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A great deal of studyv: haa been "iven to detormining tho

A e e P e e

best method of protectinc the straam bed bnlow overrall dama againat } _ ;
scour resultinr Tromn the high velocib; and 1mpact or ‘the water flow- : -"\:  i;f 
ing over tham. A rruat varioty of . local conditiona havo ‘bacn- oncoun-"  .
tared which has led to many: dirtercnt solutions doscriptiona of |
which aro widely disporscd,through’anpinoering-literaturo. Wram-ai
atudy of those articlos and ‘the roaults or: hydraulic lgboratory stud-
ies on dam apillwnvs porfornod by tho U.. S. Bureau or Roclamation,
the following analysis has beon” dOVOlOde by tho writors, which clas- |
sifios the various conditions and points out thc Lonoral typos or
scour protection applicablo to- cach.-; _7’  ' o 7;7‘-, Co ) i“.  ‘ é
Scour bcelow dams rcsults froﬁ the . arosivc pawornﬁr tho | ;
watar which comas into contuct with ‘tho :stroam bottcm whilo mnving
with the high vuloeity which it acquirastinCfalling"ovornthofdam.
Protoction is affordod by roduc nf, thu leocity of - tho wator, by 1n-
A suring that tho hi h velocity rlows ‘do.not-come ‘in: contuct with tho
bottom, or aro .divartod -to portions of the aottam whlch t11~notan-'
dangor tho atructuro. Usually ‘a cambination of thoso 1s . usod.

. On many dams 1n tho past an attompt has boon nmadao ‘to roduco
the valocity: of tho ‘ator};asain( ovor ‘thom: ‘by ‘having tho wator rall
doﬁn a sorios of steps on thc faco of thu dam, dinaipating its oncrgy
by contaet with tho succossive steps and reaching the :bottom with

insufficiont cnorgy romaining to sorinualy arcdo tho stroam bed,




s )

Probably the outstanding.oxmplojdi‘**thié' 'type ‘45 ‘the Gilboanam"' ‘of |

*Frens., Am. Soc. C. E., p. 280, Vol. B6, 1025.

the water uupplyfuyai:em of New Yorkaityf(Plate ”il-'A) While the re-_'

sults on this dam have probably. been auccasaful, due to tha carerullv

conducted nodel tests, without. auch- studiea the - action on : atepped

walrs is apt to bo difrarunt from that a.nticipnted . and as the S

**Civil Engineer, p. sza.iVbl;:a;~oct6bgr,f1032;‘

principles of other forms of protoctién:are-:'=b'ecuniné if‘bdttorunda'r-’-'_ .

stood, this form ssems ‘to be leas ‘rmquenfly r-uadd. The pmsant ton-

dency is to dissipate tho onorgy in somo rorm or st:llline-pool or to o

divart the: high vclucity atroam LR that 11: doas not camo 1nto contact

with tho bottom: whom damage will result.

'I’ho rour Clasacs or conditions i

/ Tho mosi important: ractor 1n dotorminin[_ what rorm uf pro-—\
toction should ‘bo used is the. dopth oi‘ wator on ‘the dmmstroam aido
of the dam and its -rolation_xto -tho 'dopth ;roquircd ~to=i‘qm “tho ‘hy-
draulic jump. B | A o

In the most: porrect Tomm-of hvdraulic jump, ‘the : annrgy of 7
the high velocity vater is. dissipated so thoroughly in intornal ime |
pact that littlo onorgy romains to bo ‘used up 'in eddios and boils

dowmstroem. In the caso of a dem with a well-formed jump .at its too,
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the valooity of: tho watar 15 80 quickly and unirom.ly roducod that ‘

1ittle scour of" bod and’ banks ruulta. ‘ It BT K thaurore desirabla, |
whenaver pouiblo, ‘o duign tho dam 80 that such a Jmnp will oceur, PR
as’ the ‘protsation roquirod ror tho bed and- banka 1s thua roducad
to & minirmm, . | | o

The fozmula ‘Tor the: hydraulic jump in'a horizontal channol

o

2.. T TR

are the depths uputroam and - downstroam rrcm tho Jump roapootivelv and

of rectangular section fs. Dz D14 / 2VED +Df Where® DJ_ and Dg

V), and V2 are the. comsponding.volocitios. COnnider “an’ogoe &am.
. : Figuro 1, diseharging 1oo )
second.-root ‘por .foot or langth :
rwith ‘a drop H eqnal to 50 root,
Iho volocity Yy (negloctlng
triction) would thon ba ‘

_;_g:rx:; ) 56.8 roat par
eocond and the depth D1 wculd a

* be :.££22____~‘"_.1 7 root-

g, B0
Bubatituting in tho ubove

;u;f/\\iw /R'\v///\\v”/\ 6;:\\ I ;5 Z s E‘ rcmula givea ac ?Elll! of DZ

Pigurol., ' 17.9 rcat which ia tho hoight

-of ‘tallwater required to form g portact Jump at: tho toe ar ‘tho ‘denm.
'mo ideal:condition 'aould be ‘to haveo a tailwatar at such a
height above tho river bed for caech discharsa ‘that : 1t would form a

3




,.porroct Jump ror tha depth and velocity which \vould occur in’ thu over—-
falling stream at tha toe or the dam ror that: discharaa. Tho hnighf: 

- of the: tailwater, however, 15 controlled by the: conditionu in the :
stream channel downstroam rrum theo- dam ‘and this 1deal condition ia

never.exactly" attained. ;Froqunntly the ataee-discharga or teilvatar{}”

S n

'rating ‘curve. at tho downatrcam sida of thc dam ia as ahown 1n Figuro',fé'“

o j"’ .' o - e, but tho curve “which - - AT
825 O SRy S :

S‘lould o raquirod to -
g0l _ v L. o 'irom S portoct g "1
‘i 25 ) ::on an: apron at river

?bod lovcl ia as uhown

by thio. Jump hoight cuzve

43
3
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=
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e
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g

.fﬁA-E. '-This :‘ghowa ';thg.tzror o

) -;diéchai‘@s :ilrdé.a "th.ihr -

..'.._4._-_;..‘_-

-"&3 000 socond-rout tho
Diacharge in s«;cc-nd-root RS ftailwatur hoight 18 gmat—
‘Flgure 2.¢ - . - e than that roquirod to ‘
| | ' _;,fonn a; porrodt. jmnp but
at groator dischargos tho ‘tailwator haight is ‘too 1ow.._‘é& L
The rolations. batﬂcon tho: poaitions or thoac curves rall

into tho Tour dllowirg classas:

- Casc .l - Jump hoight curvo .always:sbovo itho tailwater rating curva.

-




-?2u‘53“mﬁ?hs15ht“cﬁrfe?i;'aysfﬁdloﬂ;theﬁf&ilwateéfjgting7; .‘
. FE i : E e ' ]'Ji}' .

cul've. : i‘ ‘

3 - Iump heisht curve abave tho tailwater ratiue -curve

at low - dischargos and below at hig,h discharges. s

case 4 - Jump heieht curve below the tailwater rating curvo
! at low discharges ‘and abnvo at his;h discharges. |
Tho bost: fom. of protoction ;‘b«alow _a ‘dam’depe ncls .ilargely : upqn ‘ w‘hijcﬁ-'
of these conditions exist. C L
~Class -1 -

The first class rmquenfly ",o:c'curs ‘ “w!.ien-:fa.y da‘x‘urfis '-..plcsiééd'
at the hoad or a rapids or sudden drop 1'1 tho 3trcam bed.i Under -
thoso conditions the. tailwater level 1s low a.nd lesa ths.n tho hoight
roquired to fomm tha ‘Jump. Usually, too “the bea ia or solid rock
which will withatand 'considorablo - 8COUT. . Under theso conditions an
upvard. curvingu apren is. rrequently put ‘on tha- dum which throws the
. stroam of: high Vc:locity wator paaaing aver - the ,dam upward 80 that
it atrikes the stream:bed soma. diatanco a'.'ay frcm tho-stmcture |
Haro tho cnorgy is dissipated by :I.mpact of tha mtor on tho rivor
bottom and. ad jacont: wator and although scmo scorur takoa :placo- it
is toc small and too f,ar rran tho-dm:‘toondangoriit. ‘One of tho
earliost examples of this type of dam 18 ‘tho :famous: Holyol:c Dam .on

thc: Merrimac Rivor in Masaachuactta {Platc 1-B). Othors aro the

5 .
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COnowingo* and Sare Harhar d&maron the susquehanna River (Plates

. I,‘

—

*Enginéartng ﬁowsknacéfd,;p;¢;27,¢v61.x;oe;#rbqrilesa.

.1=C and D). B i o - S |

oo

**Trang,, Am;tSOC.RC.'E;,;p.‘487,FVbl.195;f19293“ . "5f Ty

ply (Plate. l-E), ‘a wide horizontal apron was used vith upwnrd aloping -
deflactors at- tha downstraam odge which directed the dorlected atraam N
so that when it fell: back to the river lavel 1t waa spraad over. a
large area, and;consequently did not produca-aa sqvg:a:scou;;asgif .
- the impact was 1ocalized. j | 7 7 7. . -
Ihe conditions On the Wilson Dam on. the Tnnneasee Ri;er
(Plate l-F) are auch that it prabably ralls in. Case l. A wide level
apron was eonstructed bolow this dam : to nrotect thc river bottom but |
tho dnpth of ‘the : tailwater was insurficient to causo the Jump to: form
and tho high volocity-water. pasaed entirely across the- 2oo-root apron

and z2rodod a 1argo hole .in- the- solid rock at 1ta downatraam edgo; - "u'

| *Ensinooring-Naws-nocorﬂ,3p..;90,pbl.'sa,;xodfgléaq.;;;,__f:

Exporiments with:g~mbdol;of;this‘damf*ghavo;ahqwn}jhnt{pioré;would

“HWilsonova Pronrada naRece Ternosaco, -Alsbama, U. 574, = Antorta
ﬂmﬂk- ) “ . | ) | | :

not cause the jump’%o,tormaanétho~upfonﬁnith:thoftailwator'dcpthi'

é




‘availablo »

Whan ‘the - tailwater dopth 13 fnnrlyvsurﬂciont qto cauao ”tha'_

‘jump, barrloe or. -illa may be succeaamlly uaod, but thoy ofton ‘m- ol

-‘eeivu 80 nmch unpact frmn dri!’t ‘or’ ice that thoy are uponnvo A

‘build with-a. surrioiently strong anchorage.‘ aarrlus oF piora ﬂo not e

'diasipate ae much epergy as misht be orpectnd u.nd thoy are ztluroram o

not aa- errective ‘as’ tho hydraulic jtnnp J* Perha.ps the bost exmpla

" *Enginesring Now'u#neétﬁr@ ,"_; p.BOO ; 701.9'?,Novembor11.1926. e

of the use: or baﬂle piera rith a low tailwater love]. 18 1n tho Ga.tun_. )

spillvway on the Pa.nama Ganal (Plate 1-n) Thismnillm :la daaiﬁnﬁd
to discharge as much as 140 OOO aecond 'root nth a 1'&11 01' noarly 75
foot. .A.t the tos of the ogoc soction tho" vatar j.mpinges diractly _
against the flat Taces. of tbc. bnfflo piara and much of it 15 thrown
hirh into“the: air, reaching almost ns hte,h an: glcvation as’ tho watar

a‘oovc tho dam.’f'* "mﬁn this wetor ralla to tho river 10701 4t hae

**Trans., Am. Soc.: c.”E., Pe 487 Vol. 93, 1929.‘ ” ‘
"Engineering! Nows-Record, : P 600 "Yol.: 97, Nov.ill, *1926. :
Hydraulic Iaboratory Practice, rroeman, iPe-506. - o wln
Intarnational. Ennineorins coneroaa pp. 46-6.5 Vo].. II. 1915. EANNE

nearly as great. ’_velocity as it hed at ‘the :toa cof the. dam."Thd.

principal eftcct cf +heae batﬂa piars tharorore ‘is to distributa tho' .

impact ovor & largo araa rathar ‘than to diasipato tho mrsy or tha

water.




Ir the tailvater 1ovol ia not hish anough to form A per—
fect jump it may be raisud by buildlna a low socondary dam below :-= T'F
the main dam: with 8- surricient heisht to causo the jump to rorm l
the foot of the‘main.dam tor;all eonditionS'ofxdischarge. This-
method has been-: extansively uaed ror dams ‘on- earth roundations.;<i.
Plate 1-T shows.a fom develapod by the Fargofﬂngineeriﬁg cempany.
is method . has .also boen used. I‘or ai rock roundation at tho Martin

Dam of the Alabama’ Powar'campany. “The: dimansions required for such

a pool- aro shown by - the oxpcriments recontly publishod * .

*Prccecdings,IAm.ksoc.iC.”E.j”p._lﬁal;gﬂﬁv;{xlgsa.‘7

Another vethodawﬁich“m;f?£8 $ﬁiiégléain}soﬁ§:ééSéséisito'r ;
excavato & pool Just bo;ow tho dam to provide a- dop*h surficiont ror
the fOHmatlon of ‘the Jump In this caso tho tailwator levol“is |
not chanrod but the dopth requirod to form: tho jump 1s providod by
tho lowerine of tha . channol bottaﬁ“rathor than by"raisins the water

surface. This‘mathod'ﬂas uscd 1n:thcgwilwqu;Dam'*g(Plato.1—K).

**Engincoring Nows-Record, p. 660, Vol. 99, Octobor 27, 1927,

On rock foundations wﬁoro;thb‘ﬁgiiwator lovdl”isfnparléJhigh*onoﬁéh-L
to cauan the‘jump'tofroim,.oxporienco indicatds:thét,{r no?protdb~
tion is addod downstrsam from tho buckot of ‘the dam.ﬁth:-b;ttom aill‘
bo scourod out until sufricicnt ‘depth is providod to punmit the jump

8




!1 v - e x_\%

to form and no furthor scour will:take placa,* = -

*Civil. Enginesring, p. 527, Vol, 1, 1931,

[

5

CIass 2 4
Dams in the:second class ars apf to occur\whera the roun- ; {!;
dation rock ia'atﬂa'conatderablefdepth,Jand'whgre}thg‘tailwatorﬁsur-*{”
face is therafora hiehor*than‘neﬁéééary:$0Fr§rmﬁthe dﬁmp V'This case
will be more frequently . encOunuered in“the ruture than 1n the past
duo to tho oxhaustion of. the supply or uood damaites. Undar thoso
circumstancou, if an ogec damAwith;convsntional1buckot;tsausod;j¢ho o
watcor flowing down the facc%oftthd{damédivés<under*theifé£iw§fnfsand

travols at high valocity a. long distnncﬁ along thc bottam,rtorminc

only a vary impsrfcet Jump Tﬁc moro nﬂarlv tho tailwator dcptn

corrusuonds to tho- dopth rcquirad ito: fomm tho jump, tho shortor thc ;-’_ s

distance whlch tho hirh volocitios oxtond downstroem.q A borfcct jump - {__f

could bo formod for any: discharge by buildin% 8 laéal abron bolow REEE
tho dam to ;ive just thie correct: dopth for tho fcrmntion of thp jump,f;
but this apron would probably not bo at: thc correct oljvation for

other dischargos.“By‘making tho apron-sloping,ﬁthc.va:ious;dcpths
required for the diffcront flows dan.bc'providcd."Thc high.volbéity‘
atrcam Tlows down - the sloping ;prohruntil tho dépth'bolow tétlwdtor
lavel is roachod at which.th;'jump can bo iormed for that discharga,

and at this point the jump occurs. Tho advantagcs of ‘tho aloping

9
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anron have been pointed out by G. Gale;Dix%nf*

*Enginaering.ngs-necoyd,‘5."696,:V6}?“10¢.1Méyn§,s1928;f

Ihe forﬁula "1ven above doeé not exactly apply to‘5umps on .
a sloninu floor sinece the watar enters the Jumn in a directlon sumas‘-f
what different {rom that in which it flowa away, wrile the rormula ;.
assumeu motion in the same diraction. T%ewforﬁﬁladrbr tbe rormaticn

of the jump on a sloping surface)has ‘been, developed by *1.‘ 5.2 llms -

**Trans., am. Soc. K. ., Sept. -Dec., 1952 paner I’YD-.A—G- ‘

ST

A jump:formed under. favoroale conditions;ls an 1ntimate,-f

BaBC

relatively uniforn mixture of air. and water‘with ‘a:white apnearance

Sy

and the veloc1ty.1s:rcduced Nlthln a: conparatively ahort di“tance.

As the jump becomes less: perfect the: qixturo s not so intimato and
the velocity is not co rapidly rcducod. fItsisfqueséiOnahlo1ifra1por-f J
foct jump can bo 1UnJUd oxcent- on a leval flocr. As tha 1$jpo of the
floor is increased, tho- dissipation of ‘the bnnrry bocomoq lcsa ofri- =
= R .

cient. Empe;§m snts on tho nodcl of tho Glc Zlum’ Dam sp111Wav with
Tloor slopcs of 1} horizontal‘tc;l,vurtlcal, E:l,uﬁrl-and,4:l:§hqwe¢:f’:
progressively loss scour: as tho . slopo was. flattcned. T : |

P:bbably the outstandin: uxamplc -of “tho - usc of ‘tho- sloping
apron Tor dams in the sccond class is thﬁ.Maduqn;Damj(Plaﬁa l—L];noy .

boinf, constiructod to atorg watur for “the Panama:candl. This :form-was

10
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developed as ‘the Tesult of extemsivemodsl testa.X .

-

‘The . hoight or tha mtural tailwator and Ltba jmp __‘height

curve: ror an- apron at stream psd lonl ara givan On,»?isura 3 -gum..‘__{-» L

1n{; that this caso . talla ,mto Olus 2..:_ m shapofof the a,pron m

detemined by trial. By varying tho tailwator ’1070.1 A dstamina- i‘ :
ti.on was. msde ‘Tor each’ fom of aprc:n toatodmr tha ‘tailwator levela__; - .'j: ’

roquirad for tho varioua diachargoa, ’to cauao thu junp to rorm at

the upstroam edse of ‘tho: apron Fur aach rorm a eurve waa ;plottud

ae;rcomnt of ithiss curvo with tho tailwator rating cum ’!‘or .tlm
best apron dovolonod 18 ahown on Fig:um 4. Tho apron dovalcpad b.ad o

a slopo of ‘4 horizontal to’ J_ vortieal with 1ts upstn.am od{,o appm_qi‘{_.il
imataly 30 feot above ‘tho: rounaauon xlovol. At larpo diacha:rgag, B
howaver, tho high velocit:l.ea oxtondad entimly acroa s thn apron m:d j“'_*
a small triangular: m.l.m or lp: was: plaeod ‘on the downstroam °d50 S
of tho ‘apronto defloct tho swu‘t watar up Off tho stroam bod. 'ﬁ:o f -

sloping:apron: may roqu:lro large v:wlmnosrof concmto but 1n tha casn

of ‘the Maﬂdon Dexm - this was of aaaistanco An: maisting uurthquake ar-:.-l_, LR

rocts. |

In the; modol oxporimonta ror .the: Kaddan Dam anothor fom~"'“'=
was 1nvastigatod which raquirus 1aas concroto and wou].d prave ndvan-
S c
‘tageous in cortain conditicns. It may:be::.called the ;hign‘%bquat

- . . ll
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type. It conaists of the‘o@hinary{cufved bucket of the ogse ‘weir -

located scme distance abovgéthe fivef‘bGthm, 2s shown on :Figure 55@.
When the tallwater lovel is ‘Bon:éwllnt higher above the Iip
of the bucket than the upper aurfacc of tbe hirh volocity sheet at
the end of the bucket any water which: mieht bo ‘on’ top or this shoet_
is swopt away by friction with this ahﬂot and. the uppor surfaccs of
the shocet is heolow tho tailﬁator lnvul”\ A prussuro is thcn axortsd
on tha undor side of thiu shecot bcvond tho lin ol thu buckot as
shorn by the arrows in Fiuro J-A,‘dueﬁththo-prossuro‘uxorted'uﬁ; '
stream bencath the sheot from the high;;ﬁkailwator.lofdl. Tho,high
velocity jot is doflacted upuward by thééb forcbsiin'a gruat BWGOp.
which may carry it oven hisher than thu tailwator level, to which ..
it falls back af'tor tho upvard mo»ion is ovorcamo by gravity. AS
this watur falls on top of the -doop tqilwat;r 1t docp-no‘damaap to .-
the river botton and thb only 3COUI . On tho%ﬁottcm'ié that-duo'to
tho upstiroam flowing vator of tho ocddy vhich fomms bonaath the high ‘
volocity shcot. This condition of flow occurs at Tlood - times on
tho dam (Plate 1-v) of -tho racontly nomplotad Dnieprostroy powor

plant on the Dnieper Rivor 1n Russia.* For aon0'hat hibhar tail—

*Engineoring News-Rocord, p. 877, Vol. 108, June 23, 1032;
p. 90, Vel. 109, July 21, 1932.

wator levols the peth of the hizh velocity sheot tends to bacome
nearly vertical and part of it falls back into thu "valley” along
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tho faco of tho dam, a8 -shown on Ficuro 5-B. This actseae»aAbrakn

on the high volocity shuct and it doov not s.cap BO high. Tﬁd eﬁ- .
crgy in this case is vory thorouchly dissinutod 'ithout attacking
the stroam bed. On tho - Paddcn Dan modol the Hcish* of tailvator
wihich would givo theso conditions for a buckot . lip ut clcvution 90 -
was dotorninod for tho antiro.ranGOtor dischargq.r Thuso ! tailuatur
hoights wore plotted :against dischurgcsZahd ﬁqfo foundttO'bc:approx-“
‘?imatoly parallcl to-thﬁ tailwafcr'ratinﬁ‘cu:vqf6$'fhc r1wdr as shbwn‘
on Figure 6; that for condition A wﬁS'rou@hly 3 %cot bclow:tho tail-
water curve of the rivor and that for cdndition«D-apprdxiﬁatoiy'5
foct abovo. By lovering thu bucLut fact tho A curvo would apprﬁi—
imately coincide with tho tailwater curve of thn rwvar, and & riso.»;,
of % foot in th: buckct sould bring.tho E cu:vo into qgroomont.v |
Thus with a buckct et -olovation 85 thc A'conditi6ni=pu1d:océuf‘at S
all discharygns while ct olevutioh 93 thoiB‘§ondition tould.oéﬁﬁr :
at all diacharnﬁs. | |

For the conditions at the Maddon Dam, tﬁurn.thors wﬁs on -
tho rivor bed material which wes aurficiontir rihc'xozbd‘movcd'by
tho back oddy, thasc rolations worc found to be 'unstnblc,.»as tho
back cddy carricd tho finc mutsrinl'ug torvard the ﬂucket and:tendnd
to build up a bar there, vwhich cut off the buck prcssurc from the
tailvator and causcd thoe high voloeity sheot to flow mofo nnérly '
horizontal. In this position tho high vclocity shoot tondod to

13
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carry along with 1t all the .water in:the- eddy below it and built up
a low pressure arsa at. D.of Figure 5, C in the place or\the addy., -
The force of the tailwatar pressure then acted on ‘the top: side of
the sheet, and deflected it downward aﬁainat the . bottom which 1t
struck with a considerable 1mpact. “With: a bottom composed of solid
rock or material of too 1arge size to be moved by the back cddy,
this condition would not occur,

It is bel1eved that these flow conditions ofrar a mathod
of scour protectlon below dams worthy or: serious conaldur;tion for
the condition of doeeyp : tailwater balow ovorféii dams. Their anpaar-
ance is not as satlsfactorv .as the. hydraul1c Jump ‘on tho - slopinp |
apron but they require.much lesa concrctc than tho slo?ing apron
and if the condition. C can he avoided thcv briné ‘even losa ‘scour én

tho bottom. In tha: Haddan modol the 11p of tha buckct wasg - horizontal.

If it was curvod up somowhat BS on the Dnicprostrov Dam it is prob-

;L

ablc that the C.condition would bo.loss likoly to: occur. 'It;is

net necossary to have only onc ijtheftwo}satisfactory:conditions

throughout all dischargos, as onc mfght on use&nrqr7lo% flows ‘and
tho othar for high oncs.. Thisfwill_offon‘pofﬁit?thd;matching‘or:

the river tailwator curve whon it cannot.be dome with cither ono

o

alona,
The conventional buckat ﬁifh rnlétivoly shorfJﬁorizéntal

apron may be satisfactory for Claas 2'qpnditions‘if the Jump haight

curvo (bascd on the apron level) is not too tgrvbolow the tailwator

14




rating curve, since the prOper depth to iorm tho jump may be reached
on the aliphtly slopinaﬂportion of the buelot, Jnd & relutively por-
fect jump be formed. Yf the ditfarence betwaeu the two curves 1a
grent, tho depth causing tho rormation of the jump wjll be reached
on a steeply sloping;surfaco.in the buckotfor'on the:atnepzracutof

the dam and the Jump be vary imperrect with high: valocit; curronts
extonding far downstream, nacessitatinc a. long apron. ZThOAlenstthf ‘
tha epron may bo coﬂéidarably shortaned by ‘the use.of some iforms of |

8sill at its ﬁownstraam.end,

-Class 3

The third case occurs whers ‘the tailwetar denth at low

discharges is insufficient to cause a jump to‘fonm:on:a“IQVQl‘aprcn'
at river bvottom lavel, but.is_morc;thuﬁ‘sufficient”atJhirh diséharéua.
This is a cormon casc and the solution CDHSiotJ in artificiallv cra-
ating enougch wator depth to make tha “jump form on the apron at low
discharges. This may be done by a -low sacqndary dam*or aill:across‘
near tho downstroam end of é levol apron..‘Thia.secondarﬁ dam.must‘
be high enough to causce the hydraullc Jump to form upstream from: Lf
for all flows for which tho natural - tailwatcr depth is. 1nsuffivicnt.v
It may nocd a secondery apron qownstream'from:Lt,for:it’iStin:racq‘
Just a second dam. Tho deptk required may nlso:be sogﬁredibyrdéprés;
-sing the apron, preferably by sloping it downwird in é-downstream o

15




direction. This method was used on the repair‘of'the,Hamil;dh:ng:*

*Engineering Néws,,p.flSO;‘Vol. 108, Yanuary 28, :1932.

"This' third case 13 usually favorable to the use of barfle f‘
piers or some: forﬂ of dentatad uill near the end of ‘the: apron, ‘as .
these tend to uraak up the ‘high ve1001ty flow at low dischargus and
also to ralse the tailwater, both or which actions: prdnotc the. forma-s
tion: of the jump. They would .also ba. advantacoou ‘at high: flows
since then the depth of - tallwatur is groatcr than rnauircd to fonn'
thc Junp and the nappo: ovcr tho creat tonds - to dive down to the bot-
tom of the river and Tlow: along thc apron at’ hlgh valacity-as pruvi—
ously described. When thlS conditlon occuru, thu‘sills or-plgrsAaro

useful in breaking up this dostructivu currbnt. Wdf‘low.intaké ﬁans '

it is not uncormon to hawo tbo hciLHt of tullWﬂtcr at h15r flows sur— -

ficient to submorge tho entiro:.dam. In suchlcasos\tho drop_at‘tho
dam is slight and protection agzinst thasofhigh‘flbwszis;notﬁroblom.

iciﬁss 4
The fourth cass, vwhere thc:‘pil:atc; dcpth’ié[sufficiont
at lot flows hut too small at high flovws, caﬁ.bo solvcd.by-incrbas-
ing the depth‘of’tailwator.sufficiuntiy*to'ﬁau°* ‘he jump to rorn
for the meximum dischergo confomplatid, oithar by & secondary dam
or an oxcavuted pool. %ith thoso of the maznitude rudui?od for tho
maximum Tlow, the tailwator depth would Lc morc than sufficlont to
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cause the jwap to forn on the apron at the lower'flowaihﬁt thjsiﬁoné

dition woﬁld probatly not Be:objectiondble'fpr low flows.

_Effect of Changes in Dan Crest -Length

To make the foregoing analvsis as readilv undurﬁtandu“le
as posnible, 1t‘has been aSSumeh_that thelstream tlow was unifonnlj
distributed over a fixed 1enrth of the dar and therefore for a Liven
discharpe thers ould be & fiteﬂ coﬂditlnn of’ ovcr;lun and ‘a fixed
tailwater olevation. By the;prbpor solaction pf.crcst'longth,.how-_
over, it may ba possible tOjsccurokétﬁidsor proement betwoon the
tailvater rating curve and tho jump haight cﬁrve;thun is‘socufud‘by
an erbitrarily chosun lén}th- If thu';lrht essumad luﬁﬁtﬁ prcducog'
1Y Chse 1 condlulon, the ‘asroanent will ‘be 1mproxcd hv 1ncreuu1ng thé
crest lenrth, which.w111 cut dosn thc dlgchurro PC“ JToot 1cnrth

@

and consequently lower ‘the jump hcight curve: ,imila“ly a Clagss &
condition cen be imprbvcd byfddcrcasin: ‘the crost longth ~nroduc1n5
a greator discharge per linocal footidf'crost'and thus raise the. jump
heinht.curvc.‘ Such chenges-may rosulf in‘incréasc: in‘thé.costtéf
erest pates or othor foaturcs o7 the dam:bututhié_might be:much.mo:o -
than offsst by tho ;cduccd cost of hotton protcction,,and £hbiﬁnssi-
biliti:s of such a seving justify stud‘:.' of this These whore “tha

cirecunstences varaiit a choleo of crost lunrths.
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cauas the juwap to Tormi:on tha npron at the lowor flows but this con-

dition would probatly. not be oh!ectionuble for low rlowa..

Effect of Chawpes in‘Dm1 Cre°t Iangth

To make the roresoing anclvs1a as raadilv understandablo
as possivle, 1t has been assumeu that ‘the stream tlou was unifonulj‘
distributed over a Tixed 1enfth of the dam- nnd tha*Pfore for &' Liven
dlscharre there would be‘a fixel COﬂditlon or ovcrilow and a fixedl
tnilwater clevation. by t“e propor selactlor of urcut lcnuth, how—
aver, it may be possxble 1o socuro .a. cloéor og ééemcnt bedwnon the
tailviater ratlng cuﬂvo and thc Jusm. halhﬁt curve than iz socﬁrud:by
an arbitrarily chOSun'length. ‘If tdu'ilrst s umed lunLth prOGHSUb:
a Case 1 condltlon, the arroeucnt ﬁlll ‘be inproved hv 11Lreualng tho' 
crest lcn“th which will cut. do n the diuchbrru rer. ~oot 1cngth
ana consequently lower the Jump hclrht Curve., 'ulmilarly, aKCIass dﬁ
condltlon cen . be 13nrovod by dccroasinm the crost longth nroduc1nr ;;m.
a. greater discharge per lineel feoot of crcﬁt:aanuhué raisc-tho;jump
height.curve,;iSuch chaﬁaa#‘may rosul£ in‘incfdascé in th§ cost‘off 

.erest patcs or othur:foaturos o ‘the dam but;thiS:mirht:bctmuch‘moro

‘than offset by the 1cduccd cost of hottom protﬂction; and,thu‘poasi-

hilitius of such a saving jthlfY a qtud" of thls nhnuu whare tha

circunstancas poriit a choico of crost lnnnths.
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‘Effect of Crest Gates . I

The foregoing nnélvé‘ has also been 31mpljfied b)' quhinﬁ‘ ‘
that the flow of the. stream was unifornlv diotrihuted over ‘the-entire
cTrest lengta of the: dnm. uith controll ato onvthe crest however;
the flow can be concentrated and at certain portiorg of the dqn the_
flow will he greater: than at others. TD te perfactl sare, tﬁa pro-  j

tection should be deslsned 50 ‘that it w111 be sufficient with any

possible cond{ffﬁ“:cﬁtgggp‘openlngs:and flow.‘ As & precticalxnatter,

howevér, it may ﬂe assumed t at rea°onable Judgment will. be used 1n
operating the gntes, nnd suffic1ent pr0uoct10n provlded so- that ‘no
sezvere dmmage would rcsu’t vith tne unda"1raole cond*tions actin"
for a limitsd time, such as wlnht ocour for cxamplo “in the cese
of the failure of'a (oto ﬁo closa whﬁn deglreu.-*In”mést §§sés it='

will be found hest o have the crast GatESadesiahed%tO"be capable

of oporating partlnlly opan, irn order to dxstrl uto tbe water un-

ifornly over tho erest lnatcad-ofqurmittinr only'an;cntirely.open:

or entirely closed condition.

Protection for Jeivs of ‘Indian Type

The forssoing classification applies‘pfincipailﬁ"fo ﬁro;
tection bolow masonry overfall dams of the typqﬁ'comﬁonly used in
this country. ¥For the.broad woirs‘ﬁith-sligﬁtiy‘slopingxaprons
Trequantly used in India and ‘Egyrt, & somewhat diffarenf analyais -
is neceossary. The oldest fonn of this typo of woir consists. of a:
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pile of loose rock, with-ar'without naqoﬁfv‘difiding uuils;:hnving a“
slopins upper surracé paved with® hanu laid. rock or mmsonrv as s\own
on Figure 7. After pessing over the crnst or & meir of this tyne o
the wator flows domn tha slopinc anron until it ancounters tneﬁxail— |
water and at tnia point & hydraulic jump is usuallv rormea. Téfﬁre:”‘

vent acour, this Junp should rorm ra, enouﬂh from the: downstream end
ol the apron that- tha turbulence of tho Jup does inot reach to{éha
unprotected river bed. .To,securo.t“is rasult'mayfnhcossitntc tho‘_i
extonsion of the- qPron below tho natural lovol or the rivor hod.r

It is ncecossery, or at. leaat desirablo to. hava the point wh:ro tho
j&rn Gcecurs movo up . the apron as tho dlschar G incroaeoa sincn thié
providos a lon&a" loncth of anron to t& 3 cars:of thn‘gqutoratur-'
bulence of tho jump with thu‘largcr f;oua. ‘T is ‘also anfadygnt&go
if tho wair is ontiroly drowncd out for evur::{ ‘h‘ig_h £lows, ‘sincu ‘thin
oliminatas tho cambination of hiéh'dischzrgc aﬁd;féll which &oﬁld

produce 50 much dostruct1v0‘on0rév. Thoso conditions oxist nu the

Rosatta woir,* (- Li'urc ?7)-which is at the hosd or thn dolta of thu

7
*Standing Wave Wbirs, by A.-D.-Butchor. ﬁf

i

‘NilOo' The surfaceo protilos shdw thatitho“positioﬁ or‘fha;jump‘hbvoﬁ'
upstroan ac the discharsgo incro&aos'und fbr-aiflow ofrlﬁo;GO0,0UO
cubic motors ror day tho;jump ia antirol?.drowﬁéavoﬁt. Althoumh ‘for
many dams of this typo tho maintcnancc cost has b2en hich, whon con-
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ditions are ravorabls 1% may be very low, 's"indicatod by ‘the main-
tenance charge of 0.4%. ror a 15-year:periog at’ tho Laguna Dmn on the

CQIOrado River, * 'all‘o: whtch‘was;dup tq‘agcutorf'drithe river;Just‘

*New Raclamntion Ira, p;‘189.-December,;1924.

, va ~ —
downatrean from the weir, - which 1owerad the tatlwatcr 1eval 7 foet
\

and necessitated an extension of the apron. _ Kﬁk\ :t ;' ‘ "7
With this tvpo of woir thc possibilition of - inereaslnL the .
tailwator dopth are rather limitod. It is.thoroforo unsuitod“tO—con-.
ditions havinr a low’ tailwntcr lovei and “two complcte railures arc
belioved to. have beon due to tnllwatcr lcvol so:low.thut the hy—
draulic juwp cccurred too near to or below the dOWnatroam cduc of
the masonry, causing an. undermininc of the structuro whinh pro-
grassoed upstrsam and caused 2} broach. "An adjustment of - tha dam
to fit the tailwater conditions mny somoti 305 bo.mada hy ‘a prOper
choice 'of the dem length, as previouslv discussod.

Most of the racantjdams_of'this typg;in41ndié,énd Ecypt
have bosn constructed with broad,‘sloping maSoﬁryfaprpns sﬁfmountqd
with piers and Stonc% gétos. “The fo;EGOinﬁ discussioﬁfgbpliositd
this. kind also, although it .is complicatod gonawhat by ‘tho ‘nocessity
of - having sufficicnt tailwator dopth to causc the jumn to fonn on
the apron with thoe gatcs'inha partially open'condition. ‘Tb;socﬁ@c
this it ﬁay bc nocessary to carry the apron bolow natural bed luvol.
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7 the_river carriesg much“bedVIodd, allowanoe should he made 1n cotnm

puting the position of the jamp ror a. ratrograasionfor tre downqtrean‘

river evel.

_Tallwater Rating Pur?es '

Enough Las been ‘Biven: in tho rorecoinr to show the impor-_m
tance of tke ta1¢water fatiné‘curve ‘in the solution of this problam.
One of the rirst stens 1n nttaokinﬁ the problem at anJ siue is to de-
termine the tailwater rating curva, either hy obaerving the actusl
levels for a wide range ot diucharges or by nomputntion. The'formeir
method ghoull be used if poaaible b:t rairly satisraetory ‘rasults
may re secured by detenmininc the tailwatar elavation'for,various
discharges by menns of backwater‘curves for these 'lows.> Sinﬂe tha
water levels at- dovnstream points for these dla"HurLes ‘are- probably
also unknown, the curves may be aterted at assumed elevations far
snough dormstreax‘n. from the dam that tke error in the assumead e*e\'a-
tion will have diaappearei herore the curve has been computed a8
Tar upstrems as the dam. That this is the case may be’ determined
by assuming somewhat differsnt eievations Tor the some: disrharge
at the lower end of the stretel. and if both assumptions‘givc*preﬁ-
tizally the game ‘alovatiorn at the damsite, the error introduced by

an incorrect assumption is neglirible.
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,Laboratory‘Expéfimentsuraéeéséfv '

Tt is not the intention of this article to-give.

sion that hydraulic laborutory ‘teats are unnecesscrv in- workine out

the best form of scour: protection below dama Such tests ahould ba_%

made on all imnortant. etructuree and WIll usually pa; ror themselves .

in the inprovemants which they bring ‘aboit in tha minor reatures of

the design, entirely aside from the major improvamente‘which'thby

neke vossible. Thg intontion of this analysis 15 only to\point aut

the lines alon; which the best: solution probablv 1ies, 1naordor!that

effort may not %o wasted in unnecosaary investigntion.
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