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A great deal of study has been ~,iven to determining the 

best method of p rotectinc ~the stream bed below overfall dams :a~ainst 

scour resulting frol.-, the high velocity and ~impact of ;~hc ~wa~er flow- 

ing over them. A croat variety of local conditions have ~boon~encoun - 

terod which has led to many different ~solutlons, ~doscriptions of 

which are widely dispersed through engineering lltera~uro. F~a " 

study of those articles and the results of rhydraullc ;l~boratory stud- 

ies on dam spillways porfornod by the U. IS. Bureau of Reclamation, 

the followinc, analysis ;has boon developed by the wrltora, which clas- 

sifies the various conditions .a~.d~polnts out the Cenor~Ll typos of 

scour protection applicable to,each. 

Scour below dams results from the aroslvc power of 1the 

water which comes into contact with the stream bottom,while moving 

with the high voloclty which it acquires ~in ;falling over ~tho dsm. 

Protection is afforded by roduclng the velocity "of the water, by ~In- 

surint~ that the hi.,;h velocity flows do not come in contact wi~h the 

bottom, or are diverted to portions of the bottom which ;~i~il not on- 
F, 

danger the structure. Usually a combination of those is used. 

On many dams in the past an attempt;has boon made to r~duce 

the volocltyrOf tho v'ator assing over them by havln~, the water f~ll 
J 

do:m a series of s~cps on the face of the dam, dIsslpatln~ its energy 

by contac~ v;ith the successive stops and rocchin~ the: bottom vtith 

Irmufflciont cnorgy remaining to sorlously ~rcdo the stream bed. 
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P r o b a b l y  t h e  o u t s t a n d i n g  e x i l e  O f ~ t h t s  ! type °~io ~the ~ @ilboa  iDeS* ~"of 

*Trans.,  Jim. Soo. C .  1~., p ,  280, Vo l .  8 6 ,  i1925. 

• | , i 

the water strpply :~yoteln of New York ~Ctty-(Plate : l -A ) .  Wi i i le  the  :re- 

s u i t s  on t h i s  dam have p r o b a b l y  been s u c c e s s f u l ,  due %0 t h e ~ c a r e f u l l y  

c o n d u c t e d  mode l  t e s t s ,  w i t h o u t  s u c h  : s t u d i e s  , the , a c t i o n  o n  ~s tepped  

w e i r s  i s  a p t  t o  be d i f f e r e n t  f rom t h a t  a n t i c i p o ~ e d , ~ . -  a n d ~ a s / t h e  

* * C i v i l  E n g i n e e r ,  p .  623 ,  V o l .  2 ,  O c t o b e r ,  :193~.  

J i s 

p r i n c i p l e s  o f  o t h e r  f o rms  o f  p r o t e c t i o n  a r e  ~beccminF , !bo t to r  u n d e r -  

s t o o d , "  t h i s  fo rm seems ~to be l e s s  f r e q u e n t l y  u s e d .  The : :p resen t  t e n -  

d e n c y  i s  t o  d i s s i p a t e  t h e  ,~onor~v i n , s o m e  f o r m  : o f  s t i l l t n ~ - p o o l  :or  t o  

d i v e r t  t h e  h i g h  v e l o c i t y : s t r e a m : s o  %hat i t  d o e s  : no t  ~c~no :!into c o n t a c t  

with the bottom whore damage wlll z~ault, 

The Four Classes ~ofConditions ~; 

The moat important :factor !in .: dotormlninc .~hat form .:of ,pro- 

t o c t l o n  s h o u l d  be u s e d  i s  t h e  d o p , t h  o f ' ~ a t o r : o n  t h e ' d o r m s t r o a m  s i d e  

o f  t he  dam and i t s  r e l a t i o n  t o  t h e  d o p t h ~ r o q u i r o d  ~to~form %he hy-  

d r a u l i c  J u r ~ .  

I n  t h e  mos t  p e r f e c t  f o r m  o f  h y d r e u l i c  Jump, %he ~enor~y o f  

t h e  h i g h  v e l o c i t y  .~a tor  i s d i s s i p a t e d  so  t h o r o u g h l y  : In  i i n t e r n a l  ~im- 

p a c t  t h a t  l i t t l e  o n o r g y  roma ine  t o  be used  up i n  e d d i e s  and b o i l s  

downs t ros~ , .  I n  t he  c a s e  o f  a dam ~ t t h  a v . o l l - f o r m e d  Jump a t  i t s  tOQ, 
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t he  v e l o o i  ~y o f :  the~ w a t e r  i s  so,_qui-okly 'and : u n i f o r m l y  : ~ d u e o d  : t h a t  

l i t t l e  s c o u r  o f  b e d , e n d ' : b a n k s .  ~ s u l t 8 .  i t ? , l r s . . t h e l w ~ o m e . : d e e l ~ b l e ,  

Whenever p o s s i b l e ,  " t o : d e e i ~ n  ~the..dem so  .:that such' .a .!Ju~p~will :~:oecu~,  ..., 

as  the  p r o t e c t i o n  r ~ q u t r ~ d : : f o r  : the !.bed -and :.banks ':Is :.thus ~r~duood 

to  e minimum, - . .  

The f o r m u l a  / f o r  the  :. h y d r a u l i c  Jump ! In  :a :  ho~i  z o n t a l :  c h a n n e l  

- , i  i 2 -- ~ vhe:3~ :: Ol  '02 
:g 4 

/ i  ~ o  t he  d e p t h s  u p s t r e a m  and dowmstream~ f r ~  ' , the :;Jump r o a p o o t l v e l y ~  and 

V 1 and V 2 e r e  the .  c o r r e s p o n d l ] ~ :  v e l o c i t i e s .  :.Conatder~:an..o~oeCdem " 

- F i g u r e  . l  , , d i s c h a r ~ l m ~  .~100 

. . . . .  - -  . . . . .  - -  - -  . ~ i ~ : .  - :'rBSCoDd,-~oot p o r - f o o t ~  Of  l e n g t h  

" ~ I  ~:~ w l  t h  a d r o p : : H  e q u a l  ,to~:50 :! foe t .  

i :~The .voloai~;vl (ne~oati~ 

I '-\ I -~"-' "be :100. -. 
I "'.\., i ,~.. ' ~: " :- -= .'1.76 .:"foot. 

f ' . , ~ ~ , , ~ "  . D ~  . / . 2 ~ : . ~ 0  - : 
i "" ~ "  " ~ ~Substi . . . .  " 

~.~p formula g i v e s  : a : v e l u e  : o f  :02 

F i g u r e  :1,  17,9  f o o t  which .:.is :::the ~hoi~ht 

. o f  t a l l w a t o r  r ~ q u l ~ d  t o  f o r m . a  p o r f = c t  Jump a t  t h e  toe .  ~ t h e  dem.  

T~o i d e a l  : c o n d i t i o n  ~ o u l d - b e  t o : h a v o  s . . tatlwat0r,:  a t  s u c h  a 

hel~,j~t above the  r i v e r  bed for.oath d i s c h a r g e  ~that  t t - would .: form e 
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pert'oct :Jump .for ".the :aepth" and .veloci,ty:~hlch~would.oceur in ;the.~ovez~ 

f a l l i n ~  s t r e a m  a t  the  : toe  :of  "the dam: ' for  , t h a t " d i s c h a r g e .  ':The" h e l ~ t "  

o f  the  t a i l w a t e r ,  however ,  ! i s  c o n t r o l l e d  b y  ~the :eoz~ l t t ions  ! i n  :the ~ 
~J 

s t r e a m  c h a n n e l  downstream :Cram the  d a r n a n d  ~this  ~ i d e a l ~ e o D d i t i o n ; t s  , 

n e v e r . e x a c t l y  a t t a i n e d .  ~iYroquently the  s t a ~ e - d t s c h a ~ o . ~ o r  t e . i l w a t ~ r  

r a t i n ~  curve ,  a t  the  downstromn: s i d e  o f  , the  dam i i s / :as  ,:shown ~tni:Ftguro 

",:2 p :but %h~ euzwe . w h i c h  
I I 

8 2 5  . . . . . . .  + . _  _ ~: - ~ . . . . .  ~. | 

; i~ " ~ ~/,/~'~ ~ : on::an :apron st ~Iver 

#~ 815 ~ ~  ' " 

, i~ . ' • ::bed .;le.~l !;is i as : shown 

o = .o.~,v/~-, .~ : ,~ ~,t~&: ~=~: ~ ~.~ .~ ezo 

2 0  ~ 0 0 0  - : s e ~ o m ~ , - f ~ e  t ' t h o  8 O 0  

,e 0 

Dtschar.~e  i n  :Se6~nd-Foot  

F l & u r o  2 .  

~ a i l w a t o r : h o l ~ h t  : l s  g~'~a%-~ 

:or-~,than ! t h a t  :~roquSrod ~%o 

form a~,poxTodt Ju~p*:but 

/ 
a t  g r e a t e r ,  d l s c h a ~ 6 o s  the  : t a i l w a t o r  h e i g h t  i s  ~too ~low. 

The rolatlons : be tvoon :.the Tpos i%lons ~' of %hose ~- culwes ~.fall 

Into the four ]bllowinC classes: 

Case i- ~p-hol~ht curve .always abovo:,.:%ho %ailwatorr~%i~,culw~. 



.Case .i 2 - ,i~Yump, helg~t :curve ~ always .belo~ ° the .tailwater :~ ratin~ 

curve. 

~ Case ~ ~ - 31n~p hel~ht curve ~above the ~tailwater~ rating ~curve 

at low discharges and~belowat!h1@h~disc~ar~es. 

Case 4 - Yump~hei~,ht curve below the tailwa~r ~ratlng~c~,rvo ~-, 

at low dlschar~es ~and ~ above at ~hlgh dlscharges, 

The b e s t  form o f  p r o t e c t i o n  :below a d a m  de~ends  .~ lar~,e ly  upon ~whi'ch 

o f ~ t h e s e  c o n d i t i o n s  e x i s t .  

The first Class frequently occur~ when~:a dmu ~is{p18ced 

a t  t h e h e a d  o f  a r a p i d s  or~sudden  d r o p  i n ~ t h o ~ s t r e a m ~ b e d ,  ~Under  

these conditions the ~tailwater~level is ~low~and~less than ~the height 

roqulrod to form the ~Jump. Usually, ~oo, the ~bed~Isof~solid ~rock 

which w i l l  w i t h s t a n d  c o n s i d e r a b l e  s c o u r .  U n d e r t h e s o ~ c o n d i t t o n s ~ a n  

upwa .rd, c u r v i n g  i ap ron  i s  f requen t ly~put -~  on t h e  ,~dam ,which ~throwsj~the ~ :~".~ ~ 

stream of high'velocity ~watorpasslng over ~the ~dem~upward so that 

i t  s t r i k e s  the  s t r e m n ; b e d  s~nc d i s t a n c e  a w a y . f r ~ n  .the s t r u c t u r e .  

Hero the  e n e r g y  i s  d i s s i p a t e d  by ~impact,~of :,the.~wator.~on ~tho r i v e r  
= 

bot tom and ,  a d j a c e n t  w a t e r ,  and a l though,~sc~o : s c o u r  : t e k o s ~ p l a c o  ~ i t  

i s  too  s m a l l  and too  f a r  f r a ~  the  • dam::to o n d a n g o r ~ i t .  One o f  . the 

e a r l i e s t  examples  o f  t h i s  type  o f  *:dam l s  t he  ~fsmous Holyoke Dmn ,on 

thc.MorTimac River in Massachusctts (Plat5 l-B). Othors aro the 



Conowingo* a n d  S a f e  Harbori~dsms ~ on t h e  Susquehanna :~River ~ ( P l a t e s  
. . .  " . . .  I /  

t | l  

*Engineering News-Record, p. ~129, :.voI, ~I08 m Year; 19SE. 

I-C and D). , 

At the  B u l l  !!:Run V~n** ~for  ~the ~ P 0 r t l a n d ,  0 r e g o n ,  ~water ,~ s u p -  

**Trans . ,  ~m. Soc. C. ~.,ip. 487 ,  VoI.~95,~1929. ~ . . - = : . . , , .  ~ 

. ,,m 

ply (Plate l-E), a wlde!horizontal ~apron was used !~Ath upward ~slopln~ 

deflectors a~ the, downstTeam ~- edge which directed ~.the/deflected stream 

so tha~ when it ~ell:baek~to ,the,':rlver.~level ~-it"~was'-s~read,~over a 

large area, and )~i~consequently did: not: produce as severe ~scour : as.,~if 

-the impact was localized. 

The conditlons.:,on ,.the ,-Wilsoni Damon .~the Tennessee ~ River 

(Plate l-Y) are ~such :that ~ iti:.probably~.falls ~In _Case ..i. ,'A~wide, ~level 

apron was constructed below.::thls::dam to,protect .the rlver~bottom~but 

the depth: of the tailwater was insufficient :,to, cause ,!.the ;Jump ~:to:'iform 

and the high velocity-water;passed entlrely, acres; / the :200-foot apron 

and eroded-a :largo hole in-the solid rock at:its:.downstream edge.* 

* E n ~ l n o e r l r ~  No~s ,Rocord ,,,p .... l g 0 ,  V o l .  98 ,  ::Yoar i~1927. 

Expor in~nt s  wi th a m o d e l  o f  t h i s  dam ~+ ~havo shown ~ithat ,p lo l -s  ~would 

ar~--cok. 

I I  

n o t  cause  the 
J " " i 

Jump-~o form on;.tho a p r o n ~ i ~ h  :the : t a i l w a t o r . d o ~ Z h  
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. . . .  ~ r ~ J ~ ~  

• .,. ..-.~ ~./:, 

', When :the J m t l w a t a r .  depth  .4s,fnea~17 ~.8utf l -olent ~to .cause .t~m 

'Jump, b a t t l e s  or:  s i l l s . !  may:be • s u c c e s s f u l l y  ~.mmd,.;-.but :i.the7 ~of.ten : , ~  ~ " 

c e i v e  so- much ! i m p a c t  t z ~ m : d r i f t  -o r  :' ice  ";tha~ :the~j? a~e <'ezpeMtve !to.  

b u i l d ,  w i t h . . a . . s u f f t c i e n t l y  : s t ro~ . : :anchoraEo .  : /E~f f l ee  ~ o r / p t o ~ s  ~!do~not :..: 

d i s s i p a t e  as:~"much<.e~er~ ~: a s / m i g h t  ~ be ."expected i:a~l '~;the¥ "aTe ~.the~fox~s ::! : 
: ~" 1.: :. . :  

n o t - a s  : ef~eo ~tv@ :a8 'rthe : h Y d r a u l i c  Jump . *  ~ l ~ r b s p s  :the ~bost:/~ozan~le 
_ . _ 2  " 

i i i i  i i i  . . . .  

• ~ l n e e r t n g  News ,~coz~ l , . : .p . , 800 ,  Y o l . : : 9 7 , . . N o v e ~ t m r i l l ,  i;19~6.. : .. 
. . . . . .  m . .  - _ -- - -  n m 

o f  the  u s e .  o f  : bsJ~fle : ip iers  : w i t h  a ;:low . t a i l w e t e r  ' i l eve l  ~ t 8  •::in <the :Gatun 

spillway on :the l~ma~a : ' ~  (Plate :I-H) • :~:.Thls .:soIIXway:Is ~deei•g~md . • 

to dlscha~ge :as much as 140 ;000. second-foot ,~.w1¢h::a':~all :ot.mea]~Iy :?5 

f e e t .  At the  toe  o f  the  o~oo s e c t i o n  the  . . .w~ter:! imping.os ."di~ct lY 

8gains% the  f l a t  f a c e s ,  o~ the  bafflo,~piors,:;and':~uch,:'of .!.It : i s  :thrown 

high into :the air, : reaching, : alr.~ost: as :high ,~ ,_~lova~ ion ~ as : the •::~t~ 

a~cvc rthC d ~ o * *  ,~en '.this .-~r:, f e l l s  -to :the :river -.lOvcl-:i ~; :~s . ..: 

• _ e . . . .  _ - - -  - -  

• . *Tre~s . ,  JD:. , , ~ c  C . ~ E . ,  p ,  4 8 7  , V o L  .:%3,-i:1929. ~ -  

• ~ i n e e r i n g  ! Nows,Recoz~l, :p .  ~: 800, '~ Y o l .  :9Y, !.Nov.., 2:]~, ."1925. 
H y d r a u l i c  .labo~1~17~P~c~ico, i~l~mm~sn, ~.p. :~06 .  " - . :" :./: 
International. ~n,. ~. i n c c r i n ~ :  C o n t u s e ,  .:.pp. -"46~5~:, : lYe1. . I I ,  ::1915, -. 

.-- __ _ _. _. . :4 " • / 

nearly as great , a i : v e l o c l t Y  as  . i t  : h~d ,:a~ :,the ;'to~ :0£ ~:the c lam. .  The 
. - .  ~ o  . " . . 

p r i n c i p a l  c f f c c t  . o f  ;+.hose b a f f l e  p i e r s - . t h e r e f o r e  i s  : t o . d i s t r i b u t e  . the 
~ 

impact  o v e r  a larg.o arua r a t h e r  :%hen t o  d i s s i p a t e  .the :energy o f  the  

i 
( 

. . .  ! :  

; 

I 

w a t e r .  

? 



If the ~ailwater -level ~I s ~not high Lenough i~to ';form~a ~per- 

feet Jump itmay be ~ra~sed by building a low secondary/d~m~:b@low 

the main dam with:a-sufflclent !height ~to, cause:~the ?Jump ~to:formiat 

the foot of the main dam for:all cor, dltlons of~dlscharge, iThls 

method has been extenslvely.used for ~ r d ~ s  on ~ earth~ifoundatlons. 
jJ~ . • 

/ 

c / 

Plate i-I shows : a form developed by :the Far~o~Englneerifl~':Ca~any. 

This method has also been usod for a ~rock foundation ~:at :the: Martin 

Dam of the A!abama Power Campany. The dimensions required~for such 

a peel'are shown by the~experlments recentlypublishQd.* 

-- -- m,, - - 

*Proceedings, Am., Soc.~C. E., p, 1521, ;Nov., :1932. 

, • , , ,  . . . . . .  

• . 

Another m.~thod which may~b~o suita~le~in some :cases ~is ~,to 

excavate a pool Just below the dam to provide a dopth':sufflc.ient for 

tha fo~nnation of the jump. In this caste the tailwatcr~levol'ils 

not changed, but the depth requlred to form the ~Jumpi~is provldcd by 

the lowerlngof ~tho channel bott~m~rathcr than by?ralslnc the water 

surfsco. This method was used In the ~Wilwood Dam *~(Plato I-K). 

**Engineering News-Record, • p. 660, Vol. ~gg, October ~ 27 ,. 1927. 

On rock foundations where the tailwater levol:is~i:noarly:hlgh onoug~h 

to cause the .j~l~ to rf.orm, experience indicates that if noprotQc- 

tion is added downstream from the bucket~ of the dam~tho 'bottswill 

be scoured out until sufficicnt depth is provldod to permit the Jum~ 

8 
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to form and no further scour ~ii ~take ~place.* 

*Civil .~Igineerlng, I~. 527, ~VOI. !i, Ig~l. 

l II I 

~! Class 2 . ,  
| 

Dams in the second class are apt to occur,where ~the~!fo~nl 

darien rock is at • a ~ conslderable ~depth, ~ and where :the !tailwater ~ sur- 

face is therefor~ hlghor than necessary:to,form the Jump. '~Thlsi~case 

will be more frequently encoun-tered in,the future:thanlin~tha~past, 

duo to the exhaustion of/the supply of ~ood damsitos. Under those 

circumstances, if an ogem dam with ~conv.~ntional~'bucket !is ~usod, itho 

water flowing do~ the face of ~the:d~u~dives under i the ~ta~lwatnr and 

travels at high velocity a ilon~ dlstancc along ~tho ~bottom, ~iformi~Ig 

only a very imporfcct Jump. ~The Im0ro nearly ~tho ~tailwater del~th 

corros?0onds to the depth ~roquired ~to ~form the ~Jump, ~tho shorter ~tho ~ .... 

distance which tho~high velocities0:oxtend 'downstream. ~/A~porfoct ~iJump ~7 

could be for~md for~ any dlschargo by ~ buildln~.~ia !l~7ol aoron~bolow 

the dam Zo ~ive just the corroct~ depth/for tho~formation:of ~thc ,~Jump, 

but this apron would probably not bo at ~thc correct el,ovation,for 

other discharges. By making the apron sloplng, ~tho various~depth8' 

roqulrod for thc different flows can be provided. The hiv~h velocity 

strc-m flows do-~ the sloping apron until the depth below tatlwater 

iGvol is roached at which thc jump can bc formed fdr that dischar~;~, 

and at this point the jump occurs. The advantag~cs of the slupim~ 

O 
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anron have been pointed out t,yG. C~le Dixonl 

L 

*Engineering News-Record, p. 696, Vol~ 'i00, May 3, 19~8. 
L 

The formula c.iven" above does. not ,: exactly apply ~ ~o J _umps ~on 

a sloping floor since the~lwater enters the 5Jump in a direction some- 

what different from that ~in whi~chi~i~tJflows.<awa~, while ~the i formuia 

assu~mes motion in the same direction. The formula~T6r<~the formation 

of the jump on a slopin6 surfacelhas been deveioped by ~. W.-Y~llms. ~ 

**Trans., Am. Soc. M. ~,, Sept.-Dec., i~1932, paper~L~fD~G4-6. ~ ~ 

A jump Lformed nnder favo'rable ~ conditions iis an intimato~ ~ 

relatively unifo~,1 zixture of air and :,.vate~r~i:.th a,white _appearance, 

and the velocity is reduced within a :comparatively sh6~.t.~distance. 

As the jump becomes less perfect the: mixture ~is not :so'.intimate:a~ ~':~::~'--. ..... 

the vslocity is not ~o rapidly reduced. '-It-is-questionable :if~e per- 

foct jtu,;p can be fonuud uxcept,:on a .level ~floor. -Ls :th~pe:.of ~.the 

floor is increased, the dlsslpa~ion Of the onor~,bocomos!Ioss.effi" 

ciont. -ih(Perimonts on the model of the: Clc:P_~lum Daz~:spillway ~,with 
- j . '  . C !  

" L L -  " 

floor slopes of I~ horizontal tel vortical, 2:1, 3=1 snd 4:1 showed 

progressively loss scour as the slope was:flsttonod. 

Probably the outstsndlnc oxam.ulc of the use of the sloping 

apron for d~is in the second class is the Maddon~D~,a i(Plato l-Ll now 

being constr~zctod to store water for the Pansma~Canal. jThis~form was 

IO 
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• P ,p = r 

d e v e l o p e d  as  ~.tho :;z~sult of' ~ex~ems~we~model : tee~s , '*  
• ' 7 7  ' " . . . .  

• ~Inoo~in~ !' Newe.Rooozd ,.~p, (42, ~V0i,~.4109 ;.~i!Ig~2. 

- , •  . • . 

. - ¥ 

'~:, . .- 'i .,. "ii I 

i n ~  t h a t  t h i s  e a s e  : talZ.s  ~ in~o ~:olas8 :~2. , The , shape  i d f  ~the ,~apron,vas 

dot°ramified b y  t r i a l ,  : ]~  ~ T a z T i ~  the  ~ t a i l w a ~ l o v e l  ~:, :'a d o ¢ ~ - m i n a -  ::?:~ 

required for the ve~.ious~/dlaehar~oa,.:~o~.oause ;.th~ :'~I--~ )-to-~fo'r~,:at ' " ~":: 

the upstz~am .:.edge ~, of .-the a~r~n,~; '?Y~r:.oaeh ::form,s !:eumvo :.was ?plo%~d :.!J 

of ~llwater level ::z~qulz~d.: galnst ~d£,sehar~o, ~ ~'~r "': 4(~ ~'~" . . . . . . . . . . . .  . ,.:~. 

8~moo~nt of ~ thls.~ curve - wl th" the :tallwater :mat lng "eumnro '~o~ "~thO :•i] 

best apron developed :IS'"ShOWlI;onilTI~IZ~r~."~o. :.T~o~ap~on.dov~lopod:;had -i. . : ..;{ 

a s lope  of 4 horizontel :to l:vortleeii::~i%h ~It8 :upstz~am.-odco. ~;appz~0c- ~ ' ;-~~i :! 

imately ~0 .foot ~ above 'tho ..foundation 211ovol. A%;~l~go :"dlseh~gos, ' " -:'-' " i 

however, the ~ high veloel~:ties ox%o~lod;~: ~:°ntiz~l~, .'acz~as :the .. apron :and . ~ - ~.. :!ij! 

a small rls~ar:szi~..orrllp~placod:on ~tho~downstroam;iod~o - :}: 

Of the -apron ~..tO :deflect :the :. sw~...t • water ..up:. ~.'o1"~. ~ho ~. s~o~. i:bod.., ':~-o i:~i]~ 

sloping;apron may roqulro ;.large ~,volumos ~of ~eoncreto :..but :in ;the easO i' .i~ 

of the Maddon~ Dam ~.thl s .. was .of ~ aaslstanoo in.::z~s£stl~ i o~thquake ~°f ...... ~' ~ i 

f e e t ' s .  ,~ 

I n  the  ~ model  e x p e r i m e n t s  f o r  ~ the  ~ ~ d d e n  ~Dam ~ a n o t h e r  ~fO~m1 

was Investigated. which ,z~ul~os ?loss ~co~°ro~o .and vould .: prove ~advan- , 

ta~,oous in  co~*taln, condl%tcns .  I% m a y  be c a l l e d  ~the i h t g h ~ u o k o ~  i 

' i  
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type. It consists of the ordinary curved bucket of the ogee weir 

located some distance above the river bottom, as shown on,Figure 5-A. 

When the tailwater level is somewhat higher above the lip 

of the bucket than the upper surface of the high velocity sheet at 

the end of the bucket, any water whichmi~ht ba on top of this sheet 

is swept a:mv by friction with this sheet and the upper su~aoos of 

the shoot is below the tailwator iovoli! A!prossurc is then oxortud 

on the under side of this shoot boyond~tho lip of the bucket as 

shown by the afro:as in Fi~ro 5-A, duo!ire the pressure ~xortod up- 

stream boncath the shoot fro~l the highor'%~tail~:ator level. The high 

velocity jot is deflected upuard by those forccs in a groat s~Icop 

which may carry it oven hi~her than the tailwater levcl, to :~hich 

it falls bac}: 8/ter the up:~ard motion is overcome by gravity. As 

this ~,ator falls on top of the deep tailwatcr it docu no damage to 

the river botto~ and the only scour on the bottom is that d~o to 

the upstream flowinL ::ator of the eddy which forms beneath the high 

velocity shoot. This condition ~of flo,~ occurs at flood times on 

~ho dam (Plate I-M) of ~he rocontly comploted Dnieprostroy powor 

plant on the Dnlepor River in Russia.* For s~no:That higher tail- 

*En~Ineorlng No:m-l~cord, p. 877, Vol. 108, June 23, 1932; 
p. 90, Vol. 109, July 21, 1932. 

water levels the p~-th of the high voloclty sheet tends to become 
.L 

nearly vort'Ioal and port of it falls back into t, ho "valley" along 

12 
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the face of the dam, as shoum on Figure 5-B. This acts as a brake 

on the high velocity sh~t and it does not s.~oop so :high. The on- 

or~,r in this case is very thoroughly dissipated ::ithout attacking 

the s~roar,~ bad. On the T'addcn Dam model the height of tailuator 

";hich ",:ould give those conditions for a bucket lip at elovution 90 

~vas dotorT1inod for the entire range of discharge. These tail~,'atcr 

hoifihts ~tero plotted against discharges and -:ore found to bc approx- 

'~ imatoly parall01 to the tailu'atcr ratir~% curve of the flyer as shov,m 

on Figure 6; that for condition A ;.'as roughly 5 foot below the tail- 

::a~cr curve of the river and that for condition B approxin~telS, 5 

foot above. By lo-:crinc thu buchot 5 foc~ the A curve .~ould approx- 

Imatcly colncido ;;ith the tail-;ator curvc of the river, and a rise 

of 3 foot in th~ bucket ;:ould brinc the B curve into ag.roomont. 

Thus .~ith a bucket at elevation 85 thc A condition would occur at 

all discharges -:hilt at olew~tion 93 the B condition ",:ould occur 

at all discharges. 

For the conditions at the Madden Do.m, ~h~ro there ~..ms on 

the rlvor bed material ~;hich uas sufficlon~ly fine to bc m~vcd by 

the back eddy, those relations ::ore found to bc unstable, as the 

back eddy carried the l'inc material up toward the bucket and tended 

to build up a bar there, ;Thich cut off the buck pressure from the 

tall::ator and caused the high velocity shoot ~o flo~: more nearly 

horizontal. In this position the hiC, h vcloclty shoot tended to 
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carx~ along with it all the ~water in the eddy below it and built up 

a low pressure area at D of Figure 5, C in the~place of~the eddy. 

The force of the tailwater pressure then acted on :the top side of 

the sheet, and deflected it downward agalnst :the bottom, Nhich it 

struck with a considerable impact. With a bottom composed of solid 

rock or material of too large size ~o be moved by the back eddy, 

this condition would not occur. 

It is believed that these flow conditions offer a method 

of scour projection below dams worthy of~serlous consideration for 

the condition of deep tailwater below ovorfall dams. Their appear- 

ance is not as satisfactory as the hydraulic/Jump.on "the sloping 

apron but they require much;less concrete than the sloping apron 

and if thc condition C can be avoided they brlng even less scour on 

the bottom. In the Madden model the lip of the bucket was horizontal. 

If it was curved up somewhat as on the iDnicprostroy:Dam it is prob- 

able that the C condition would be loss likely :to occur. It is 

not necessary to have only one of :th~ two satisfactory conditions 

throughout all discharges, as one might bn use~ for low flows and 

the other for high enos. Thls will often permit thd matching of 

the river tailwator curve when it cannot~bo done with oithor one 

alono~ ~' 

The conventional bucket with relatively short horlzontal 

apron may be satisfactory for Class 2 conditions If the Jump height 

cur~o {ba~od on the apron level) is not too far below the tail~'ater 

14 



ratin~ curve, since the proper depth to form the Jump may be reached 

on the slightly sloplng,!~portion of the bucket, and a relatlvely per- 

fect Jump be formed. .Tf the difference between the two curves is 

great, the depth causing the formation of the Jump will be:reached 

on a steeply sloping, surface in the bucket or on the steep face of 

the dam and the Jump be very imperfect, with high velocity currents 

extondin~ far downstream, necessitating a long apron. The length of 

the apron may be considerably shortened by the use of some forms of 

sill at its downstream end. 

Class 3 

• "~ne third case occurs where the tailwater deDth at low 

discharges is insufficient to cause a jump to form on a level apron 

at river bottom level, but is more than sufflcient,~at high dlschargos. 

This is a coz~uon case and the solution consists in artificially cre- 

ating enough water depth to make the jump form on the apron a¢ low 

discharges. This may be done by a low secondary dam or sill across 

near the downstream end of a level apron. This secondary dam must 

be high enough to cause the hydraulic "jump to form upstream from it 

for all flows for which the natural ~ailwater depth is Insufflclent. 

It may need a secondary apron downstream from it for :it is in face 

Just a second d~u. The depth required may also:be secured by depres- 

sing the apron, preferably by sloping it downw:.~rd in a downstream 

15 
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direction. This method was used on the repair of the Hamilton Dam;* 

*Engineering News, p. 130, Vol. 108, Januaryi28, 1932. 

This third case is usually favorable to the use of baffle 

piers or same form of dentated sill near the:end of the apron, as 

these tend to break up the high velocity flow at low dlscharges.~and 

also to ralsc the tailwater, both of which actions:promote the forma- 

tion of the jtLmp. They .~.ould also be advantageous at high flows 

since then the de~th of tailwstcr is groator than;rcoulred to form 

the jttmp and the nappo over ~thc crest tends to di~'e down to the bot- 

to:n of the river and flow along the apron at high veloclty as provl- 

ously described. .When this condition occurs, the sills or piers are 

useful in breaking up this destructive current. For low intake dams 

it is not uncor.tmon to have the heiCht of tailwatcr at high flows~suf- 

ficient to submer~c the entire d~m, In such cas,:s the drop at the 

dam is slig.ht and protection a,~;ainst these hic.h flows is no :problem. 

Class t~ 

The fourth caso, ',':hero the ~ilwator depth :is sufficien~ 

at low flows but too small at hig.h flows, cm~ be solved by incroas- 

In[: the depth of tailwater sufficiontly to causo the ;jump to form 

for the maximum discharEo contemplated, either by a secondary dam 

or an excavated pool. With those of the r,m~mitudc required for the 

maximum flow, the tail;:ator depth would bc more than sufficlont to 
o! 
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cause t.~e Jt~np to foz.'~ on the apron at the lower flows but this con- 

dition would probab.ly not be objectionable for low flows. 

Effect of Changes in Dun Crest Length 

To Paake the foregoing analysis as readily unde1"standable 

as possible, if'has been asstuued that the stream flo:: was unifo~nly 

distributed over a fixed leng,'th of the daz: and therefore for a given 

discharge there :.~ould be a fixed condition of overflow and a fixed 

tailwa~er elevation. BY the i propor selection of crest icngtl-, how- 

over, it may be possible to secure a ~ closer ag;ree~nen~ between the 

tally:afar rating cu-~T/e and the jLmup haii.~h~ curve tl,sn is secured by 

an arbitrarily chosen isr~;tll. If ~!~,J fir,~:~ assm~ed lon~:,;.th produces 

a Case 1 condition, the a6ree:zent will be i~nprovcd by increasing the 

crest len,.'th, which will cu~ do-.,m the discharge per foot length 

t~ 
and consequently" lower the jump height curve'. Similarly, a Class 

condition can be improved by decroasin,z the crest ion~:th,~nroducinc~ 

a greater discharge per lineal foot of crest and thus raise the jt~.~p 

hei~ht curve. Such changes 1~ay rc~sult in incrcasc= in the cost .of 

crest gates or other features of ~hc d~,n but this r,~i:.'ht be much more 

than offset by the reduced cost of botto;-t protection, and the possi- 

biliti.Js of such a s~.ving Justify a stud:: of this phaac wh.~'c th2 

circtn.nstancos oorzlit a choice of cl~st l::ngths. 

f.i 
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cause the Ju.mp to fo~',~ on the apron at the lower flows :but this con- 

dltion would probably not be objectionable for low flows. 

Effect of Chang, es 'in Dun Crest Length 

To make the foregoing analysis as readily understandable 

as possible, it has teen asstuned that the stres~n ~'io:, • was unifb~aly 
t 

distributed over a fixed length of the da~. and therefore for a given 

discharge there ~.-~uld be a fixed condition oi' over£1ow and a fixed 

tailwater olevatlon. BY the proper selection of crcs~ length, how- 

over, it may be possible to secure a closer agree~nent between the 

~ai]wa~er rating cuNe and the ju~$ h,~ii~h~ curve than is secured by 

an arbitrarily chosen len~th. If ~hu firs~ nsstuc.ed length produc,~s 

a Case 1 condition, the a,~:ree~,'ent will be improved by increasing the 

crest lcn~.'th, which will cut dov, m the dischar.qo per foot lcng.th 

and consequentl? lower the ~jump height curve. Similarly, a Class 2 

condition con be ~i:rproved by decroasin,z the crest ~lon6~th, n reducing ~ ......... 

a greater discharge per lineal foot of crest and thus raise the juc.~p 

hci~.ht curve. Such chang.es may result in incruascz in the cost of 

crest gates or other features o'? ~hc d~,n but this r,d-'ht be ~much more 

than offset by the reduced cost of botton protoction, and the possi- 

biliti.Js of s~Jch a s~.ving Justify a stud:/ of this phrase wh.~1'c th~ 

circu~nstancc..s porn.,llt a choice of c1~st l::.~t'.ths. 
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Effect of Crest C~ttes ~ ~!~ 

The foregoing ~nslysls has also been simplified by a~s~lin&: 

that the flow of the stream was uniforml~, distributed over the entire 

cres~ length of the dam. With control gates on the crest, however, 

the flow can be concentrated and at certain portions of the d&ua the 

flow will be greater than at others. To be perfectly safe, the pro- 

tection should be desi,:~ned so that it will be sufficient with any 

possible cond i~Sh~cD=F~ate openings:and flow. As a practical matter, 

however, it may "oe assumed tha~ reasonable JudGnent will be used in 

opera~in~ the gates, ~nd sufficient pro~oction provided so ~that no 

severe damage would result with the:undesirable •condi~tlons acting 

for a limited tim.e, such as might occur; for ox~.m.P,!e, in the case 

of the failure of~a C-.'ate to close when desired. !In mos¢ cases it 

will be found best to have the crest gates desi,",ned :to be capable 

of operatin~, partially open, in order to distribute the water un- 

Iforr...ly over the crest instead of~gez~ittin;- only an cntl-rely open 

or entirely closed condition. 

Pro tec.tion for Wciz's of ~ndian T~pc 

The for3golng, classification applies principally to pro- 

tection below masons, overfall dams of the ty!~.es commonly used in 

this countr-/. For the broad weirz with sli~,htly slopinc aprons 

frequently used in India and Egypt, a somewhat different ana].ysls 

is necessary. The oldest fern of this type of weir consists of a 

18 
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pile of loose rock, with sT without masonr.v dlvidin6 'falls, h~vin/~ a 

sloplnc upper surf see paved wlth hand-laid rock or masonry, as shown 

on FiLure ?. After passing over the c~st ofa weir of this type 

the water flows dorn the slopin~ apron until it encounters the frail- 

water., and at thl, point a hydraulic Jtump iis usually forme~. To pr~J- 

vent scour, this Ju~,.-p:should form far enough from the downstr~.,n end 

of the apron that the turbulence of the Jump does~not reach to ~he 

unprotected river bed. To secure this r~ult ~my ,necessitate ~ho 

extension of the a~ron below the natural lovol ofrthe river bed. 

It is necossery, or at' least desirable, to have the point whoru the 

Junp occurs move up ithe apron as the dischar~,e increases, slnce this 

provides a lonE;or lencth of anron to ta:-: car.-, of tlkrJ ~roator ~tur- 

bulence of the Jump with the larger flo~,,s. It is also ~nn advantages 

if the weir is entirely drowned out for vo~, high flows, sines this 

eliminates the combination of hlg.h dis,-h.-.rgc and fall which would 

produce so much destructive oncr~.~. -. Thoss conditions exist at the 

Rosotta weir,.* (~'i:uro ?) which is at the h~ad of the dolSa of th,; 

// 
*Standing ::/ave '?,'olrs, b~,., A. D. Butcher. ~ 

Nile. The surface profiles show that the position of the/Jump moves 

upstre~,n as the dlscharg.o increases u~ud for a~flow of i70,000,000 

cubic moter~ ~or day the jump is entirely drowned out. Although for 

'many dams of this ty~o the maintenance cost has b~cn hi6h, .~hJn con- 

19 
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dltions are favorable it may be very low, as indicated by ~the msin- 

tenanee charge of 0.4% for s iS-year perlod at the I£guna:D~n~on the 

Colorado River, • all of which was dlle to a cutoff of the river Just 

*New Reol~mntlon Era, p. 189, December, 1924. 

, t r  ~ - ' ; ~  ,'--'~ 
• L 

j j /  

downstream from the weir, which lowered the :tailwater~level 7 feet 

and necessitated an extensi0n of the apron. Y~ 

With this type of weir the possibiliti~'of inereasln~, the 

tailwater do,nth are rather limltod. It is therefore unsuited to con- 

ditions hsvin~ a low tailwater level and two complete failures are 

believed to. have been duo to tailwator levels so low that the hy- 

draulic ju,~T~ occurred too near to or below th~ downstream edge :of 
"/ 

the masonry, causing an underminlnc sT ~the structure whichpro- 

zressod upstrenm and caused a breach. An adjustment of the dam 

to fit the tailw-_tcr conditions my somotizos be made by a proper 

choler'of the ds~m length, as previously discussed. 

Most of the recent dams of this type in Indla and E~Tpt 

have be.~n constructed with broad, sloping masonry aprons surmounted 

re 
with piers and Stoney gates. ~: The forogoint; discussion applios to 

this kind also, although it is complicated somewhat by the necessity 

of'havi~ sufficient tailwator depth to cause the Jump ~to form on 

the apron with the gates in a partially open condition. To scc~N~ 

this It may be necessary to carry the apron ~bolow natural bed level. 

20 



If the .river carries much bed load, allowance should be made in com- 

puting the position of the Jump for a retrogresslon:of the do~wnstre~-:,. 

river level. 

Ta~.lwater R atlng Cujrve__~s 

Enough has been:'glven::in the~foregoin.~ ¢o show the ,impor- 

tance of the tailwater rating curve in the solution of this problem. 

One of the first steps in attackln~ the problem at any'~slte is to de- 

te~alne the tailwater ratfng curve, either by~:observlng the actual 

levels for a wide range of dlscharces or by computation. The fo~ner 

method should be used if possible, but falrly satisfactory results 

may ~e secured by determining the tailwat~r: elevation for various 

41schar6es b~, means of backwater curves for these:flows. Since the 

water levels at downstream points for these dis(:har£.'es are l~robably 

also "~uknov:n, th~s curves may be starte~ at assumed elevatlons~far 

enough downstrem~ from the dam :that the error in ~he assumed eleva- 

tion will have disappeared before the curve i has been computed am 

far upstre~n as the dam. That this is the case may be determined 

by essumlng somewhat different e~evstlons for the same dlscharge 

at the lower end of the stretch and if both assumptions glvo pra~:- 

ti~ally the same elevation at the (lamslte, the error introduced by 

an incorrect ess~nptlon is neglip~Jble. 

P,1 



. .Laborat.ory Ex~er!msnts 10:ecessa~ 

Yt is not the intention of this article to ~.ive ~the i~. res- 

sion that hydraulic laborotory tests are unnecesscry :in workin~ out 

the best fo~,: of scour protection below dams. :Such tests should be 

made on all important structures and will usually pay for themselves 

in t.he ir~prov~ents which they bring abe,it ~in the~mlnor features of 

the desi~n, entirely aside frc~ the major improvs~ments which they 

make possible. The intention of this analysis is only to ~point out 

the lines alozg which the besZ solution probably lies, in order that 

effort may not be wasted in unnecesec~ry investigation. 
I! 
J 
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