:computed =!i~ts ,out l ine  mathe- 

m a t i c a l l y ,  e=ployinE WelsMach':s ~equation for welrs wi~h a freeTnappe 

and the general equation for ~submerged welre. Tables facili~tate the 

calculation of the parabola. The dro~down :curve was ellmina%ed~at 

all dlscharges. The larger the discharge coe~f~clent, ~, Is :ass~ed ~to 

be, ~he smaller the area of the parabola. For the submerged welr~-~ I, 

is put equal to ~2" Weir shapes computed ~th M = 0o75 and 0.83 accord- 

Ing to Gnllich are shown in figu~'e 30. The sides of the weir are dis- 

continuous as computed, as is :shown :by the broken line. The ~transitlon 

fro= a weir with free overfall ~to a submersed weir causes ~these :sharp 

breaks in the curve. This can be e~lalned by the fact that the 

Weisbach equation and the equation for a submerged weir ere entirely 

different structL~rally. They do not merge smoothly from:one ~%o :~he other. 

~t is possible to apply the ;results already obt,~Ined by %he author, 

In model tests on the maximum variation of the coefficient of discharge 

for submerge,~ weirs, to G~ilch's and 8a~erer's methods of calculation, 

obt~inin£ ~he .best shape o£ the parabolic crest froma hydraulic vie,- 

poin t~accord in£  to GRtl ich.  Using t h i s  improved ~ethod,  .a curve f o r  t h e  

c r e s t  can be computed which chaa~es  uait 'ormly th rou~hoa t  even a t  : the t r a n s i -  

t i o n  from suhmerge~ .to f r ee  w e i r .  The nnsightly and expens ive  Jagged 

crest ' in  figure .30 can be-~sslmlla~ed ;to a parabola, :the amount o£ 

assimilation being left ,%o the designer,. ~At such.a ~rop on :the Sulz 

River. 'at  Berth ing,  a f l ood :o f  2,648 second-feet overf lowed ..the~bm~ks 
~of :the canal; yet the pos i t i on  of ~he,drqp and the loca~ized drop-down 

curve were .clearly evident. Although with .this ~di.scharge, ,the drop was 

submer~ed, and:only a small ~:difference in e l e v a t i o n  e'//sted :bet=sen the 

headwater  and t a i l  ~water, y e t  fo r  a , cons ide rab le  d i s t a n c e  downstream :~_om 

~he drop,  the f l o w  . a s  seen t o  be ve ry  a i . s turbed a n d  ~i~ , .~ io lent ly  a t t a c k -  

ed the  bed and banks.  The s e c t i o n  a t  ~the d r o p  compared ~to t h e  croa~ ~sec- 

t t o n  of the canal above the drop possessed a relatively sma~l Contraction. 

This design corresponus to a value .O ":~ of about 0.70. 
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, .iThe ' l a r g e r  M.~is~.%aken~aud~the~s~ailer-the~net f l o w ~ a r e a ,  , th~ .~ , l a rger  

i t h e  v e l o c i t y :  and.-.depth o f  f low.~over  ~:the , d r o p ,  .The.~'range ~6f , t h e  ~ t r a J e c t o r y  

o f  t h e  : n a p p e  ~ i n c r e a e e s  ~vt~th a n  . , i n c r e a s i n g  ~.veloci%y ~ov, e r  ~the .~drop. /A.t.-:a 

~drop ~ a t  ~ U e t t e n h a u s e n  ,- on ~..the •~KaBnel R S v e ~ ,  ~,%he . o v e r f a I i t  ng.~ nappe  ~ c a u s e d  

'.~.the .banks  ::to .~:cave !,in ~a% =the end,•of~:a :T.e~atning ' :wa l l .  ~The/lemE%h .~of '~the 

..stilling !pool, about 79 feet,~ was '.too short ~rela~Ive ~.tot%he ~.rauge ~of the 

:nappe. ;!t was reool~ed, therefore, .to :sho~e~ !the ~:ra~ge of ~%h~ nappe 

~by ~ t n c r e a s t n g  .the a r e a  ::OfL!~flow~a% ~the , :drop. [-Hence ~:the Ltop: ,por~ion .:of 

%he p a r a b o l i c  .~ sill ~ wee : . r ~ o v n d  ~for  >.a"~'conside~ahle d t  s t a n c e .  [By :do ing  

, t h i  s ,  : t h e  " b a c k w a t e r .  e f f e c t  d u r i n g  ~ h ~ h  ~ a t e r  •due .i~o ..the ~ c o n t r a c t i o n  'was  

:neces~atily ios~. During the •followlng .year, :the ~:sand, and gravel ~bed:of 

~the °upper canal :~was ~scoured ~to :a •.depth ,.of about °13~3 ;fe~t. ,~ 

. ;A n a r r o w  p a r a b o l i c  . c r e s t  ~by~ crea%ing~a.~la~-ge ~ c o n t r a c t i o n ,  ~requi,~eo 

a :  l o n g  *and ~-wlde ' s % i l l l n g  : ; p o ~ . . ~ £  .: d r o p  .-on ':~the ~ S t r o g e n  i R i v e r , . a t  i~l~uge~-~ 

.;.pret sen~ h a s  ,,the 4'rr~ d e s  % = ~  ; O'f <the : s t i l l i n g  ;1~0!  .:"at ; some , :d is t~n~ • : f rom 

~the . d r o p  so.  a s  :.to t a k e  _account  ,.of *:.the ! . t raj  ec%ory <of ~the:  n a p p e .  

.:it :pecu~%ar ~.type : o f  d r o p  . i s ~ f o u n d  ,.on •~the~lUndel  ~.gtver .~a% ~Thsnntml~s~m. 

The s i l l  lie para~llc :in form~and .~Is~narro~ ~in :com.parlm~n-,*~lth ~the ':width 

o f  . the  ~. c a n a l . . T h e  ~-banks o f  ~.the , ,canal  . e r ~  ~ p e d  ',,to- m e e t  =.the ~eide  , ~ -  

t r e ~ i ~  • s . .o f  :.the : s i l l .  ~.The : . shor t  ~. s e c t i o n ,  o£ ~ h e  c a n a l  ~:~us% .above t h e  

d r o p  .-.wad:now ,.~baped_ l i k e  ~a ~.nozz~e. /.,~o% .o~!y  x a s  ~ t h e  : ~ a c k ~ a t e r  ~ e f f e c ~  . 

due  - t~  ..the .~ c o n t r a c t i  on  a t  ~.:the ! ~ 1 1  ~ l o s t  ~ _hut ,..also L~.the .~ nozz le -~h~/ped  

~ s t r u c t u r e  , c r e a t e d  a:  s h a ~ p , ~ : d r o ~ i o ~  . :c~rve ,~,~h~ch was ~ u ~ a s  i l e r g e  ~as t h o u g h  

. t h e  c a n a l  .was c o n t i n u e d  . d i - r ec~ ly  '~to : t h e  ~ b r i n ~ - o f  - t h e .  d rop-wl .~h~ut  ~a ~-s t l l .  

,Hence ,  -,~ c a u t r a c t i o a  i.ln , t h e  . a r e a  ~o£ ~£1ow. ~s.~only . ~ f f e c t i ~ e . ' : i u  ~:produclng ~a 

: b a c k w a t e r  e f f e c t .  when : t h e  ,banks  .o f  : t h e :  c a n a l  . a r e  ~no,% ,.warped ~:~o :£1.t ~.t~e 

s i ] . l  ~at : , the .drOp. 

:The .~l~igol steal% . . . A g r i c u l t u r a l  ~ : I~ i~ l~ea ia~  < C ~ m i s s i o n  ~ a c q u t r e ~  ~a ~ l a ~ e  

, amount .~cf :.%~heh£1e ,,-~ata :..at ~a .=~h~p ,on °:the :re~/ated ',Weilach ~dver. >.The 

.C res t  :.of ; the. drop was :.desi.gned !accord ing  ~.%o ...Gui!Ich~..s ~ aethod ~...wt. Zh p = ::0;85 

and O. 75, r e s p e c t i v e l y  { ( f i g u r e  :~37) • 

:~The r e l a t i v e ~  - ~large . . c ~ u t r a c t t c n  ~.cause~ i%he ~na~pe ~to ! ba~.e .-:a ! l o n g  

~ , t r a J ~ c t o ~ .  T h e  ileng%h ~of ~%he ~etil!In E ;Ix~l ~rov_ed ~ : be -.~:~ ~shoz~ 

• . . - . , ,  . 

[ /  



, .  • . ,  

i 

i . 

if: 

.!.-. 

[ ' . ,% 

espe~lally ~il;h large ~-values, ':'so i.that ~the i.:banks ~.at '!.the .:e~a :ol ,.the 

side .,walls.of the .~s~illlng ;.pool :.were :eroded, .!~r.thermore, ~.the ~ce~al 

.:especially at no~l ."~ater ilevel.s.i.The :'redes!~ ~'.Of '.the .~:crest iacc~rd- 

trig ."to ~'~Wagerer r* r e s u l t e d  tn.~a :somewhat ! b e t t e r  :.shape. ~.:The ::st 11 ,' .as 

parabol ic / . . . ,~ . .  £orm. o u l y  -up .,to ".',that :-:e~e~ation ~ a t  ,'which i the  ,. nappe ~ became 

: s u ~ n e r g e d .  Abo~e . .t~te elevatton-'%he .crest ,~eons~ ~ t s . o ' f . a  . .:straight ~,Itne 

w h i c h . m e e t s  ~.rthe: p a r a b a l t c  ,,part : t angen%ia l ly .  :.Op ~,to ~thl~s~,%r~n-s~ton~ 

,the , c o n t r a c t i o n  :, i s ,  ~o~ewhat ~::~nalle r ~ t ~  .~ £ o r . G u l i t c h  ~..~s ':dest,~n =and hence 

the  ~ 'danger.:of  . ~  1.ring :' t s  ~..grea~ly r e d u c e d  o ~ A ~ e ~ r d . s ,  : a - r e e ~ m g u l a r  

open iug  ..was :cut.:out :o f  t h e  !lower !.part ,: o f  !:the ~,~ar~bbtt c : e e c t l o n .  iThe~e 

• changes .~ In'-.the shape, o[. ~he :drop ! h awe ';~Inal'c~ea ~themsel~es .. ~ur.ing a 
perlor..of-a-,ye~r. At ..o~;her, drops -'.:.the .parabol1:c~.de~Ign.has.:been:~~- 

.,pensed, wlth~ at :the. outset: and ~: simply .a :rectam~r .:~slot used. ;However, 
'...the re~ul",~s.-do.not co~e,.up!.%o-:expectations° :A proposal ::by ~ g e r e r  ,:~or 

,:the: de~ign or a" drop :is abom in :flsure ,:.'37..?It .:conta~ns~.a-.'large .rec- 

tangle .. a t  ~the ,base o ~  :-the , s i l l  ~,~bl~h :ta~kes ~:o~b-;df ~tbe ~ : ~ L 1  : 'd ischarges 

s l t ~ . . o n l y  a. v e r y , ~ a l l  ! b ~ C k ~ e r  ~eE~ec~ . . 'A:  t , ' a p ~ z o l d a l  , :~sectt~ ~is  

• superpo red on ~.,~he ~re ¢~angular :~slot and .-extends ~lat~rally ~ far%her ",,tha~ 

-:the'/parabollc crest, The amount ~of ::c~ntrac~lon :~i~ ::a~out :.the :.~ame ..~o. 

: ~hat ..,the h~ck,a~er .. effect, i s :-&pproxl~ately ~%he ~;~ame. ~or ",%he ~.t~o .. deslgns 

during .:flood : idischarg~s .  

: At l l e  r31 propo sed,. ,  f o r  '::,the ~. b e s t  , de s!  ~n,,, a -:~rape zo t d a l ,  n ~ c b .  

.wbO~ .: slde8 .are.,. parallel .to .~.the .. sides ,-o~ :.,~he ~trapezoldal -~canal i(~Igure/;30)° 

Th1~ de s1~ ~ has. not. proved ' satisfactory ..and ~.~ii ~ further: details .-are: di e- 

-pensed ~ l t h  h e r e .  

.. , ,, ,, , , , - j 

. / "' n 31Nagerer~ Zur,3erechuung a b s e n ~ u n g s f r e i . s r  ;Abst~rz~ ~(o :..the ~Dest:gn-.of 

. a Drop, Free. from., a Drop~aown ~Curve) ~:,~nd .:~L111er; .~ Die i~asserabfflhnm, g 

a b e e t r e p p t e r  ~ r e s u l t  er . ter  ~Bmche i, (The i. Dtscha~_ge ..-.of ~ S t r e a ~  :Regulated 

: bY Dr~ps ) .  ~Both p a p e r s  ..were.. p u b l i s h e d  ~tn "~.the . i f l . tern~l  ~ pUblt c a t i o n s  

oi" ~ A g r l c u 1 ~ _ a l  : ~ g i n e e r t n . g  : ~ a r d .  , . 
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Other  drops are  .designed d i f f e r e n t l y  &ccordtng ~to , t h e i r  :vu~ious 

:requtrememts.  ~,Rectangular~notches: con t r ac t  ,the :nappe ~very marked ly  

e s p e c i a l l y  d u r i n g  if loods :so ~that e x t e n s i v e  :p ro tec t ion  o f  ~the i'banks 

d o . s t r e a m  Croa t h e  drop : i s  :necessary .  

In / 'Austr ia ,  .orcp .crests ,  a r e  _ummlly ' l i n e d  w i t h  ~natural ~stone, ~tf 

~he  . ,structure : is  a concre te  ..one, in  .:order f e e l s t  .!.be~ter ~the :Bcourlng 

a c t i o n  6f water and s i l t .  /Saa l l  t r t a u g u l a r  notchessproduce .~oaly~a 

~s~mll !back,~ater e f f e c t  during f l o o d  ~stages. ~,They :are ~matisEactory itf  

t h e  :floods. a re  :small and o f  shor t  : dura t ion  .:and :!if :the ~stream ~bed 

possesses  a la rge~J . la t~ lng ,  t r a c t l v e  : force.  

:A :~compound , . c a u ~  . .cross sectt-on r.eqatres,~a complex ~ drop ~:creS~o 

;The d r o p , o n  :the SUlz ~Iver 'ab . ,Be l l . lugr lee  ~has a ; p e . ~ l a r  des ign .  

:_The- crest , i~.  d iv ided ~.tnto :a-aorsu~ .,f£ow a~c~ion, ~an ,.average '.flood ~,aec- 

~ t t ~  a u d a  b a n k - f u l l  ~ e c t t o n .  'The ,.slopes :~o£ '=the :sides ':are d i f f e r e n t  f o r  

t h e  d i f f e r e n t  : s ec t ions .  :The ~!loeest ,sect t~u : is  .:a . rec~snguiar  ~notch; ,~he 
. .  

-other ..two : .sections have ::side :.:slopes 0£ ~i:I  ..~ud :~:.i,:~, :re~pecbl.vely. 

The con t r ac t t on -ab  the drop , i s  cons ide rab le  dur lng /p~r loda  o f  :b:tgh 

~a t e r .  No scour +~ae+ observed above +.the +:drop. 

,The Weilheta  :Board :of Works ~hen  :des~gning drops of sma/Ll iheight  

depar.ts e a t t r e l y  '.from~the i~des of  c o n t r a c t i n g  ~he .cross ,recision a t  the  

,~rOpo /Dtf i 'erent  des igns  a t  ~,.va~toue i locat ion~ ~were _te~ted i ts  .:wllich !the 

, c r o s s  : sec t ion  a t  %he drop  ..was ~expauded ~tn ,,comparl~son wi:~h ~.the ,cenal 

c ross  s e c t i o n .  ~Such drops ~are ::submerged ,during ~flocd s t age¢ .  ~ h e  

~bot%om o£ ~ the  canal  above ".the: drop :iie :~tprapped ~%o !provide ~a ~high l i ~ -  

. l t t n g . t r a c t i v e ~ i " o r c e °  Expanding the  c r o s s  ~sect~on :at t h e  ~drop~ .!insofar 

as the  .best .hydraul ic  design .of ~:a ati~L~In~ "pool .t..s ,concerned, con~r,~- 

butes :.toward reducing the d i s t a n c e  ~n z~htch ..the d i s t rubed  ~flow t ~  ~cor~.er~t- 

ed ~lntc q u i e t  :~'Io~, :o~, i in o t h e r  , ~ o r ~ ,  '.i~e . .d ta t~ce . : ln  which the  ::k~ne.ttc 

~J~e:'~y Is .itran~formed :into p o t e n t i a l  ~e~er~o ~n11'om £1ow began.at about 

65,6 ~feet do~n~rema.~from ithe-.drop. ,This-.design ~should ,be classed .among 

~the bes t ,  hyd ra t t ! t c a l l y  :.~peaktng. 

~. ~The :De~l-gn ..of ~¢be:Shape of  ~the Grest 

• In .~fi-~re :4~., dlacharge ..cu~es for :~var~ous ~types :of crest~ .are 

. s b ~ n ,  _?,~ho ~nappe i-being f r e e .  The -~mat]. seo~ton .~l-s ~ a ~ e d  .~to ~be ,Zr'~:~- 

zo tda l  .wtth.a :~ottom ~rld~h of 9,84 i fee t  ~ad elide e~Ol~S :of .~~1,~. 
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According to curves 4 and 5, '.the di sclmrge ,~at a ,depth ' :  d = ;6,-56 :feet,, 
and a slope, S = 0.0015, :is Q =:646,2 :second-feet. ':The discharge 

capa,~ity o f  a canal f o r  a given ,depth can bo ob~4ined £rc.a .cur~e i(,1~). 

The first form that :will :be discussed .!is :the :pa,.'abollc ores%, ',~h~s 

c r e s t  b e e ' - s u c h  d t a e n s t o n s  t h a t  t . t  .:is ,descr ibed:as ,:a ,weir '~"W..t%hout a ~d~op- 

down curve.. ~y neglectlng ';the velocity o f  ~approach ' in  'the oan~l, ~the : 

first approximation of a wabo~Ic crest i(i ;In ~the ~sketch in :~igure '4~) 

' i s  obta ined .  !In , the  m a j o r i t y  o f  cases> .ho~ever~ : ' , I t / is  : n s c e s s a ~  ~to 

cons ider  t h e  . v e l o c i t y  of  a~proach. 

Th~s gives iparabola  ((2) .  The ,d i f f e rence  i n  the  a reas  "of ~these :two 

:parabolas becomes considerable as t h e  depth Increases. iDischarge ,curve 

(3)  : f o r  '..the p a r a b o l i c  c r e s t  f o l l o w s  , the d i s c h a r g e  ~.curv ..... o£ ~the :canal 

• v e r y  closely. ~he  m a o ~ t  o f  =backwater~  ,:or ',the ezmount ~,f drop-down ,in 

the water ~urface for various ~epths ,:o.£ :~1o~ is ~given :~n i ~ b l e  :2. 

TABLE 2 

Water: :Backwater ~ei, 
Depth: : above !the 
~tn : : Parabolic 
Canal:Discharge: Drop Crest 2 

Fee%- S e c . - F t . :  Feet 

": Above a TrapezOid-:Abo~e a T r a p e s o i d -  
:: ,a l  !Drop ~Grest : a l  !r~op ~Crest 
:=Side slope .=1=015 ' :Side :iSlope 1:015 
: j  F e e t  ~ -Z ' .Feet 

= l .  " • u - • H i 

.$ 

: tO.O0 : -~..00 
: - O . i  5 ::. "0 .40  
: ~ 0  ;27 ~: , 0 : ~  

: "0 <3~:~ ,= . - 0 . 8 1  
: - 0 . 4 6  :: .-0 ;.9.7 
'= -0.52 : -i .ii 
:: -0~55 :: ~i.26 
: -0.55 :,: , - l . & 3  " 
:: -0.51 :: -~i. ~9 
= - 0 . ~ 4  :': "I,'74 
:: "0~37 := -i.88 
:: - 0 ; 2 8  ~= ,2 .02  
: - 0  • 1 6  :: - 2  • 1 6  
: - 0 .00  ,: - 2 ~ 1  

0 : 0 : +_0,000 
0.5 -" 6 - +0.20> 
1.0 • 19 :- +0.180 
1.5 : 40 : +0&!50 
" 12 " 0 : " ~ " : ~ " ii 4 

2.5 : 100 : +0 o096 
3.0 : 139 : ~0.090 
3- 5 : 187 : :+0.086 
4.0 :: 243 = +0,080 
:4.5 : 306 , +9.068 
5o0 : 375 .: +0.062 
5-5 :: 453 ~: +0.053 
6.0 : 537 : +0=036 
6.56 '8 ~:.647 : +0.000 

l . . . .  " Z  _ 



Z backwater h e i g h t  of  0.18 feet Is e~per.~t~ced ~ t h '  ~ r ; ~ b l i c  

c r e s t  (2) when the  .depth of flow+in the  ~uml  i s  110 foo t .  Wl%h an 

i n c r e a s i n g  depth of flow the  ~ack~ater he igh t  d e c r e a s e s  ~ t t l  a t  a 

depth of  6.56 f e e t  a t  becomes zero.  The~e b a c ~ a t e r  he igh t s  a re  so 

small that this eLrop may be de~crlbed as "free f~om a ctrop-~o~u curve.~ 

Whether or not s i l t  i~ depos i ted  upstream frc~ t he  aro~ a~ a + co~equ~'~ce 

of the contraction will now be ~cussed. The Increase of ~he &v~ge 

v e l o c i t y  in the  canal  as the  depth  an the  canal  i n c r e a s ~ s  i s  ehomn by 

velocity curve (6). 'The velocity curve for parabolic drop (2) Ss gITe~ 

by curve (8). Thls curve indlcates a mln~mum average velocity i~ the 

canal or the v e l o c i t y  a t  the  maximum b a c k ~ t ~ r ,  that i s ,  a t  t h e b e g i n -  

n ing of  the  l o c a l i z e d  drop-do~u curve.  ~" the  l i ~ ! ~ t n ~  t~act~ve f o r c e  

for sedimentation !S a~A~ed $~ be 'go = 0.09 pounds per s~luare foo~, 

corresponding to an average v~loc~ty of 2+00 f e e t  pe r  second~ then 

~th a depth of flow, d ( 1.74 fee% or~th a d~scharge Q ( 52.97 

~eccnd-feet~ the poss~bIiity of s~Itin~ e~dsts pro~idln~ the ~%er 

carrles silt and sand in aufflclent quantities. ~hether or n o ~  dan- 

Eer o f  eiltlng Is pro+sent, can be detez-mlned only ~n connection ~h 

the local conditions. 

A trapezoidal crest is now considered. If the cros~ section at 

the drop has the same d~mensi~n~ as the canal cross section, the di~- 

charge ~s g~ven by curve (5). The amount of the drop-down fo~ vardm~ 

depth~ of flow can be determined from table 2. For a depth equal to 

6.56 feet and considering the velocity of appreach~ a drop-~ of 

2.31 feet IS atta/n~d. 

A trapezoidal cr~st has been deslgned to d~schar~e 6~6.2 second- 

feet ~thou~ a drop-down. For a bot~ ~idth.of 9.84 feet ~ud a 81ope 

of the s~des of I~0.15, the dlscharge ~a ~Iven by curve Mo, 4. This 

cevlates considerably from ~het of the carnal Itself. The mean veloclty 

just upstream from the drop le greater thou the canal v a l o c i ~ e  a t  

all depths of  Flow ~/~h the exception of d = 6.~ f~et. The d~'o~- 

down for v~rlous ~pths ~s ~ v e n  in  the t ab le .  The mm~am va lue l e  

z = 0.56 fc~t at a depth, d = 3.28 feet. In c,onse~uence of these 
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~all values of the~r~p-do~ of the- .atereurface,  no:~tgnif~ 

, i  

::? 

shape ira to  be preferred  to the. parabolic.sharPS,. ' .:i:i.i/~: " ~ ~- 

.The discharge  cap~cit~ o£. t v t e n ~ t l a r ,  . ::~i 
and parabolic .&cop cres%s~ts easily compute w . . . .  .i:i:i 
ever~ a clrcular, crest involves a solution of an :elilp~Ic., . Intesv~ii :I ' ::~"~ 
(£igure ,14)o S tko32 s¢udled".the equatlone::,for various shapes of drop " , ......... i::~:,!i: 

, At~lla; K11ionfele e~aku nyila~omon szabadon atbUkOvl ~osask~Sggs-vizmennyi': 1 

-~-~ ~e~t~ro~&~ ~ ~i~s~el ~s'~e~In~e~t~l a 
~A~ra (aathe~s~Icsl and:Graphical de%ermlnatlon o f  ~he:Dischar~ e o£ ' 

w e i r s  with ~ree ~appes of  Yarious Shapes wi%h S p e c i a l  Reference~.. / 

t o  ~heir  Appl icat ion  %o Check Dams £or a o ~ m ~ t n  Streams),  ~lz~:gy! " ~ 

_~lemepvek,. ~oi. 1 6 ,  ~ ~io. ~. (Run~ar~). -= '~ - -- 

~re~t~ and 
c i r c u l a r  crest ,  point ing  out %hat t h e y  both. give approximate 

He developed a method for c a l c u l a t i n g  t ~e./dl isCharge ,.i " . :,, 
e~me results. 
£or any ~ven ~pe o / c r e s t  ,hich gives,a rapid"and reliabie Solutton.:~ . ., :~: :"~ 

I n  general,, according to £igure 45'r ]a> ~" - ~. " : ": '~ : 4 "~. 

d~=~2 x P2~ = Z ' ' 

dh 
The ~rea bounded bY I, 2~ 3~ and 4 Is e q u e l . t o :  

: ~ ' ...t ft - 

J o  - o  " " 

'i " 

! 
i,/! 

: r  ' 

l a c e ~  . . . . . .  2g 

%h" T~e t h e o r e t i c a l  ~ dt~schemge # l"p 2~ 3p 4 represents  the 
,~ s • given by: . . . . . .  . .: a c t ~ l  dlscharge Qth': " " " : " " : 

J 

~- . . k 

" -': 

4:: 

i i:tl 
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*~r i i =  

~This computa~ion ;method ~i.s .developed for  ,a ipar&ba~t c .:crest 

i, tn  f i g u r e  45 ,  .The numert ca1 :dt=enstons  ~are . taken :from ~.the ~preceding, 

e ~ p l e .  The. equat ion  o£ a p a r a b o l a  .through ..'the ,vewtex ~is= 

b 2 

which ~ay he w r i t t e n :  

~, = 0 . 2 6 8 x  2 

~Table .A shows the  - c a l c u l a t i o n s  ;for a n  ~average i~ncre~ent o f  ~head 

& x  = 0 . ~ 9 2  £ee t  

..The a c t u a l  d i s c h a r g e  over ~the :parabo?:Ac c r e s t  i s  

Q = .2  ( 0 . 6 3 )  5 1 4 . 2 - = ~ 7 . 9  "second-feet  

: a s s ~ t n g  a c o e f f i c i e n t  o f  d i s c h a r g e ,  ~ = , 0 . 6 3 .  '..This ~,w~Lue:.of 

corresponds  !to t h e  ,average c o e f f i c i e n t  "for a w ~ I r . / , ~  . s ide  con-  

. t ~ o t i o n s . 3 3  

:33Keutner.., ,~asaermengenmesmmg ~en ~-1~ehren" ~ i t  zwet-nnd . d r e t s e i t i  ger  

: ( P o n c e l e t - 0 b e r f a l l )  Etnscbnurung ~(Dtncharge o f  ..Weirs wi th  ~Two ,and 

• Three-S ided  . /Contract ions - .Poncel e t  ~ffeir) Di e .~Bau~ngenieu~., '.Vol. 

! 3 ,  1~932 ,  ~ .  39_9 . . . . . .  _ -  _ _  
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iTabl e '4 .... 
' /  

l:~ar~b01ll c Drop Cres~ 

:.y = 0;268 :x 2 

. 

- : l  , |  :=  ' l  '+3 

0.00 =6.561,24;4S=4.99, l 0 ; ' ~  : 
0°230' 6" 331 =23 "62=4" 86= ~+0"617: 

0.8"~= 

1.864: 
.2,356, 
:2.848: 

3;8.~2, 
L,324, 
4..R1_7= 
_~.309, 
5 ;~01, 
/ 6 ; 2 ~ 3  : 

-b,621= 
.6,785, 
6.949= 

0 ;492,6,069:22.65 ,4.76: 
0.984= 5; 577=20,8~ =4.54= 
• 1.476= 5,085 =!8,97~&.35: 
1.968=4.593=17.14~4:1~: 
2.461t+4,100=15,30 = 3.91 ~ 
2.939; 3 ,~'608 :!3.46:3-67 l 
3.445 = 3.116=ii ,63~3.41, 
3,;93712.6241 9;79:3.13= 
4.429:2.1~2= 7,96:2.8>: 
4.921=i. 640t 6.12:2.47, 
5/~13tI,148= 4.28i2.07: 
5 .~06z 0.655: 2 . 4 4 : 1 . 5 6 :  
6.234~0.~27= 1;22:1.10: 
+ 6 ;1~8 ~ 0 ;163 = +.0,61+ 0; 78 = 
6.561~i.000, 0.00|0.00: 

;-" {{ +:  : :  

• ~ : t  ,'S | 

0.00 ~: 0 . 0 0 =  = ~: 
6,30 =55.4 ~= 27;L7= 0,~2.30= 6,,'4 
~7.,55 ;i65,;1 ~=60.3.=0,;262z 1,5.8 
9.L~ :=77.8 ". =,71.'9 ~ 0 .'&92 : 35;2 

10.96 -i86.3 :~82.~1'10.492= &O.'4 
12,34 :~92.8 -:89.6=0.492= . lJ,1 
13.55 :~.96.0 :t94.AiO.493= :46.5 
;li,67 :,97;7 :,96~9,0.492, 4"/.7 
15,;75 ==97.1 ,.:97.k'0.I-,92= '47.9 
ib;70 I94,7 ~195,9=0.&92= :47.2 
17.62 :~90;2 :~92.5=0.492:45.5 
:18.50 ~a83A1 ~,86;7=0.492~ "42.;7 
19,36 ~72;3 .':~T7.,,7,0.492= :38.2 
20;'18 J57.6 :=65;0,0./.93= .;12;0 
20.67 . =41.4, =49; 5 ~ 0.'~28." 16;2 
20.93 J30,2 =35,8z.0.i64= 5.9 
:21.16 : 0.00:13;I=0,163= _,2_~ 

:= ~= ;= ;: .514.2 
_ +.= . :  ... : ' |  .¢ . . .  

z=* = 1/2 (% + z,i+D 
( ) 

'SU~LARY 

The h~d~gh% .of ~ .drop !is .a i.g~ver, .qu~nti~y : for  -..the d e s i g n .  ~Osin8 

~+tht s he igh% a c a l c u l a t i o n  i ~  made :.to de te rmine  ~whe%her .~he ~nappe it.s 

free or su~erged durlng flood discha~geB. ~The ~ax~s~m~eloclty and 

aaxt~u~ %rac%tve force a~e a/so computed. 

For a n . o r d i n a r y  drop :wt th ,a  £ree~.nappe, +the :dept;h o£ :~low,at the  

drop i s  i e s s  :.t~mn t;he c r i%Ioal  ..depth. , J , ~ s ~ u p s t r e ~  £rom .the ~droP~ 

::the bot%os and ~ba~s o£ it, he _canal are eroded .in conse.qu~ce ,of ~*.he 

h i g h . v e l o c i t y  e'xls~Ing t h e r e .  

~The d i s t a n c e  of +the beg inn ing  of  the drop-dowu curve .from ".the 

br ink  of  .the drop depends on-the bottom ILlope of" .the .canal; ~%h( 



~R 

i g r e a t e r  ~the ~slope,  . the ~'nearer i t s  t h e  ~begtnntn~ ,o f  ~ e ~ Q r o p - ~ o m ~  

curve  to  ~the !brink~Of ~the d r o p ,  

In  o r d e r  to  combat ~eros ion  ',of ~the ~.bed, : i t  .!is : ' n e o e s ~ y  i%o ~:con- 

i t r a c t  :the~ c r o s s  : s e c t i o n  a t  ' t he .  d rop  , r e l a t i v e  ~to ' .the, c r o s s  .'sect~ton 

a t , t h e  . caua l .  :A f low , f r e e  : f r o m a  drop-down cu rve"  '~caD be e s t a b -  

l i s h e d  by a p r o p e r l y  d e s i g n e d d r o p ,  i.However, i n  ~he :ma jo r t~ ty  'o f  

c ~ s e s ,  t h / s  t s ~ n o t  ~ezped ten t .  

.I f f l o o d s  have 'a : s b o r t  ~:duratt on - : o f t e n  ',they l a s t  : f o r  ,:only ~a 

~few h o u r ~  o u t  o~, a,~year - a ~ , t rac t tve  ~force ~ la rge r  : than .the/.~1:i~t~- 

.~ing , t r a c t i v e  f o r c e  o f  '.the bed ~ a t e r t a l  ~is ' p e r m i s s i b l e ,  .~.Ai~contracted 

- d rop  :i  s ~not a d v i s a b l e  t f s i l t i n g  ~ o f  ~the c a n a l  o c c u r s  ! f r e q u e n t l y ,  

f o r  . c o n t r a c t i n g  : th~:nappe a l s o  ~tncroases  ~the : range  o f / ~ , t s  ~ r ~ j  ec~ory .  

The-  s t i l l i n g  p o o l  must '.then be 1-engthened ,whi ch . i n c r e a s e s  ~the c o s t  o f  

: the : s t r u c t u r e .  I~  i is!p,~oper : to .choose -a i,lower l~tmit f o r  , the con-  

t r a c t i o n .  

A c o n t r a c t i o n  which ~produces~a baakwate r  e f f e c t - : t n  : con t r a s~  

to  a d r o p . ~ o s n  -~ i s  h o t , p e r m i s s i b l e  t f ~ a  v e l o c t t y ~ l o w e r  "than *the 

l i m i t i n g  , s e d i m e n t a t i o n  ~veloc~ty  ~Is : the reby  . c r e a t e d .  ~ln gene re . l ,  ;a 

' t r a p e z o i d a l  c r e s ~  ~is ~o ~be p r e f e r r e d  ~,to .a p a r a b o i ~ c  ~cres~ :because  

w i t h  ~,the . former  ~.there ~is ,,.no ~back~ater  e ~ f e c t  a t  io~  ,-discharge~o 

' I f  t h e  h e i g h t  o f  the  drop  ,~s . so  :umall % ~ # - : t h e n a p p e  ::t:s ~sub- 

.merged- a t  h i ~ h e r  , d i s c h a r g e s ,  ~then ~a - c o n t r a c t i o n  :~hould ~be .used ,  

Widening ;.the : cana l  ~Just u p s t r e a m  from t h e  d rop  w i l l  ~ n s u r e  a q u i e t  

un i fo rm f low e~en  ~ l t h  f l o o d  d t . s chn rges .  

The  f r e q u e n t l y  used  ~trapezoiOal  c a n a l  : c r o s s  ,~ec t ion  ~i.s .o~.ten 

d s f o ~ e d  i n  ~%he course~o£ ~t ime.~ue t o  ,~he s c o u r i n ~  o f  ~ h ~  ~bo~o~ .  

From~a h y d r a u l i c  v i e w p o i n t  ~the b e s t  Torm o f  c r o s s  s e c t i o n  ~is~a" 

trapezoid ~euperposed ~on .a _parabolic -or .cl,-cu/ar ~L~tto~. ,~Cc~pound 

c r o s s  s e c t i o n s  a r e  ~not : recomaended . s i n c e  ~_they !have .a ~ e n d ~ n c y  ~,~ 

sil~ up~ a l ~ o  t h e  :~transitAon ~ f x ~  ~the .,canal ~,to - the d r o p  ~ n c r e a ~ e s  

. t h e , d l ~ ' £ 1 c u l t i e s  o f  c o n s t r u c t i o n .  

.An e a r t h  . c a n a l  ! is  t h e  c h e a p e s t  ! t ~ e .  1 '~ ,  :however,  :~the 

-bottom of .such a canal ~has-a ~s~eeper slope ~han ~4s pe~Iss~ble with 

the given soil prope~tles, :a :llnln~ of ~the ~bottom and :s~de ~lopes :of 



. . . .  _ . - -  . . . .  . ,  . . . . . .  

the  canal  i 8  r e q u i r e d .  /In , g e n e r ~ l ,  ;a ' l in tng~needJnot  ~be ~tmpermeable! 

i t s  Cht, e f  : func t ion  i s  ito r e s i s t  the  , s c o u r i n g  a c t i o n  ~o~ 'the ! f low.  F o r  

• s i l t - l a d e n  s t r e a m s  ~ a ~l tntng ~o~ . f a s c t n e s  'or ~bitumen i s  ,not  e x p e d i e n t  

and in  s t r e a m s  c o n t a i n i n g  ~ r s b  e a t e r  "or carbonic  ;acSd~ the  '.use ~•of 

c o n c r e t e  ~t s tnadvi  s a b l e .  

J 
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