
OCT 1974

103.015

N
One Source. One Search. One Solution.

ADA000612

1111111111111111111111111111111111111111111111111111111

u.s. Department of Commerce
National Technical Information Service

PRACTICAL GUIDANCE FOR DESIGN OF LINED
CHANNEL EXPANSIONS AT CULVERT OUTLETS;
HYDRAULIC MODEL INVESTIGATION

ARMY ENGINEER WATERWAYS EXPERIMENT
STATION VICKSBURG MISS



One Source. One Search. One Solution•

•
Providing Permanent, Easy Access
to u.s. Governl11ent Inforll1ation

The National Technical Information Service is the
Nation's largest repository and disseminator of
government-initiated scientific, technical, engineering,
and related business information. The NTIS collection
includes almost 3 million information products in a
variety of formats: electronic download, online
access, DVD, CD-ROM, magnetic tape, diskette,
multimedia, microfiche and paper.

Search the NTIS Database from 1990 forward
More than 600,000 government research information products have been added
to the NTIS collection since 1990. All bibliographic entries for those products are
searchable on the NTIS Web site at www.ntis.gov.

Download Publicatio os (1997 • Present)
NTIS provides the full text of many reports received since 1997 as dO\Nnloadable
PDF files. When an agency stops maintaining a report on its Web site, I\ITIS still
offers a down ,Ioadable version. There is a fee for each download of most
publications.

For more information visit our website:

www.ntis.gov

~v~ u.s. DEPARTMENT OF COMMERCE· 1!J~~-' · Technology Administration'-. .' I National Technical Information Service
-~~fI Springfield, VA 22161



< -

REA!) INSTRUCTIONS
BEFORE COMPLETING FORM

/

Unclassif'ied

Final report

". SECURlTV CLASS. (01 ".~. ,.",.,."

1». DECLASSI~ICATION"DO.NGRADING
SCHEOU~~

12. REPORT DATE

October 1974

10. PROGqA.. ELEMENT. PROJECT. TASI<
AREA 6 WOAIC UNIT NU..S£1tS

S. TVPE OJ" __EPOAT • I=IEAlOD COVEREO

6, PERFORMIMG O~G, REPORT NUMBER

e. CONTRACT OR GRANT NUM8E"t'-,

State Project No. 736-01-54
rAP No. HPR-1 (70-lR)

t" GOVT A(;C:E$SION NO 3. AEC'P,EHT"S c:..T ....OG NU"BER

REPORT DOCUMENTATION PAGE

Tecbnical Report H-74-9
,. REPORT NUMeER

Louisiana Depar~ent of Highways
P. O. Box hb245~ capi-tol Station
Bston Rouge~ Louisiana 70804

9. PERFORMING ORGANIZATION N ~ME ...0 &OD~ESS

.u. s. .TJ.:rr:U Enginee~ 'Waterw-ays ~rilnen1: S·ta:tion
Hydraulics Laboratory
P. p. Box 631~ Vi~ksburg... ls'ss. 39180

Unc1assified

A1Jproved ~or public release: d.istribution unlimi:ted.

7. AUTHOA(8)

Bobby P. Fletcher
Jol:'1.n L. Grace, Jr.

4. TITLE (-.4 ~1r'.J

PR~CTIc.aL GUJDANCE FOR DESIGN OF LINED CHANNEL
EXP.A."'lSIONS A"T CUL't"TERT OUTLETS; Eydraulic Model
Investigation

16,. DISTRIBUTION STATEMENT ,., ".~. R~J

1 I. CONTROLLING OFFICE NAME AND ADDRESS

SECURITY CLASSI~ICATIOMO~ T~IS PAGE (If'hpn D._ FIK~

': j

~::~::~c::-,,:f~:;~~J~;'.:-,:.~..:~~.'1'~'.~~~._.~~'~~Y:~J~:::~ ~~. ~<" :~~~.J;~:

~:~. . .

'~~t~~=

'~

.'
~

thc1a:;si:f'ied ~~
SECURITY CLASSf~'C.T.ONo~ TN,S PAGE t ....... ".,. i

OU"tlets
Scour

~fOd~ bY
. NAT'O~~AL TECHNICAL
INFORMATION SERViCE
u s ~:'t1I'en:_~ ~~~e

EDITION o~ , NOV ~s IS OBSOLeTE •

I'
1473

Cha.IaIu~J. expansions
CuJ.vert ouUets
Erosion contro~

Lined ch&m1eJ.s

18. 5UPPL.E~ENTARYNOTES

Th~.s report presents the detai1ed resul.ts c'f researc.""l conduc"ted to: develop
'Oreetic:ll guidance :ror desi~ of' lined cha..yU)el. e>:;)a:lSio:'lz at cul.vert outlets.

: Appe:'\dix A summarizes the resul:ts of related research e:fforts of' the U. S.
Army' Engineer Wa'ter..m.ys Ex;>e~nt Station during 'the past decade to de',-elop
~ra.ctic3.1 guida-"'1ce for esti:na.ting a..,d controlling erosion do,..,...:;tretu:1 of' C1U­
vert end storm-drain outlet~. EcJ:)irlcal eouations and ~arts arc "resen'ted

- _. (Co~tinued)

DO



i~11~~t*~>c~~~::~~.,.;:;._~.~~~~,~:,:,:.1,:~,.".:.,!r::~: ..,.,,~?,-,.~tJ:~~.·
01';":. :~1: ~

~.;.:-u;

~::·i:. If
:~~ .::
~"~:;: --!
i:." ~ ~. .-

_____________________..~~..,;.I.a._._ _

".

,; "

~;. -"

~Vr "

"~

Jr.'.'
~:.. ",;~....;- .....

f:' :'
~.

.......
•P'.

~: -

~¥;
~

~

.;':

J
t

I
I
I
j
I,
I
I
!
I

i
t,
t

I
~

.1,

::,
i
~

i
i
I
I.
J

tfr1cl.assified

for estimating 'the extent 0:" locaJ.ized scou~ to be anticipated d0'6'!lstre~..!:1 o'f
culvert end S'tor:1-drain outle1:s a...~d the siz~ a.~d extent of various !latu~l

and a:-tificia1 1:YrJe revetments a-"1d enere:t dissi~ators th~t m3Y be used to
~ontrol loca1ized scour. Wit!1 th~se results .. desig:1ers C'e."l es'tiJ:Jate the
extent of' scour to be ~cted a.~d select ~':)p~riate 8."1d uterna1:ive s~hemes

of' 'Protee'tion for com:rolli:1C erosio='l dO'W!l.rtre~ of eul.....ert. 2...~d stol"%!l-drain
outlets.

;:

SECU"'T'Y CLASSIFicaTION OF' THIS PAGEt1IPIWft D•• F........J



_,,_ . .?=.'--:.-.,"''':'..r

SOT£ - 'J'Iwo ~P't"""""J:nff~Wlll cudr cu-d
CnL 3 IJan& •• Dd 11 thru 25.

IIIISUUS 1Q1D'!l.&U:r CIS!7QL - (1m) S. ~l. ~ J

l cpA 1'bMP. or .. or •~ or.~
, ,.,~..",. ~ Dft'IIl ftW ~AI"' .........m
'-- ,~ ... ~tea1 Us ..• ....

..... ~or-&t.oI'7
~~.... W-.1~- 1JI dedp1aJft ..au.q
6ou.r(~~

,~. hI ~''.:''''''~ ,'~"':~'

_ I -.. ..,.'1. --. .t. .,' .~ .. " .• . ~" ."W' if

4 6,~ ~ ¢ 6 7 1. .

R&D IMPLEMENTATION DATA SHEET

PART B

~'tI0il ......... = (IP) la '01.. SO
1.u_.1~or~ia~12~~ ..
2 1IIU: be 2111P~tM lIP ......, la 118ft 2L. ..u..
) ~...".U,... s.a 1'~"" tIab,Jee't. ~ M'ti8II
~ taCol.. Sl -

.PA~T A

001.0

L 2)1. 67e9 1617

.~

~--

.'...~

,­
-""

~ \. ~i.~-~-;:'-""-~
__~:-",,~--_ -.' .. _~:_." ...._."-.~~.;.·~·:i._::"-:-_,·-::: :::.":':- :.~-:- ..,::!: .-..;.,' .- ....- ':'_

!~~~~~
...

15 9
m.-

Bll8S aDS t8D.~ 0& ... =.

~ ~ ==-- J(:I.) U Col. 52

~=-~ ~ ..... tcI..:..... .,..~(~--'-

..,..,.. ....r~........_. _ a..51.

..or~.LIIc.l·~ 66. W

... ~ w-. _~ III Col'. 68. ~

~U"~ ...~ (IA) III Col. 51
1 1qaS,...~~ or -.ttncciofta ........
2~_~C8~

)'-...c! .. ew-~~~. ~U-. .J
.-.1• ..,..~ or ~lcaU..

1& 1'NIa~ as..a. ....s U- ~ ~..,....

5 ~.I'Ali'r f'bItla1ll)

D

c

•

C;S fA ~ ~ ", Q. 6S ~ 61 68 ~ Te n ~ 77 ~ 79 len.
P-ART C l-~. ~~ .. ~~ P. liD -=-::~~ • SMN-:-r, ~ _. ,..

Lr.......:,..-..- ...-....- ..._ ""\",..... 1 ( .... - _......

--------------mc QSDIIaI NY OW - ~1. eo
If no ~•• ,. ~b~•• de ,..

1 6 1 1...1 1.~ e. __'.aa':l"~

~.,...................rrA_-a......opIo.....I..r_'I.-&r_......~.L...........~.....-~.............",........ ..~ ~ c.-t.7 .~~., t \/ t .t, ~ ! ... ~J. _.2I~ t-' · \..,.:Jt!DS! ..'itO ( ....~~ peri")
~ :la Coli.. ;e • 79. ,.~ ..~ ..

~ PGrIm 01" 2o~ES. ~'S ...~ta pPr ......rdJ .11..- :..n-.t.Id

~.aac~-Col... S7 _ I
TMalIllft1.od III ------ Cal-.. 6) j ,-=sr Bt.., SI'IIII:S ,.., IMUIID'tIft_ ,I

.. & Fct4r.....-=7~ caza,o) .. Coli. 70-73
--..r~~ <110m) 211 Col·.TL - n

'ftIIRetrsnres ~ .....- (SIt> Ia Col. 6S
_1 c.- -up 100 ..-q
2~ ....~ (-1-:1)
, s.s....~ bid. cIlJTln1~ tID ­..~..r~~ tl'f' ....--;;J__
1~..u.ucs.~~

~ ... -ecw .....
72~
(El1W),.,.. UM
1-=1~ all
~..s...-+--- -.... -4 ~....~....

ih ~CIPS

·t,

~
·f~

'';,:....
~r_

{'
...:::= 1;
..p I'':-..

.a.....
1 ,

:j- i:
: i;:

~t- ~.. ~

-'" J,

~~--
f
".r;;..

ji' f
{~. oJ

f.f· If..

Ii. or,...

'-.,

--~

.....

_...::----_.



-...-

.~-:.

_~ofI.-: ... :-... ,.. s;..- •• f-;:!I .•~.~. _"._ .~ .... '._~~. _-. _~- ;:--'.-

.....
-.'
"

l

~.

.i
i-'

~;

"
..:,.
;.
-t

NOTE- Tstee DO more tban 12 characters (E:ite) per liDe, inc:la~all spaces
aad puDCtDation. Use aU CAPS

8 9 80
(;ar. Studv Obiectlves

G TO !)::v::LO? A C?';.NNEL ::<?A.~ION CEOME:TRY TP'AT WOOL!) PROVID:: SATISFAC-

H ,!,~y !='tOW' CO!JDITIONS IN TEE =:<r!' AP..EA: n~lE.§tIN'E '!:IE 3YDRAtJ'!,!C COND!-

t 7IO!'iS tmD=:n W!nCF! L!NI:NUS ca·1POSE'D a: SAC:{ ~~"N'!'. CELLtJT"..J..R 3LOC'KS III

"T OR ROCK R~P WERE ST.:.3LE: AND DE\r::tO? A~~IAT'F: DESICN CUIn;.J7C~.

8 9 80
Cdr( Stud,,- Findi~s

1\4' TE S'!'lTDY ITNDDl;S llILL .?::-""IT7~ U~ OrE~ OF THE THBEE LINING -

N ~JA~IALS rn LmJ 'JF RIGIn ~WC?~ CF..,1~ ::-"-P.~I~ ~O ~OVID::

... -

0 :.F r :.Cl'nrE ;.!W !·~ORE ECONCMl':P.L ?'"I-~NS OF PnOT::CTI01'i AT CL""LVERT C'JT;ETS.

P

0

R

:

8 9 80
C-trc Imulemrntalion - How Don~

OF ~.~:C!CXTS LL\::D c:..r.nrm::r. ~?~.NSlOi".s
I

V TESTS WERE CONDtTC!~. I>OWNS7R~ OF

.w :4 ~D::L :BOX CUL1I::RTS i,iIT:-t Dr;..~~~oNS OF o.~ '< 0.'5. 1.0 '< 1.0.. AIm 2.0 --
-----.::-

X x 2.0 PT. TSE~Ti?~ O~ L~ rnv~ICAT~ C'mtS~ OF SAC'!(

Y ?-£'~~ C£LLtJI.,:.R 3LCX.1C5. r.rm ROC:: ~I?RA:_ 7:~ !.mIlCS W£:lE

Z SUB-TECTE:D TO VARlOOS PARTIAL AND FULL CUL\' ::...iI{] DISCP.A.~ES AND TAIk-, W:ATERS UNi'IL DIS?'LA~oENT tE FA!WR! wr.s OB~ AND ~CO:m::D_ -

I

2
;

~

3 "':

Indic.ate who to- -,:onlaC\ for .t.nJ Collowup hUorm.ttion~

.1 _ t . C?.ACE. ·ffi. , 3. P. n.:...Ltrn.t-:I(

N_me ,~ N:a:m(·

!
i

I

/



...
'L

~,.~~- .~--~_.-a ~..............,~,~ .. _ --_.....__...'...........--_.-~ .....~';

~•..... .
~

-~

.;-~. ,

l' :

.-
~

.... 0·
~- :

..~.

.. :-

This report presents the result.s of specific research to deve1-op
prac:tical. guidance tor design o-r channel. e..~3I1Sion.s lined \iith either
sack revetment, ce11ul.a.r b~ocks, or roclt riprap to prevent J.ocaJ.ized
scour at c·ul.vert otra~ets. Appendix A :umm.ri.ze~ the results o~ related
researc."1 ef~orts of. the U. S. Army Engineer waterways Exper~"t Station
during the past decade to devel.op practical. gu:id2.nce -ror estimating and
control.l.ing erosion downstream ~~ eul.ve.rt and s-torm-drain outlets.

The results derived t;rcxu this study provide guidance thai: was pre­
-w"'iousJ.y not a.vaUa.b~e and~ permi-t the use 0'£ either 0"£ .the three

, U-~ing r:12.terials :in lieu o~ rigid concrete cha.m1el. expansions to provide
effective and more econcmi.cal pl.a.Ds o~ protection at cu1.vert ouUets.
Pote-~tially lm~1h1e ch!mIle:Ls that do not~t "the conventional. t:'~

o-r- rigid concrete structures due to the cost of' such pratection may be
reco:lSidered in 1ight o:f "the guidance and. a.l.ternatives deveJ.oped from
this research.

'!!1e resuJ.ts presented in .Appendix A permit designer:3'- 'to estimate
. the extent of ~oc:al.i.zed scour t,o be expected and se2.ee"t :lppropria-te and
a1ternative sche%:les o-r ~ro'tectiOD. "for contro' 1 ing erosion downstream o-r
cutvert and storm-d.M.in outl.ets •
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PREFACE

.,~/

The mode1 study of' Lined Channel. ~~~~ at Cu1vert Outlets was
-.'1'-:: -

authorized by the Office;.. Chie:r o~-~eers, on 6 April :L971, a~_the

reque.ri of' the Loaisiana ~yartmerrt of' Highways and the Federal Highway

ft.dmi.nistration.

The study was condueted: during -the period APli-~ 1.971 to April 1973-'"

in the Hydraulics Laboratory of' the U. S. Arrrry- Eagineer Waterways Experi­

ment Station (WES) under the direction o'f Messrs. E. P. Fortson, Jr.

(retired), end H. B. Simmons, Chiefs o'f the 1fYdraulics Laboratory, arid

T. E. Murphy (retired), Chie:f of ~he Structures Division. The ~ests

were conducted b7 Messrs. B. P. Fl.etcher, W. A. Walker, and B. P. Perkins

under the direct supen'ision o~ Mr. J. L. Grace, Jr., Chie:r o~ the

Structures Division and :former Chief o-r the Spil1:wa:ys and Channels

Branch. This report was prepared by Messrs. ~etcher and Grace.,

During the course of" the stw.1dy Mes:;rs. T. B. Lawson, A. L. Cox~

S. M. La:w, H. B. Rushing, d. E. Ross, ~d W. Marcum or the Louisiana

Department o! !U.g~JaYs; C. J. Gaudin 0"£ 'the Louisiana Department o'f;

Public Works, and B. Burch, B. Prochaska., D. Richards, M. Cory, B. Ba:n­

gar~er, M. Cook" M. Smith, J. Lazenby, and R. Driskell or- the Federal

'Highway Administration visited WES 1;0 discuss the -program of' mode1 tes1:s,

observe "the model in operation, and c:orre1a.te test -~sul.-ts with coneur­

rent design work.

Directors of·WES during the conduct o:r "the S'tudy' and the prepara­

tion and publication o-r ~his report were BG E. D. ?eixatto, CE, and

COL G. H. Hil."t, CE. Technice1 Director was Mr. F. R. Brown.
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_ CONVERSION FACTORS, U. S. CUSTOMP.RY TO 'METRIC (SI)
UNITS OF :MEASUREMENT

u. s. customa.ry units of measureI:lent used in this report can be con­

verted 1:0 metric (81) units as follows:

MuJ:ti-01y By To Obtain

meters

meters

square meters

cubic ~eters

kilograms

meters per second
cubie meters per second

meters per second per second

0.0254

0·301£

0·092903
0.02831685

0.45359237
O.301d3

0.02831685

0.301£

inches

feet

square feet

cubic :feet

'Pounds: (mass)

feet per second

cubic ~eet per second

feet per second per second. i
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PRACTICAL GUIDANCE FOR DESIGN OF L:rnED CHANNEL

EXPANSIONS AT 'CULVERT OUTLETS

F;vdTau1ic Model Investigation

FJl-RT I: INTRODUCTION

Background

1. One of the most preval.ent 'Problems experienced "Wi-th storm­

drainage :f'acili~ies is tha-t o:f erosion at cu1vert and storm-drain out­

lets. Due to -the rela'tive1y f1.a:t terrain of" a large portion o'f

Louisiana, cw.vert and storm-drain outlets are st:.bj~c-ted to considerable

submergence or dep~hs of 1:ailwater relative to the outlet :tnvert. Con­

'trary to the usual assumption, excessive depths of tailwa-ter at such

out1.ets concentrate rather than diffuse the e~nux, and as a resul.t

severe 10calized erosion is experienced for a considerable distance

dovmstream. Rigid concrete-li.ned channel expansions have been used as

one means of protec'tion for preventing excessi~~_,:LocaJ.i:.zed scour in exi t

channels downstream of cuJ.vert outl.ets. In the--interest of developing

practical. guidance f9r design o:f lined channe:L exPansions downstream or

box cul.vert out~ets, the Louisiana Department o£ Highways and the

Federal Highway Administration sponsored-the progr~ o~ research reported

herein•

Pu.roose o:f Study

;- -"-'":;:,: - .: ... -

2. The subject hydrauJ.ic model. inves-tigation was conducted to

deve~op a channel expansion geometry that wOul.d provide satis~actory

f'lO'W' conditions in the exit area; determine the hydraulic conditions

under which linings composed of sack revetment, celJ.uJ.ar b~ocks, and

rock riprap were stable, and unstable; and develop appropriate guidance

:ror design ~f stab1.e lined charme~ expansions downstream of culvert

out1ets.

5
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PART II: MODELS AND TEST PROCEDURES

Test Facilities

.. _......

. -'_ ..._. J'
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t.: ....
~.1\

.~.~ ,

t~·

3. The experimental facilities sho~ in Figure 1 were used for

tests of various lined chanDeJ. expansions downstream 0"£ three mode~ box

cuJ.verts -with dimensions of 0.5 x 0.5 ft,* 1..0 x 1.0 :f't, and 2.0

x 2.0 ft. The -three types of linings investigated consisted of sack

reve"tment ~ ce21.u1ar blocks, and rock riprap. Sack revetment weighing

120 l.b nth overaJ..1 dimensions of' 2.0 x ~.5 x 0.33 ft was simulated at

a sca1e of ~:8. The celluJ.a:r blocks_ which weighed ~4 lb (Figure 2)

were simuJ.a"ted at a scale of 1:4. Rock riprap linings composed of

A table of fac'tors for converting U. S. customary units of measure­
I:1ent to metnc (SI) units is presented on page 4..

j
~

~

I
t
I

~'..1

. I

40.0'

BRICK END SILL

ELEVATION

6

28.0'

:Figure 1. Experimental. f'acilities
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Figure 2. Cellu1ar block details
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stones with an avez:age diameter (d
50

)* of" 2.5 and 7 in. were :eproduced

at a scale of 1:4.
4. Water used in the operation o:r the models ~s -supplied by

pumps, and discharges were measured by means of" calibrated venturi

meters. S"teel rails set to grade aJ.ong the sides o£ the. fiume pro'Vided

a reference plane and support for measuring devices. Water-su.:af'ace

e1.evations were measured by means of point gages and current patterns

were determined by means o~ dye injected into the vvater and conf'etti

sprinkled on "the wa:ter surface. Tai~wa.ter elevations were regulated' by

a gate a"t the dovm.stream end of the fiume.

* F-or convenience ~ symbols and unusual abbre'Viations are listed and
defined-~in the Notation (Appendix B).
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Scal.e Relations
t: ..

Test Procedures

1:512

J.:2.83

1:8

1:64

1:32 1:18~

1.:2

1:4

1:J.6

1.:64

6•. Quantit~tive measureme:l"ts of discharce, 'W'S.ter-surface eleva­

tion, and ve1.ocity in the mode~ were converted to :prototype dimensions

by means o:f the above scale relations. Experimental data also indicate

that the prototype-to-model scale ratio is valid f'or scaling riprap and

revetment in the sizes used in this investigation~ since the ra1;io of

flow depth to revetment ""Chickness and Froude number 0'£ flow in the model

"t·Tere the same as those in the prctotY];)e.

5. The accepted equations of hydrauJ.ic similitude, based upon

the Froudian criter:ia, 'V,--ere used to express "the mathema"tical relations

bet.ween the dimensions and hydraulic quantities of the mode1s and pro­

totypes. The general. re~ations expressed in" terms 0"£ mode~ scale or

~ength ratio., Lr , are presented ~_n the follo"w-:i.ng tabulation:

Scale Re1ations

7. Prior to each series of tests to determine the limii:s of s-ta-

- bi~ity :for each of :the three types ?f lini.rt-€; :for channel expansions,

-the "trapezoidaJ. ~9JD.e~ downstream' of the expansion was molded in sand

and slowly flood~d to_~revent erosion and provide a~ desired

tailwater eleva~ion. A predetermined discbarge was released through the

culvert and the tail-water 'WaS lowered in small. increments until displace­

ment of the lining was observed and recorded.

Dimension Rat;io

Length L
r

Area ·A = L
2

- r r

W(::igh1: W = Lj

~ " r r
~- _1/2Veloci-ty V = lJ

V r

Discharge ~=
L 5/ 2"

r

~.. ~
~~~, ~J

'I~
fi; ..
.; :,~, .
l:'
!los'

r""'~"

--E:~..

i:\<..
'r •.

fr','
~.

.. '
J •

",....
~,,:.. 8
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SACK REVETMENT

.._------------------------

Figure 4. Geom~try of linec; channel 'wi:th sudden expansion
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Therefore, additio~al con:ri~ations were molded and tested to develop a

more stable and economical pJ.an of' :channel expansion. A geometry that

provided- SlA.dd~n expansion (Figure 4) permitted. flow to concentrate se­

ve~ly along either side of the expansion sufficient to produce a strong

and undesirab~e eddy on the opposite side. Favorab~e performance ~s­

obtained ~th ;the ~ecommended geometry o~ channEU eXl)ansion shown in

Figur~ ~ which pr0v?-ded satisfactory' expans~on of now and required a

smaJ.:Ler base width for the inve~t as well. as fewer armG~ units:.
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Sack Revetment

9. The rec.ommended geometry o-f channe1 expansion was molcied and

10
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CURTAIN W.ALL.
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PLAN

SECTION A-A

fiSlJ!e: 5." Recomm~ded lined channe1 expansion geometry

'r

:"- -

---:.'

t'
--i::~~

-.. '

-',

.~

-f".l;. -,

1ined with the 1:8-scale simulation o~ saCk revetment composed of seeks

'W'ith crl.Ia1ensions or' 2.0 x 1.5 x 0.33 fi and a :weight of' 120 ~b downstream

:0£ each of the model box ~ulverts 'W:i:t~ d.im~sions of 0.5 X 0.5 :rt,

1.,0 x 1.0 :rt," and 2.0 X 2.0 f't, which simulated. protome culverts of

4 x 4 :rt, 8 x 8 ft, and 16 x 16 :rt, respectively (Photo J.). The eXtent

of: each sac..lt-revetted channe1 expansi.on was preserved in ac~ordanc:e wi"th

:: the recomm.ended geometry- (Figure 5) and "the respective culvert dimension.

Each of' the three clla.nnel expansions and corresponding cu1verts were

subjected to various discharges, ta~lwaters, and both partiaJ. and~

pipe now conditions until displacement or :fai.J.ure of the sack revetment

II
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~
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""was exper-.!.enced':' Flow collditions and displace!:Jent and!or :railure are

shrn..n :LL ?~otos 2-4. 33.~ic chta-=-obUllned :rrom the tests o~ sack revet­

~t are presen"ted in Tab~e 1 and plotted in :i~re 6~ The description

a.W}a tmits O!' 3J..l variab~es are ~resented in .-\'!JPen~ B: Notation.

2.0

i

1051.00.5
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Figure 6. r·'Irocimum per!:1i~sib1e discharee for
lined channe:t expansions

_ 10. In ~general~ the iJ1i~ia1. dis~~acemen"t of' one or t-.ro S:l.~kS re-

~t~d in immedia.te and extensive f~l.ure ot"::tbe lining. Faj l.ure along

the si=cie sJ:opes 01-' the channel e.-..:pa.llsioll ~s obser\1'ed most -o:rten 1Ari th
... .._-. .

excessive taiJ.~-ai;ers:and Frou~e n~rs or- flow nt the outlet less =than

unity. 1-1it'h lesser tai1w3:ters and 'Froude numbers of octl~t now greater
~ -

than ·u..~ty. fai1.ure W'3.S g-ene~ most severe along the invert or the

expa.."'lsio!1 at a distance approxiCately one cuJ.vert height. dOW1lStre3lU

·of the outlet or directl..v bened.tb the toe of the hydraulic .jumo.
/ ..
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Cellular Blocks

ll. 7ne recoccended a..."d ~p,;,ropri3.tely dimensioned channel expan­

sion 1ined ~~t~ the l:k-seale simulation o~ cellular b10Ck reve~nt

CO!1st.ruc'ted of' block~ v.~i¢i:lg 11:. lb 3...."'td .-i:th dime:1sions sho.71 in 'Fig­

ure 2 't...-a.s in'\;esti&~ted dO".a1:lstrea!:1 of" e3..cn of' the three model l,ox

culverts t~t si~ted ~rotot~~ culve~s wit~ dimensio~s o~ 2 x 2 ft.

1:. x: 4 ft~ end 8 x S:rt. Typic~l conditions be:~ore. duriDlt;, and a~'ter

tests i:l lIIhich t;~ cellular-block 1ined cp.annel e~3.....sions -:,.'ere sub-

.ject~_ to ,rarious di~c!":.3.rees. t3.il'\-::l:ters.. end both -;>artial 3..~d f"ull

pipe now cO!tditio:ls are s~own i~ ?:~otos 5. 06. 3-~d 7 .. re~c:tivel~ ....

Basic d~t:l obtained fro:1 the te::ts or cellular block revet.ment are pre­

se!1ted in To.ble 2 ~~d ?ie;ure 6. T:1e :r3.ilure tr:i.g~~ered by the d.is';)13.~e­

l:lent o-r one or tl·;O celluJ.3.r blocks 'e1t~S cO:1Sidered to be %!lore severe and

extensive th~~ that observed ~~th eIther s~ck revet~nt or rock riprap~

Rock Rinr3n

.~,

'.­.',

12. The recot:II:lende~ ~:'!.d ~pproprietely dimensioned ~!lannel ~:q)an­

sian ll~ed ~'"ith a l:..h-s~le simul3.tio:l o'f roc~: rirrap ~-rith- 3n 3.ve~e

di~ter of 2.5 in. '.-;as inverlig2:ted do--vnstream 0"£ ~ch O!.~ the three

1:lodel box eul'\rerls t'ha.t si~ted ~rotot:.'";'e culverts l-ri.t~ dimensions of

2 x 2 :ft. ~ x 4' ft~ ~"'lC 8 x 8 ~t. T!1e l~gest oox culvert l~:; a~so i!1­

, ...ertiga:ted ....-it?1 :!..Y) ap~ropri:!.te1:'l ~ized cna.lmel expansio:1 lined ~~~th

model ~t_o..ne that simul.3.ted rock riprap ",1.th an- ~verat:e diameter of' 7 in •

Typica1 ~ondition:: be~ore. during, :!ond :!!"'ter test·3 0:'" the si:.ml3ted

2-.x 2-:rt box cuJ.:vert :l..~d correS'POnd~ng channel e.'\..-p:msio!'l ~ li~~d ~nth

stone o£ 2.5-in. :ave~E;e di-3meter :u-e .sh~'!l in Phot.o S. Basic d~t3. ob­

tained fro~ t~e tests o~ rock ripra~ revetment ~re pre~en~~d in T~ble 3

~nd Figure ;;. FaIlures obsenred on eiother· of t!'1e :;ide--·s:ioPes and :UOtlb

the invert of 1;he cha..."nel e:-:p:msi(~..__ lined ~""ith roe!: ripr3.p were not ~~

~~ensiv~ a~ those obser~ed ~~th either the sack revetment or cellular

blocks.

1.3
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13. The basic -w-ari.abl.es in,,·estigated incl.uded the size o-r the

culvert. the geooetry o-r indi~-idual pieces ~:r the three t:i1'es of revet­

1:le!rt:, the disc~e or rate of ~ow, and tbe d~th of tai:Lwater reJ2.tive

to the invert o~ the cu:tvert outlet. The size or dimension o~ the
"

st!uare culvert (Do) lre~ arbitrarily selected as the fund.amentti1 or pri-

mary dil!2ension that should be common to eaeh diJ:1ension1ess parameter

used in ana.lysis o~ the data.

14. The data obtai!1ed~ tests of each !'e,\retment and culvert

'Were used. to cal.cu1.ate the quasi-ciimensiO!l1ess par:meter Q/n5/2 -.fuicho
is a usefUl~ descriptive paraceter ~or c1assifYi~ the relative dis-

6arge c3.~eity of ~irC'U.1ar :md square shaped closed conduits i~cludi!lb

culverts. This ,;,a..-ameter is a1so related t.o the ?roude number o~ ~ow

a't the outlet,. c~ used to classify subcrlticaJ. or ::upercriticaJ.

now conditions and in design of ope:! cha..~~el ra.~ilities. Ratios or­

tai1..-ater depth above the invert of' "t!'1e outl.et to the :teig!-lt of the cul­

vert. TWID were calculated also.

15. °Flot~ o~ the parameters C!D5!2 versus ~l1D on log-log
o 0

- paper ~or each size of' s~ en1-,..ert and the eorresponding lined

channe1 e."Cna:lSion indicated that ar: ecraa:tion of the form olD5/ 2
.~... - 0

- = C{N/n )3/4 could be used to describe t'he limiting h..vdraulic condi-
o

t.ions required ~or st2bility or- each plan 'Jf protection. Since the

size ocr individua1 pieces or eac.~ lining was constalrt relative to a

given culvert dimension~ but variable re1a"ti_e to V2rious sizes of cul.­

verts, it was considered t!r:lt the relative size of the revetment to the

cul.vert height would be an important para.~'ter. This".-a.s eO:lt'irmed by

log-log plots made to co~elate the magni~ude of' the coef'ficierrt C

indicated i'rom the 'Dlots of "'D5/ 2 versus Trl/D relative to the
· ~ 0 0

ratio of reve'b:1ent thickness -to culvert height VD
o

• T:'1es~ latter

plots indicated. that an equati",n ..or the form C = .KCT-/Do )3/L. wou1d

satis'fy the data. -

16. CO!!Jbining these t'.ro relations indicated that an e.~ression

o:f the :'ollowing form would satisf'y the data o-r all t~sts o~ e~, ch t:.rpe

J.4
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o~ revetlaeDt used "to li1:Le 1:he appropriate c~De1 exparas10D. _

of various sized square euJ:V'erts-:

" ~_t_"...-"\.,~.:_~;,'__2.~~,.~~ ~.~ ~.' :-,' i· .,: :' ' ..~-:'-j.
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I,
1
~

'1

~-I • ~ ...",.,....
'oJ' .- .
~ .

where

CclDbiDiDg Equations 1 and 2 7ie1ds

(2)

(3)

or

..-
~ .
~,

':-'

\'.
-,
,(

~.. '.-
~-,~ ~.- :t: /.

(~) TV) (~\4/3
0; (n; • ~ ~/2)

~eiore~' th;--basic' data -ve:ae plot-ted as shown 111 Figure 6, and: a

reasoDable trend is iDdica"ted. The recoa:zaended equation for square

cuJ.verts indicated b7 a conservative ~i-t of the data is:

d~O ~ ~ _ ~ (...9..-)4/3
Do or Do or D - 0.01.0 1'Ii 5/2

o Do

(4)

(5)

where

'l-
-,'

d50 • di8llleter of average size stone, f't.

TS = 'thickness o~ geametrlcaJ.ly si.mil.ar saclt revetment, ft

~ :; thickness o~ geometric:al.ly simiJ.ar cellular block ~ :tt

Do =height or ~vert~ ft

15
£~

~-=-~--
~ -----.'..,... ..:-..;-;..,., . . -.-~-~--

- ------~....



.. ,

" '..'-..
~. -:

·f
;...' ".
I

...
...... -

--------------------------------_ .._----

TW =tail.vater depth above invert of culvert outJ.et.. ft

Q. =disc:ha.rge ~ cfs

I"t is considered "that Equation 5, developed -ror square out~ets~ 'can be

appli.ed directl.y to cir~.11.ar outl.ets. I1; is al.so considered 'that "the

resul:ts presen'ted herein can be app~ieci "to other oU"tl.e't shapes» pro­

"tided geometric: si.m.UaritY' is preserved in appllca'tioll o-r the recom­

mended guidance. For outl.et-s vith aspect ratios, W ID ~ other than
o 0

uni~ , it ~ considered "that the parameters or ratios iDvo1Vi.ng revet-

ment thiclmess and taiJ.vater depth above the out1et -invert to the
. -

height of the outlet are appropria-ee; however t 'the dischsrge param-

eter should be re-vised "to adeque:tely describe the unit discharge per

:root of outlet vidth, q. ~erefore. the :toll.oviDg equation is

recommended for rectaeguJ.ar ~verts with an aspect ratio other thQ:1­

unity':

.~-

d50
~D
- 0

TS
or D

o
or (6)

"j,,;/
.-.,:--

- ~.

:\

.~.

r .-

~~.
~-.

~:

......

-;.

ti"..
"~:
to

Equations 5 aDd 6 are recOJllll1end~..:.rc~ect1onof either "the size or

revetment f"or a given J.ined channel expansion, discharge, 'tai1.vater .'_

depth 9 and culvert dimension or for "the seJ.ec"tion ocr a size of cuJ.vert

'wi:th which a given revetment l.ined chaJmel. expansion wiJ.J.: remain stab1e

under anticipa.ted conditions o~ discharge and tai.l.vater depth.

1.7. In an ai;tempt to provide a convenient method ~or describing

the condition or f'.lov to be anticipated at the ouUet of vari0us._~sr..aPed

c:ulverts, calcula'tio~ were made to reJ.ate the Froude number,~f-~ ·fl.ov at

the out~et t~ the ~i-<Umension1.essparamet~ . Q/D5/~ _.;icf,~ various
- : 0 ...

parti.al. and full pipe nov conditions. Th~e ca1~~ations invo1ved

equat:i:l.g a -given }~alue (S8¥ 1.0 and 0.1) to-:~e FrC?ude n.umber 01: f'J.ov

at the outl.et of mJY" given shape of' conduit (see Appendix B: liotation)

'to dete%m.i.ne the correspondi.ng vaJ.ue o~ 1;he Q!D5/ 2 ratio required too
satisfy bo"th "the ~draul.ic and geomet.ric properties inVOLved. The

fo1l9wi.ng procedure vas developed and used to compute desired relat.ions

~or square and rectangular condui1,s : For F =Q/A .y gd = mJY" val.ue .. 1et

~6

' ..

'- .-J-.. '." ::.""' ... (,·~··~··'·A : ~"'~"_ -_'4".._..... _ - :l'_..:..-. -:':- .. _" -.3_' ~~ •.~_... :.:..,-
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~~:. :. jf_.__

~s I
~.~' .
-,;.::=:- "t ~ '. .- ~
~: ., V ID = A , the eODdu1.t aspect ratio; diD = Ad ' the ratio o~ aetual 1

o 0 c· 0 I
uni.form. nov depth to conduit height i and A A.

d
_= A • 'the ratio of . ee r \

area ocr nov to the square 0"£ the cODduit--~gb.t. Then, -the area of 1-
~ 2 ~ ..

nov A equaJ.s the product of A·D Theref'ore~· i
- r 0 I

f
i

~.

A si.mi.1ar procedure vas followed to detenni.ne the re1ations for circu­

J.ar conduits. The f'oll.oviDg re1a"tion ez:Urts for partial. and fu11 con­

duit nov condi1;icns in circular pipes:

For fuJ..1 pipe nov vi:th A =..D2/4 aDd d =D
00'

:;,
-.,

......
j. •.

-~~..:
1<.
~.

.~.

'.;.
_J...
t·
~.
~---

-f£
~.~

~ .
.~-" ~.

~-;.."

~:
:t~-:~

~~.
-....

.~.

"

--..:

or

where C

~=Ar~UF
o -.~

F = Q = arry given value
A"Ygd

F= Q

CD~ ·ygVAdDo

is a fUnction of d/D.," ando

(7)

I
I

•,
I
I
~

r
!
J

•4
I
I

... i-
~

-- ,
- ._--

(8)

;.,

~

• 11. W. King, Handbook of Bydrau:lies 2 4th ed., McGrav-Rill., New York,
~954, Tab1e 64.
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or

n5'2 =CT4
7S

) F = 4.q6P
o

Simj 1 a r re1ations :for fu11 condui"t f'J.ow in rectangu1.a.r conduits with

conduit aspec-t ratios ranging from ~ to 4 are presented for comparison

as fol1ows:

~-
w

5.67F when
0

J.- -=D5/ 2 - D
0

0

--9- =
w

1l·35F when 0 2
D5/ 2 j)=

0
0

~= 17.~
W

when
0

n=:3
Do 0

--

5J2:= 22.7F
W

when 0 4-=
D

Do 0

18. However, .the hydra.ulic capacity of' a .given cu1vert is de­

pendent upon the sJ.ope, J.ength, and now or hydraulic resistance of' the

barrel.. For uniform partial pipe now, the slope or ~he barrel and the

energy gradient are the same. In tbe case of fUll. pipe f1ow. the sJ.ope

of the energy gradient and the barrel 1lJB,y di7ffer and the slope of the

energy gradient dic-tates the hydraulic capaci"ty of the cul.vert •

~9. Obviously, on1y one combination of conditions "Will sa1;is~

-the relations ca1culated as described in paragraph 17. Other relations

:ror full pipe :flow conditions with various combina-tions of" the s~ope of

the energy gradient, the hydrau1.ic resistance of the barrel., cuJ..vert

~8
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size' and shape, and discharge were calculated on ~be basis o:r the

Manning f'ormula.. It 'WaS also used to cal.cuJ.ate re1ations ~or uni:rorm
partial. pipe flows "With various combinations of the s10pe of the cu1",-,ert

. ba.rrel.~· hydrauJ.ic resistance of the barrel, .shape and size o:r. the cul­

vert~ depth of uniform now, and discharge. The ca1.cuJ.ations were made

:roll.owing ~he school of tho~ti"Ct~~ the numerator (1..1&5) of the

Manning f~rmu1a contains -{g", and "that ~or physical and practica.l.

reasons "n" has the dimensions of' l.ength to ~he one-sixth power. This

permits -the results to be presen-ted in terms o:f climensioiLless parameters.

as shown in Figures 7-11.. Thus, for sel.eeted or given hydraulic and

geometrical. conditions, the -type of now to be anticipated at geometri­

caJ.l.y similar culvert outlets can be determined from Figures 7-ll.

However, it is not maridatory that the Froude nUmber of now at the out­

1et portal. be: known for design of lined cbanne1 expansions. The size

of revetment or the size 0'£ culvert and Channel. ~ion required :for

a given size of revetment. to remain stable under anti':ipated conelitions

of discharge and tailwater depth can be determined by means of the

recommended Equations 5 and/or 6.·
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PART IV: DISCUSSICN

-
20. The results of "the research reported herein provide guidance

~ .

::ror design of a channel expansion geo:ne-trically -propo-r-'tioned in te~

_' of the dimension~ of- a culvert or storm-Crain outlet tha-t may ~e lined

with ei'tber sack revetment, cellular blocks, or rock :riprap. The re­

sults are particul.arly pe~inent to these outl.ets subj~cted "to rela.­

tively large depths of tail~ter or submergence. However, the use of a

lined channel expansion down~ream of' a c~vert outlet is just =one al­

ten:ative for p;-oviding protection to prevent excessive 10calized scour.

21. Appendix A is inc1uded in this report to present practical

guidance ~or esti,,"c-t~ the exte:rt of localized erosion to be expected

at culvert outlets ~d ~or comparing and selecting appropriate alterna­

tive schemes of protection at culvert and storm-drain outlets. For

example, is. the ~ticipated scour bo1e with an appropriate cutof~ wall

1:hat !,rotec'cs tbe olltlet adequate for- energy dissipation? Is a paved

flared outle-t tr-ansition practical? Are the size and extent of' riprap

required for a stable horizontaJ. blanket practicabJ.e? Is it -:p=,acticab~e

to cczprise depth of: scour and size of riprap by providing a· preformed

and ri-pra:p-lined scour hole? Is a lined channel expansion p~cti~al?

Is 2-Tl. energy -dissipator required? What are possibl.e effectiva- alter­

natives and the relative costs o£ each? The resuJ.1:s of WES research

~:rforts sponsored by 'the Directorate of Military Construction, OCE,

during the past decade relative to these interests are therefore pre­

sented and i't is considered ~hat. they provide useful guidance -prev:iousl.y

not availab~e.
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Tab~e 2

Basic Mo3el. Data of Conditions That Indu~ Failure o~

Ce'lular Block Channe~ Exoansions
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~.~ -~:

~':: ::j

~: 1-. ~

.:... - - ~

~ 1
o~~ _ :.!

Depth of"
T3.i.l- Fl.ow at

Dis.. _ water Cu1vert Q
charge Depth Ou:t1et D5!2
cfs :ft-H- ~ 0

1.0X 1.0 1.00 0.10
2.20 0.36
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3·10 : 0.03
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D D D D
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* Mode~ culvert sizes of' 0.5, 1.0, and 2.0 ft correspond "to prototype
sizes o£ 2, 4, and. 8 :rt, rc~ctively.

*'* Measured from invert of' cul:vert.
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APPENDIX A: PRACTI~ GUIDANCE FOR~mG AND CONTROLLING
EROSIOH AT STORM SEWER A!ID CULVERT OUTLETS

Introduction

1. Tbis appendix summarizes and demonstrates application o~ the

results o:t research conducted at the U. S. A:rmy Engineer Vat.erway-s

Experiment Station (WES) during the past decade "to deve10p practical

guidance for estimating and controlling erosion downstream of storm

sever and cuJ.vert out.J.ets. Initial. e~:rorts ve..re concerned vi:th inves­

tigation and deve10pnent of :means o-r estimating the extent of scour to

be anticipated downst~am of outlets. Subs~quel".~ eft'orts ;ave invo~ved

investigation and evaJ.ua"tiOD or various schemes of protection :for con­

'trolling erosion such as a cuto:rr vall, horizon"ta:L bl.ankets of' rock

riprap, preformed scour holes .li.n~ with rock riprap, and channel ex­

pansions lined 1dth natural and artifieia1 reve'tments. In addition,

efforts have been made ~o determine the limiting discharges for various

energy dissipators including simple ~~ared out.~et "transitions, sti1liIlg

wel.ls, U. s. Bureau or Reclamation type VI basins, and St. Anthony Fall.s

S'til.1ing basins. Empirical. equations and charts are presented for

estimat.ing the extent of 10caJized scour to be a:rticipa:ted downstream of

out1ets~ the size and.. -extent of various natural. and artificial. type

revetments, and the appropria"te dimensions of' eac"h "type ocr energy dis­

sipator investigated. With ~hese results, design~s can estimate the

extent of sc:our to be expec-ted and seJ.ect appropr~a1:e and alternati.ve

schemes of protection for controJ.J.iDg erosion downstream. of storm sever

and cuJ.vert out1.ets.

Scour at Ou.tlets

2. In general, two types of' channe1 instabilit:y can develop down­

stream from storm sever and cuJ.vert outlets, i.e. either gully scour or

localized erosion te~ed a scour ho1e! Distinction betveen the two

conditions can be made by comparing the origina.:L or existing slope of'

the channel or drainage basin dovnstream. of' the outlet reJ.a.tive to that

required for stabil.ity as illustrated in Figure AJ..
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Types of scour at culvert outlets
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Figure A2. Failure of' outlet structure due to
gully scour
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Raised numbers re~er to si.miJ.arJ.y numbered items in the Re:ferences at
the end of the main text.

*

3. GuJJ.y scour is to be expected vhe:l the Froude number of ~lov
- -

in t~e channel exceeds '!;hat required '£or stabi1.ity. It; begins at &. con-

trol poin-c dOlmstream 'Were the cbaImel is stabl.e and progresses upstream.

Ir suf:ficient differential in elevation exi.sts betveen the out~et and

the section of stable channel, the out1et structure vi1l. be completeJ.y

undermined as showm in Figure A2: The primary cause o:r-~ly scour is

the practi.ce of si'ting outlets hi$h, ldth or 'Wi.thout energy dissipators,

relative to a stable do-.mstrea:n grade in order to reduce quantit:ies of

pi.pe and excavation. Erosion of this type may be at considerabJ.e extent

depending upon the locati~n of the stable channel. section relative to

that of tbe out1.et in both the vertical and down;-tream directions. To

prevent gully erosion~ outlets and energy dissipators should be loca.ted

at si-tes where the slope of the dOVIlstream channel or drainage basin_ is

naturally mild enough to renain stable under the anticipated conditions

or e~se it should be controlled by ditch, checks, drop- stru.ctures~ and/or

other means to a point where a naturally stable slope and cross section

exist. Outlets and energy dissipators should not be located 'Within

cba:anels or dra.:ina.ge basins experiencing deposition but adja.cent to -the

perimeter and provided_ with an outlet channel tbat is skewed rather than

perpendicular to the ma.in channeJ. or basin (Figure A3).

4. A scour hole or ~ocaJ.ized erosion is to be expected dO\mstream.

of an outlet (Figure A4) even if -the downstream cbanne~ is stab~e. The

severity of damage 'to be anticipated depends upon the conditions ex­

isting or created at the out~et. In some instances, the extent of the

scour ho~e may be in~ficien"t to produce either- instabi1.ity of the

embankment or structural damage to the outlet. However, in many situa­

tions f'l.o'W conditions produce scour or- the extent that emba.ukmen~ ero­

sion (Figure 4a) as vell as structuraJ. ,dam.age of the apron, end wall. ~

and culvert (Figure 4b) is evident. Noteworthy surveys 0'£ conditions

at cuJ.vert -out~e"ts have been accomplished by Kee~eyl* in Ok:Lahoma and·
~ 2

-.Scheer in Montana.

5. The o"bservations and empirical methods developed by Kee1ey,1,3,4

~" -I-.
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a. Single stilling -JIlell 1o.~th paved perimeter

b. Multiple stilling wells without perimeter
protection

Figure .A3. Single and mu1~iple stil1ing veIls 'With
and without perimeter protection

A4



/-..., r '" ......, ~ ~"'~~;::...,.......-."'i ,~.! .~~ ..~ll..!,l.:_. """'. .J,,_,~ ..~",.~.,!,,,,,; .•~:," ~-::z,_>.,"!< -:'-:'-~';'''' .-- ..,." -~'-:,~""~~.-· ..-::-..w:"'.~ ....~~-:"S'.~ ..-:-:: -'-••..,: .,~, --. ,,,,," !J,,~~~~_,,~ - '.•'. ,.;

~t' ::·.l....,--!:::-';•• ..' • _ ..... ~ _ ~ _ ... __ .._ ...... . .... -_~ _..-_.-- ~.""',.,.,..J ........_ "". ...ra... ·~_:......!... ,. I'\~"""_ -, -.... - ..... ' ~......;.,... '-:.;~.~-I

'J r
1 •

-:- , j
. • J....-C~~ I

.lSlifiii~.~:~...... · .- ._...~CJ.......~~-
:<'~?'~ ~-

.1

.'-,.
..

Pr •.~ ...

-s-

a. ~o~~kme~t erosion

~

~:
,..
~~ ..

...
'~.
-~

~-

~
~;-,
~..•.•"!-.
"if

fr\' -t, --

:t-,
b. Strti.~turaJ. damag~ of apron, end 'Yall, and culvert

Figure A4. Damage resulting ~rom localized erosion
,~

.~
'''::
:,.
"

f.
~

". A5

.- _ •.. ,... _. ,...._.,.. ;. , -,.~ ~" ~ •..,r:..f""" ,._ .'. a
'''';,' ..: .... ~, ....'-- .... -. , "",~" ,.' - ""',' .. - .... -~'1 ~



which provide speci~ic guiaance relative to the conditions that produce

gu1ly scour or only a localized scour hole as well as those required for

stable channels in several Oklahoma soils., merit consideration and ap­

plication in general. An example of a chart developed by Bohan5 for

design of trapezoidal channels with lV-on-2H side slopes in a soil that

would deposit and e:-ode with Froude numbers 0"£ ~l.ow less than 0.15 and

greater than O.35~ respectively~ is sho~~ in Figure A5.
6. Bohan also reported the results of' research conducted at WES to

determine the extent of loc~~ized
SSl.l'3

-;;2
~~~_ 4b

I.O,...-.,...,..--,;;~~-r"'T"YC\I~'O',....,.,..o.-..-·

~attern and scour hole ge~etrJ and

~re te~ed max~um tailwater condi­

tions. These results ~greed ve~l

well ~dth those -presented by Seaburn,
and LausheyO whic~ indica~e that for

a constant discharge the velocity just

dovnstream. of a circular culvert oat­

let remains constant for tail'W'e.ter

conditions ~rom 0 to 0.5 D ft above
o

the culvert invert. The Velocity in-

creases vith increasing tailva.ter ~\i.

scour that may be a~ticipa.ted down­

stre2ln o-f circular storm se't.....er and

culvert outlets. These tests indi­

cated that a11 of the tail~~ter condi­

tions in"llestiga-ted could be grou-ped

into two categories. Tail~mter condi­

tions of' less than 0.5 D ft aboveo
the culver~ invert produced a~?roAi-

mately the same flo~ ~attern ~~d

scour hole geomet~ and are termed

minimum tail'!..rat.er conditions; all

tail~~ter conditions of 0.5 Do ft

and greater above the culvert invert

-produce.j approximately the same flo\·:

1.0

0.6

0.4

O.OOOI""---l.................~.........~.........---~
0.060.10 0.2 0.4-

Fc.h=--Q-
r-;;.3

'V 9-y-

Figure A5. Characteristics
- o:f a tra~ezoidal channel

with lV-on-2H side slopes as a
function o~ Froude number
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reaches a constant maxi.mum velocity aga..iJ:l at a tailva~er approximately

1.0 D it: ~ve the culvert invert.
o
7• Bnpirical. equations were developed ~or est:im.a.ting the ext~t 0'£

the 3J1tici.pa.ted. scour hole based on knov1edge of the ~esign disc:b3.rge,

the cu1.vert diameter, and the dura1;ioD. and Fr'oudre number of" the desi.g;n

flow at the cul-~ert outlet. Hovever~ the relationship betveen the

Froude number or ~J.o'W' at the outlet and a. discharge parameter, Q/D5/ 2 ~...

-ror circular and. square ou·t1.ets or qlD3/ 2 for recta.IJguJ.ar and oth~r
o-

sl1aped outlets can be calculated; and. the discharge ~eter is just. as

representative of' tlov conditions as is the Froude number. The rela­

tions betveen the two parameters for both partial and~ pipe unitozm

:flow in square culverts are shown in Figure A6. Since the discharge

param.eter is easiel" to calcuJ.ate and is Sllitable '£or appl.ication purposes,

the original data reported by Bohan were rea.na.lyzed to determine the re­

l.ations sho'Wn in Figures A7-A10 for estimating the extent or ~ocaJ.ized

301051.00.5
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Figure .A.6. Square culvert - Fronde number versus discharge

* For convenience, ~bo13 and unusual abbreviations are listed and
defined in -the Notation (Anpendix B) •
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sccur to be anticipated downstream. O~ circular culvert and storm

sever outl.ets. The vari.a.b1es are defined in Appendix B .. and CQIIl­

parisons or predicted a:1d observed values are sbovn in Figures A7­

AlO.
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8. D:imensionl.ess scour hole geometties determi.nei· ~-:iiOde1.

tests vith O.224-n-, O.33-ft-, &:Ld ~.Oo-:tt-diam circular culverts,

a sand vi~h an average grai.D size ot 0.25 Jam, aad taiJ.vaters 1ess

thaD 0.5 D 1't as vel). as equal to or greater than 0.5 D rt are
o 0

preseDted in Figures All. aDd Al2 9 respec-cively. The maximlm depth

o~ scour occurred a"t a ~-taDc:e 0.4 o~ the maximum ~ength of scour

do1r."nStream ot' the culvert ou~et :for al.l t&i1vater conditions.
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9. :u- ~he ~oea"ti~D 0'£ ~he ou-:l.et is such tha't a scou: ho~e is

not objectiona.bJ.e. i~ may be practica1 ~o all.ov ~ocal.ized erosion

since the SCOl:r hole ac-ts £.S an excellent energy dissipator; bowever,

a eu:to~ wal.1 vhich extends '(,0 a c1ept,h o£ ~t ~ebS't. o.7 0": ~e ~i­

mam depth o£ scour expected (Figure .AJ.J.) and o~ appropria"te vidth

shou1d be provideci to prevent. undermining.
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BorizontaJ.. Bl anket O~ Riprap
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1.0. The average size :J~ stone and configuration o~ a horizonta1

b1aDket or riprat' at ou'tl.e-:. invert eleva:tion required _to co~ol or

prevezre l.oes.lized scour dOVlistream o-r an outlet can be estimated based

on the resul.ts reported bY' BoiJaD and su~equent unreported tests. For..
a .given design discharge, cW.vert dimensions. and 'tallvater depth rela-

----- t_~!~ 'to the outlet invert~ t.he minimum average size o~ stone r-or a

stable-- horizontal. blanket orr protection can be es"tima'ted by" the ~olJ.ov­

i.Dg relations:

~o .:. _ Do (-S..-) 1+/3
Dc - 0.020 TW' ~.'2 Circular and square out1.ets (Al.)

dSO Do ( 0 )~/3D = 0.020 TW -:3J2 .
o 1)0 ~

RectaDgular and other shaped
ou.tlets

(A2)

~.

~'--- .

The leDgth of stone protection required downstream or- an outlet can be

esti!:2ted by the relations sha-rn in Figure .~~3.: The variables are de-'

~"'ined in Ta.ble .U and tbe ~OCCIended con:-iguration o~ a horizontal

'blanket o~ ri'Pra~ -for cont~l o~ erosion at 2.."1 outlet is p~sented in

Figure _Uh.

?re~On:led Scour :!ole Lined ~~th Ri':)r3.-:>

ll. The reJ.ative advantage ~_~ providiDg both vertical and lateral

expazu:io:l dolmStre&m of" aD outlet to permit dissipation o~ e.xeess kine­

tic: energy in 1:urbuJ.ence rather tha:l direct at~ or the boundaries is

ShoVD in Figure A15 vl:icl1 indicates 'that 't.he required size or stone 1!13.Y'

be rec:iu~ed eonsiderably i~ a riprap-~ined~ prerormed scour hole is pro­

vided in 1ieu ot' a horizoIJ.UU blanket at an el.evation e~sent..ial2;y 't.he

same as the out.let invert. Details or a scheme or riprap protec-tion

t.e%m.ed "pre~ormed scour hole lined vith riprap" are shown in Figure A16.
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Lined Channel Expansions

12. A research project sponsored by the Louisiana Department of

Highllays 'W8.S recently completed at WES to investigate the _~easibility

or 1i.niDg cba.rm.e~ expansions dO"WDstream of' square cuJ.vert out~ets -with

either sack revetment, ce.l1U1ar blocks, or rock Tiprap.-_ .A£ter observing

~~ov conditions vith various sizes o~ model culverts and geometries of

channel. expansions~ the channel expansion geometry sho'WI1 :in Figure AJ.7

. was selected as a practical configuration. The dimensions of the lined

channel. expansion are re1.ated in terms of that of square box culverts.
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SECTION A-A
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Figure A17. Cu1vert out1et erosion protection,
~ined channel expansion
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- For rec1:aIlgaJ.ar out~ets, it is reccmmended th&t simllarity"be preserved.

in both the plan and elevation pls.nes in tenns of the re.speet;ive "Width

and. height:. o-t the out1et •.

13. Sack rev~"'WD.ent with leIJ.gth~ width, and thickness of 2" 1..5,
and. 0.33 ~, respectively, and weighiIJg 120 l.b il8.S s5.mul.ated at a scaJ.e

o:r ~:8 a.s shown in :Figure AlB. C~uJ.ar blocks roughly 0.56 by 0.66 it

and 0.33 ft. thick weighing 14 lb. 'Were simulated at a. scale ·of 1:4 as

sho'W. in Figure A19. Rock or 6- to 8-in. diameter weighing 17 J.b 'W.s

s:im.u.l.ated at a. sc"ale of 1:4 as shown in Figure A20. The resul.ts of

tests to determine ~he conditions o-r discharge and tai1:w.ter required to

disp:Lace or :fail each or -tbe revetments are shown in Figure A21 and in­

dicate that the thickness of gecmetrically similar reve1:m.ents can be

calculated by the means of the fQlloring empirical. equations:

...
...-

Square and circuJ..ar
outlets

'.

i~

,::;

:.~

(A4)Recta.ngu.1ar":"and other
shaped cutlets

A17

14. The varia.bl.es are defined in Appendix B. The re1ative e:ffec­

. tiveness of .-the ~ined cbanneJ. expan.s:ion :::-eJ.ative to the other schemes of

r iprap protection :described previously is shown in Figure Al5. The re-

.. ~la~i0D::~ presented in. Figure .AJ.5 are reccmmu~nded f"or selec'tiiCJn of either

the size of revetment for a given scheme" o£ protection, discbarge~ tai1.­

'Water dept.h:t and culvert d.imension or for the se1ection of' "the size of

culvert with vhich a given revetment a:nd scheme of' protectj.on viJ.J. re- ­

main stable under anticipated conditions of discharge and taiJ:wa.ter

depth.

1.5. The: maximum discharge parameters, Q/D~/2 or q/D~/2, of

various schemes of protection can be ~a1cuJ.ated based on the resuJ:ts

presented herein and comparisons relative to the cost of each "type of
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F1ared OUt1et Transitions

SiiIlilarly, the length of transition for a given situation can be calcu­

lated by the equa.tions

(A6)

Circular and square outlets

Rectangu1ar ~~d other
shaped outJ.ets

l/3
-9-- _ TW (L )0.4(Do/TW)

/ 2 - ~.60 D D
D3 0 0

o

/ )1/3
_Q__ : T'W (1-)O.4(Do TW

5/2 - l.60 D D
D 0 0

o

16. Test s7 ."',rere conducted to determine the maximum. values of the

discharge parameter (Tab~e Al) that were considered sati~actory with

various conditions of tail-water and. 3-, 5-, and 8-D -long simple flaredo
outlet transitions vhose details are sho'WIl in Figure A22. Results of

the tests of these simple Qut1et transitions wdth the apron at the -same

e~evation as the circular cuJ.verl invert are shown i.n Figure .~3 which

indicate that the maximum discharge parameter ~or a given outl.et, len~h

of transition, and tailwa:ter can be calculated by the equations

protection can be made to determ.me the most pract i.cal. design of pro­

viding effective drainage and erosion co~trol :facilities for a given

site. There will be conditions where -the design discharge and economi­

ce.J. size of cu1vert or storm sewer 'Will result in a va.l.ue of Q/D5/ 2

or qJD3/ 2 , the discharge parameter, greater th3.n the maximum v~ue
o _

permissible 'wi:th :feasible schen.es of :protection discussed previously

and some form of energy dissipator wiJ.J. be 'required. In. other cases~

the value of the discharge parameter mg.y be less tban that of the "&.fore­

mentioned feasib1e schemes of protection and a s~p1er more economical

~orm o~ protection may be indicated.
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Figure A22. Flared outlet transition
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Figure A23. Max~um ~issible discharge ~or

various 1engths of ~lared ~utlet trans~tion

and 'tail-waters
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0.30 (~~) 2

2 5(D ITti)1/3
- -"- = (--L). 0 Circular ane. square (A7)D D~/20 ~t1.e'Cs

(D ,2
l/~

. (/) I ~

L . 0 )2. 5 D . TI.z
~..J·A8) .-= 0.30 .; I (D~72 0

Rectangular and Qther
D

0 shaped outlets

Variables are de~:i:ned in Appendi.x B and Figure A23 show:: that this tY}je

of protection is satistactory only for lovvalues of Q/D5/ 2 :or
o

: q/D~/2 _ The arbitrary extent of scour depth equal to or less tba.:)

0.5 D ~s used ~o classify satis~actory conditions.
o ~_

17. At~em.pts vere made to investigate the ef:rectivene~s of -re-

cessing the apron 0'£ these flared outlet tr3!l.sitions and prOViding on

end s:.ll at the do'Wstream end; l1oweV'er~ Figure A24 indica"tes that

this modification did not s~ificant~y improve energy dissipation or

increase the applicable maximum values o:r the d~scbarge ~am.eter,

o}D5/ 2 or cJrJ3/2 •
o 0

Commonly Used Energy Dissi~ators

18. Grace and Pickering8 have reported the results of mode~ tests

to evaluate the maximum values of the discho.....·ge -;Jarameter, o./D;/2,

appl.ica.ble to circular cuJ.verts discharging into various sizes of" three

commonly used. energy dissipators: stil1ing ve~~s,9 U. S. Bureau of

Reclamation type VI baSiD:,s,10 and St. Anthony Falls stilling basins.11

19. The stll~iIlg vell consists o~ a vertica1 section of circular

pipe affixed to ~he outlet e%:d of a. storm sewer as sho'WIl in Figure A25.

The recommended depth of' the well be:Lov the invert o:r the incoming pipe

is dependent on the slope and diameter o:r the incoming pipe and can be

determined ~rom the p~ot show. in Figure A25. The recommended height of"

stilling 'Yell above the invert of the incoming pipe is t'Wo times the

diameter o-r the incoming pipe. Tbe top o:r the veil should be located at

the elevation of the invert or a stable cbaImel or drainage basin.

A22
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The area. .adjacent to the 'Well may be protected by riprap or paviJJg;
- -

however, if there is no -'adjacent erodible emba.n.km~nt tJithin tvo welJ.

diameters of the periphery or- the stilling veJ.l.~ protection is not

.needed. Energy dissipation is acco~1ished without the necessity of

maintaining a spe~it'i~- tailwater depth in the vicinity of the outlet.

20. - Details of the U. S. Bureau of RecJ.amation type VI basin and

the St.. Anthony FaJ.J.s stiD.ing bas in are presented in Figures .A26 and

.A2T • Maxi.I:lum. values of 't.he discharge para:r.eter ~ Q}D5/2 ~ consideredo
satisfactory for various sizes ~o£ each of -the energy dissipa.tors are

presented in Table A2.. 'rhese data are satis~ied by the ~ollo"WiDg equa­

tions 't:hich can be used to compute the diac.eter or 'Width of each type

.._.............,.- -.----- - .. -J
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Figure A26. USBR type VI basin
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DESIGN EQUATIONS

v~
(1) F '" gel:

-
()e> F -3 TO 30 d~ ~ (1.10 - F ·120) d2

(3b) F =3(a TO 120 . d~ =0.8541;

(3c) - F. :: 1_?:l TO 300 cr:l - (1jj() - F/800)~•
4~

(5)
d2

(6) c ~ O.O7~(4) La : p!.3o Z~3

....

,.;;
-,

'.}

-, • f/I It 'Y"?:: l.gure n.c;. I • Proportions o-r SAF stilling "basin
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o~ energy dissipator reJ.ative to tha't 00£ the incoming circular or s~e

pipe:

~A~"'__~ ~ K.- -=- ~ --. -=r_.~~"'-.:.,.~,
!
t.
~

','...

1-

St~";ng we].].

liVI ,:... ....sL.. 0.55
D - 1.30 ( 5/2)o . D

o

Sot. Anthony Fal.Ls sti') ;ng
basin

u. s. Bureau o~ Reclama­
tion type VI, basiJ::.-:-:-

(AlO)

(A11)

I
I

j
~---r

t

.."",..,-

<above rel.ations should be used only 1:or design 01: each of the re­

specti-:e energy dissipators dOlmstream 0"£ circular or sq~are out1ets.

The SAF stilI.ing basin i_5 the onJ.y one o~ 'the above energy dissipators

ree~and.ed "for use with other sbaped ou.tlets, and in such cases, the
~/

_" design should be conduc:'ted in acc:ord'J.Dce vith -:the usuaJ. procedures £or

ensuring "he formation of a hydraulic: Ju:np vitllin the stil.1ing basin

rather than based on the above relation. It is recaamended that the

size 0'£ s1:one protection to be provided dovnstream of these energy

dissipators be estimated by the :rolloving relation:

where D and V are the depth and ve1oc.i'ty 00£ :f~ov exiting the
e e

;energy dissipator. Guidance other than engineering judgment for esti-

mating the length oor stone protec-tion re~ired dO'WDs'tream of an· energy

dissipator is Dot available due to the :lack of' systematic investiga.tions

o~ this aspect of the problem.. HO\ieVer, model studies or protection

required dOlm.st;,eam of spillway sti1.1~ basins indicate that a length

o-r approximatel.y 10 times the theoretical depth of' f10v required 'for a

hydraulic jump is reasonab~y adequate.
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21.. Con"trary to the usual assumption, increased taUwater or

excessive tailvater at ou.tlets 1iends 'to cODceDtra:te rather than di..:rf'use

the er:rl.ux; and although the depth of scour may not be as severe~ the

J.ength ot' scour rel.ative to that observed llith tai1vaters 1ess than one-
..c

ha1t the height o~ the ou'tl.et is considerably greater. This is attrib-

u1:ed to tb.e fact that 'With tai~waters greater than or equal to one-half

~he ou-tlet height, the efflux is confined by the reJ.ative1y stagnan"t

adjacent waters l-lbich are entrained with ~he- erflux 1:0 e~fectively in­

cr~ase the un:i.t discharge issue from the outJ.et.

22. Although the effect o-r out~et shape on the scour hol.e gecme­

try vas not investigated in detail, a ccmparison 01' the scour holes

deveJ.oped in O.25-mm sand by a d"ischarge of' 0.87 cfs through each ot

:rour du-rerently sbaped ou.tlets (circu1ar~ squ.are~ rectangular., and

arch) vith the same cross-sectional area (0.087 sq ft) and both minimum

and maximum tail'Wa:ter conditions indicated "that outlet shape had no

si.gnifica.nt er~ect on the scour ho1.e geanetry. The tendency o~ the jet

issu.ed. ~~cm an outlet to osci1.1ate fran side to side under conditions of

maximum. tailwater vas observed with :flovs through each of the afore­

mentioned cJnduit shapes. This oscil.la.tion was randcm and qu.ite sJ.ov
~

t
for a.1l. conditions except when flow ~rCID. the arch-shaped out~et liaS

discharged into maximum taiJ:w.ters af'ter: 8. scour hol.e had been developed

'With minimum taiJ.waters. For this condi"tion~ the osci1.J.a'tion "WaS

periodic and changed position about every 15 sec. Thus, it appears that

a jet discharge from an arch-shaped out~et is less stable tba.tl 'those

from the other outlet shapes investigated. This indicates that a

greater extent of' scour~ particu1arly "Width of scour, may be expected

dow.stream of arch out~ets subject 1:0 bo-th minimum and maximum. taiJ.­

w.ters (see Figure A4).

23. Various degrees of success have been experienced 'With riprap

and/or rubbJ.e or other i'orms of protection dOlrmstream. of' out1ets and

dif:t:erent opinions regardiDg the adequacy of protective stone have

developed. One of the most common causes of failure of protective
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ma.teriel ~observed during field observations12 was the lack of an. ade­

quate :filter between the soil and tbe protective material. Tb1.s permits

progressive, leaching of the soil and settlement of the b!.anket. The

blanket can be grouted in areas subject to mild vinters; however:. an

appropriate :tUter and veep holes sbou1.d be provided for re~ier or
hydrostatic pressure. Grouted riprap does Dot per£orm satisfactorily in

areas vhere considerable :rreezing and thaving is experienced annua11y.

Exit channel protection should be segregated. fran erodible soils by

graded fllters13 aIJ.d{or dura.ble synthetic cloths.14

24. It is considered that -the results presented herein:. with the

exception of the three commonly ,used energy dissipa.tors which vere de­

ve~oped for circul.e.r and square outlets, can be applied to other outlet

shapes ~ provided geometric sim~l.arity is preserved in application o:r the

recommended guidance. The c.ischarge parameter shoul.d be caJ.cu1.ated OD.

the basis of' the unit discharge per foot o~ vidth of' the outlet, q ~

rather than the totaJ. discharge.

25. These results ~ay also be applied to develop designs or pro­

tective measures dO'WIlstream of mu1ti:p~e outJ.ets, provided "the spacing

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

outlet 'Widths). In such cases~ it is recommended that analyses be con­

ducted on the basis of a single outl.et (one 01: the "two outermost outlets)

and that a total width of' protec-tion be provided which includes the total.

'W'idth of protection needed be10w a single outlet plus the v..""idth between

the center lines o:f the two outermost outlets. If the spacing between

ou.t~ets is appreciable, i.e. one-~ourth or greater than the individual

outlet widths, the individual jets and unit discharges or now may be

concentreted due to confinement by excessive tail-water or expansion and

subsequent intersection downstream with m:ini~um -tai~W3.ter; and consider­

able turbulence may be gene~ated which wiD. increase the severity of

attack on local boundaries. In such cases~ it is recommend~d thbet the

extent of the protective works be enlarged by a f'actor o~ -·ent, i.e.

25 -to 33 percent. .,_
. ,~

26. These generuized results o:r:rer considerable 'guidance since

one can estimate the extent of scour to be anticipated in stable

A29
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channels of cohesionJ..ess soils and tben decide "'.-1hat degree of protection

is require-d. For example;, is 'the anticipated scour hol.e with an appro-
- -

priate cutofr 'wall that protects the outlet· adequa"te :ror energy dissipa-

tion? Are the size and extent of' riprap required for a. s~ab1e horizontal

blanket pra~ticable? Is it practicable 1;0' compromise depth of scour and

size of riprap by providing a pre~ormed and riprap-~~ed scour ho~e! Is

an energy dissipator required? Is it practicabJ.e to size the storm

sewer or cuJ.vert on the basis o:f anticipated erosion and appropriate

protective measures in l.ieu of' hYdrauJ.ic efficiency? :EXamples of tbe

recanmended application of the resuJ.ts are presented in Table A3 •
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Table Al
-- -- --7:",,:-,::,,~

Maximum Discharge Recomme:lded f'or

Various Flared Out1et Transitions

.-

Limiting Va.l.ues of QJD5/2.
0

LID HID TW/D Q/D5/ 2
__0_ ~. 0 0

3 0 0 0.88
3 0 0.50 1.78
3 0 1.00 2.56
3 0.25 0.25 1.28
3 O.2S - 0.5-0 1.78
3 0.25 1.00 2.56
3 0.50 0.25 1.58
3 _0.50 0.50 2.00
3 0.50 1.00 2.56
5 0 0:25 1.20
5 0 0.50 2 .. 40
5 0 1.00 ' 3.20
5 0.25 0.25 1.58
5 0.25 0.50 2.78
5 0.25 1.00 3.47
5 0.50 0.25 1_47
5 0.50 0.50 2~77

5 0.50 1.00 3.46
8 0 0.25 1.68
8 0 0.50 2.40
8 O.:-----~l.OO ~. 7S
8 0.25 0.25 2.17
8 0.25 0.50 3.36
8 0.25 1.00 4.44
8 0.50 0.25 2.46
8 0.50 0.50 3.65
8 0.50 1.00 4.55
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7.0

2.2

4.5

7.6

2.0

3.5

3.5

9.5

0.6

5.0

10.0

11.S

Tab~e A2.

l"iaximum Discharge Recommended :ror Various

Tynes and Sizes of Energy Dissi~ators

Relative Width and ~pe

of Energy Dissipator

Stilling ''1eIl

l 1 D diameter
0

I 2 Do diameter

'j 3 D diameter
,0

I 5 Do diameter
I

'1
USBR Type VI Basin

f 1 Do wide
I
i

I 2 Do wide

i 3 Do wide
1
I 4 Do wide
t
i 5 Do widei
I
r
I 7 Do wideI

I --

I S.3..F Stilling Basin

I 1 Do wide
I
I 2 Do wide
I

i 3 Do wide
I

;
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".' j

S~:-:!~~·'.~~~:~;>?-~~":~~-::'~:;;:~:?~;"?~-<>;~~"~~~::" ~~:-:~~ ? .!;J ,::.,.,~,~,:-~~.~~~;\~~ •.~~ ".:':--~ . "~~f~~':'?''"':''''';';~'''' ;:!"':1 ,~-..,...~~ ',,::- ~~:··o;··7:~"': ";':::"1,.
",- - _. ", ~,:".' .... . . . ... - _ '·'1.:-

- ." .';,...,
.- -:---- ---'--'- --~...:..,--------------



------_........~..--~~~.~ ....:~ -

]
,"_lPJ

. (Sheet 1 o~ ll)

Given:

: '

~ ..

D = 5 ft
o

q/D3/ 2 = ~.2 to 9.7
o

QjD5(~ = 2 to 6
o

Dimensions of rectangular outlet = W = 10 rt,o
Diameter of circular outlet, D = 8 ft

o
Rang~ c~ discharge~ Q = 362 to 1086 c~s

Discharge parameter for rectangu.J.ar cuJ.vert,

Dsm / 0 )0.375 t o.10
Do = 0.80 \D~/2

\
Ex~Ele 1 - Det~rmine maximum depth of scour ~O~

minimum and m~um rlow conditions:

Examples of re~omm.ended application to estimate exte:lt of scour in a

cohesionless soil and alternative schemes 0'£ protection required to pre­

vent locaJ. scour dowmstream of a circular and rectangular out~et vith

equivaJ.ent cross-sectional areas that vill. be subjected to a range C''f

discharges for a duration of one hour.

D = 0.80 (3.2 - 9.7)°·375 (60)°·1 (5) = 9.3 ft - 14.0 itsm

(Continued)

TabJ.e A3

Discharge parameter for circular culvert)

Duration of' runof:f event, t = Co min

Max:imum tailwater el = 6.4 ft above Qut1et invert (>0.5 D )
o

Mill:Unum tailvater el = 2.0 f't above out~et invert «0.5 D )
o

-~~R:ECTANGULAR CULVERT (see FiguTe-·~~'Z.. )

r-1INIMm~ TAILWATER

':
~...:
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Tab~e A3 (Continued)

MAXnruM TAILWATER

Dsm . (....9.-)0.375 0.10
Do = 0.74 D3/ 2 t

o

CIRCULAR CULVERT (see Figure A1)

MINIMUM TAILYATER

Ds~ (-9L-)O.375 0.10
D = 0.80 5/2 t

o Do

D
sm

= 0.80 (2 - 6)°·375 (60)°·1 (8) =12.5 ft - 18.9 rt

MAXIMUM TATI.,WATER

Dsm _ (~)O.375 O.J.
D - 0.74 5/2 t

o Do

D = 0.74 (2 - 6)°·375 (60)°·1 (8) = 11.6 ~t -·~7.5 itsm. .

Example 2 -- Determine maximum. width of scour for
minimum. and maximum nov conditio:ls :..

RECTANGULAR CULVERT (see Figure A8)

MINThruM TA¥'WATER

W ()o. 915~ = 1 00 --9...- to. 15
Do · !J3/2

o

W = 1.00 (3-2 - 9.1)°.91 5 (60)°·15 (5) = 27'~t - 74 £t·
SJll.

(Continued)
(Sheet 2 of 11)
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Table A3 (Continued)

W D lO 5
W = w + --2. - --2.= (27 - 74) + -2 - -2 = 29.5 it - 76.5:ft

smr sm 2 2
I
I
~
I

I
i

I
t

!-IAXIMUM TAILWATER

Wsm--=D
o

O.9~5

0072 (D!/2) tO
ol5

W D
VI = tel + --2. - ....£. = (J.9 - 53) + 2

10
- 25 = 21.5 ft - 55.5 :rt

smr SIn 2 2

CIReDLAR CULVERT (see Figure A8)

MINn4UM TAn,WATIR

Wsm 0 (.lL)O.91
5 t o.15

Do = 1.. 0 \D~/2

!
•l

t

t

/

' ~ ( Q .\O,.9l5
DS; = 0.72 DS'/2)'

J' 0

MAXIMUM TAn;WKTER .

.'

--... " .. ~

: :-~~'~'­
~

(Continued)

W = 0.72 (2 - 6)°·915 (60)°·15 (8) = 20 ft - 55 ft
sm

,
i
1
!

(Sheet 3 01' II \
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Table -A3 (Continued)

Examo1e 3 - Determin~ maximum length of $Cour for
I minimum and max:imum now concli:tions:
;

I

RECTANGUIJl.R CULVERT (see Figure A9)
i

MINIMOM: TAILWP.TER
J

--_.- . -.. --------- -
i

.J
I

-I
)

r

::r~~~:,7-~':~"~'.,T¢:~0~;-..:.:,---iP':":"':~1.J.,~:<7-"~'-:~<:~~~"~-~"" ''7....._;~_..:-:''~)r:~~:...I.:;-:~"'''?--'?:,.~--;._.~~:~< ..._-, ..•.-:"~:,~_:_-~::":~."!:·;;,~-.:,,,~~~,~:"~~~·-,,C;'~~';!";·~-;~~~£
~

. ~~.

I,.

.,
I

,I~ L = 2.4 (3.2 - 9.7)°·71 (60)°.125 (5) = 46 :f't - 101 f't
~ sm

p

MAXbrJM TAILWATER,

c mCULAR CULVERT (see Figure A9)

MINIMUM TAILTrl.~TER

L 0.11
~ = 2 40(~) to.125
Do • D5/ 2

o

L = 2.4 (2 - 6)°·71 (60)°·125 (8) = 52 ft -.114 ft
sm

..
~.

,
.;,

I

L O.7~

~ = 4 10(~) to. 125
D • 5'';)

C D ,-
o _

! L = 4.10 (2 - 6}0.7r (60)0.l25 (8) = 90 ~t - 195 ~t
sm ~

(Continued)

(Sheet 4 0"£ ll.)
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Table -4.3 ( Continued)

Exam~le 4 - Determine ~rofi1e and cross section o~ scour ~or maxfmum
discharge and min~ tailvater conditions (see Figure All):

CIRctJT...AR CULVERT

For' L = 114 ft and D = 18.9 :ft
sm sm

::--

L It 0.0 D.l 0.2 0.3 0.4 0.5 o. .t; 0.7 0.8 0.9 ~.o
s sm

!, 0.0 1l.4 22.8 34.2 45.6 57.0 68'.4 79.8 91.2 102.6 114.0

D /D 0.7 0.75 0.85 0.95 1.0 0.95 0.75 0.55 0.33 0.15 0.0
s sm

D 13.2 14.2 16.~ 18.0 18.9 18.0 14.2 10.4 6.3 2.9 0.0
s

r.
£
~
,J'

:t
~~

' .
.,

~

-'0(

~',

~

-'

,.
",

.'

For Y = 76 rt and D = 18.9 :rt
sm sm

VT /w 0.0 0.2 0.4 0.6 0.8 1.0
s S1:l

y 0.0 25.2 30.4 45.6 60.8 76.0s - -
D ID 1.0 .... :0.67 0.27 ~c:l5 0.05 0.0

s sm ,
D

---
18.9 12.6 ~.l 2.8 .o.~95 0 .. 0

...3

RECTArIGULAR CULVERT

For L = lO~ it and D = ~4.o f'tsm sm

L- /L 0.0 0.1 0.2- 0.3 0.4 O~5 0.6 0.7 0.8 0.9 J..o
s sm

L 0.0 1.0.1 20.2 30.3 40.4 50.5 60.6 70.7 80.8 90.9 101.0

Ds/Dsm 0.7 0.75 0.85 0.95 l.O 0.95 0.15 0.55 0.33 0.15 0.0

D 9.8 1.0.5.: 1l.9 J.3.3 14.0 13.3 1.0.5 7.7 4.6 2.~ 0.0
s

For W = 74 it and D = ~4. 0 i't
SI!l S!:'l

0.0 0 ...2 C.L. 0.6 0.8 1.0

0.0 14.6 29.6 hL..4 59.2 74.0

1.0 0.61 0.27 0.3.5 0.05 0.0

Ih.O 9.38 3.78 2.10 0.10 0.0

I
I
I
~

I
I
It

i
""~
i

I
I

I
~
r...
~
~
i:
C

'~
"-

~
~
'.

-
~.?.
,.

~

",

w jr,l
s sm

Ws
o IDs Sln
Ds
..... =wsr s

W D
+ ~ _...£. 0-2.5

2 2

,/

17.3 32.1

(Continued)

fi31

46.9 61.7

(Sheet 5 of ll)
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From Figure A13,

j

.1
r

; ~

I
j
~
I

I
t

.' I

Tab1e A3 (Cc%ltinued)

Examp1e 5 - Determine de'Cth and width of cutoff vaJ.1:

EECTANGULAR CULVERT, Maximum depth and width of scour = 1.4 f't and 76. 5 ft

From. Figure JU.l, depth of cuto:t:r wall = 0.1 (D ) = 0.7' (14) = 9.8 ftsm

From Figure All, 'Width o~ cutoff' vall. = 2 (li ) = 2 (76.5) = 153 £t
smr

CIRCULAR CULVERT, Ma.xi.mum depth and vidth of scour = 18.9 f't and 76.0 ft

From Figure All, depth o~ cuto:r:r vall. = o.7 (D ) = o.7 (~8 •9) = J.3. 2 ft
sm

From Figure All, width of cutoff vall. = 2 (Wsm) = 2 (76) = 152 f"t

Note: The depth of cutoff" vaJ..J. J118Y' be varied with width in accordance
~th the cross se~tion o~ the scour hole at the ~ocation of the
maximum depth of scour, see Figures All. and Al2.

Example 6 - Determine size and extent or horizontal blanket of riF~ap=

d50 D ( )4/3
:From Figure AJ.5 ~ D = o.020~ "172

o Do

ci
SO

= 0.020 (5/2)(3.2 9.7)4/3 .(5) =1.2 ft - 5.2 ft

~:E =~.a(D!/~ + 7
L = [1.8 (3.2 - 9.7) + 7] 5 = 64 ~t - 122 ftsop ~ _

MAXIMUM TAILWATER

/
;
J

j

.
!
/,

!
i

-..~
..;.

~
-..
. '1

..
,,-

I-

.~

..;,
.~

• l~

;:

.. ,~
• roo:

.:
.."

/
I
I
I,

/

d SO . Do (0 )4/3D ~ O. 020 TW -::f12
o . D

o

(Continued)

(Sheet 6 of 11)
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. Tab~e A3 (Continued)

d 50 = 0.020 (5/6.4) (3.2 - 9.7)4/3 (5) : 0.37 ft - 0.76 ft

Lsp (
~=3 ~)

. ,

(

L = 3 (3.2 - 9.7) 5 = W3 :rt - 145 f'tsp

Lsp = [1.8 (~ - 6) + 7] 8 = 85 ft - 142 ft

d SO = 0.020 (8/2) (2 - 6)4/3 (8) = 1.6 ft - 7.0 ft

d 50 _ Do (-S-)4/3
D - 0.020 TW . 5/2

o 'Do

L (~- Q

Do =1.8 D~/2) + 7

r
14AXJMUM TAILWATER f

,-

I
- !

I
I

cj!RCUL.a.R CUJ:,'J"ERT

1 r..ITNIMm~ T.A.ILWATER
J
t

./
i
I

I
I

;
:'

I

i
l

I :

; /
J •I
( ,
I r
'/- ....
If

.1
-I

i
I
~

-1
I
j
.~

!
\'

- !:
i
;
t
[

J
I
I
I

:!
i

I i
I
j !
~ r

;

I

r
f

I

d SO:_ Do (-L- )4/3
D - 0.020 TW 5/2

o D
o

i
;
i

J
1

- ,
d

50
= 0.020 (8/6.4) (2 - 6)4/3 (8) = 0.50 ft - 2.18 ~t

(Continued)

(Sheet 7 qr il)
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Table A3' (Continued)

I
I
I

'. 1
I
I
I
I
I

I
i
i

!
I

L = 3 (2 - 6) 8 = 48 f't - l.U f'tsp

Use Pigure~ ;...24 to det~rmine recommended configuration o~ horizontal
bla..'1ket o:r r:iprap subject to minimum and maximum -tail-waters.

Examnle 7 Determine size and geometrY of ri~ran-lined

ureformed scour holes 0.5- and 1.O-D deen
- 0 -

~or minimum tailwater conditions:

RECT..~~iGUL.!\R CULVERT (see Figure ft.l5)

O.5-D -DEEP RIPRAP-LINED PPEFORMED SCOUR HOLE
o

d SO !Jo ( a . )4/3
Do =:. 0.0125 TW D~/2

d 50 = 0.0125 (5/2) (3.2 - 9.1)4/3 (5) = 0.73 ft - 3.2 ft

1.O-D -D::EP RIPR.~.p-!..nlED PFi:FORMF."D SCOUR HOLE
o

0.50 D~ ( )4/3
Do = 0.0082~ ~ :

d
50

= 0.0082 (8/2) (2 - 6)4/3 (8) = 0.66 ft ~ 2.9 it

CIRCULAR CULVERT

O.5-D -DEE? RI?~~P-LlNED PREFORMED SCOUR HOLEo .

Cso _ Do (-S.-)4/3
: Do - 0.0125 TW D~/2

d
50

= 0.0125 (8/2) '(2 - 6)4/3 (8) = 1. 0 f't - 4.4 ft

(Continued)

(Sheet 8 of J.J.)
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0.94 ft - 4.1 ft

dSO , .... Do (a )4/3
-Do = 0.0_0 TW ~72

d50 = 0.016 (5/2) (3.2 - 9.7)4/3 (5)

Ex~~~le 9 - Determine length and geometrY o~ a flared
outlet tr~~sition ~or mini~ tail~~ters:

Examnle 8 - Determine size and geomet~ of ri~ran­

lined-channel eXDansion for ~um tailwaters
(see Figure ft2~)::

(Sheet 9 of ll)

d50 D h!3
D = 0.016 .; ( ~j2)

\ Do

d
50

= 0.016 (5/2) (2 - 6)h/3 (8) = 0.81 ft - 3.5 ft

Table A3 (Continued)

1.O-D -DEEP RI~E-LINED pr~FORMED SCOUR HOLEc. .

d SO Do (Q 4/3Do = 0.0082 TW D;!2)

d 50 = 0.0082 (8/2)(2 6)4/3 (8) = 0.66 ~ - 2.2 ft

L =[0.3 (5/2)2 (3.2 - ~.7}2~5(2/5)1/3J 5 = 80 ft - ~16 ft

(Continued)

See Figure A17 ~or geoQet~.

CIRCt;L..~-R ~CULv-'ERT

RECT.Q.}rGtJL.!l.R CULVERT

See Figure A16 for geometry.
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Table A3 (Continued)

CIRC~.R CULVERT

~~~~'. :-r~"~:'~:f"~": ,~:":""~4

. ..:§~

See Figure .~2 ~or geometric details; above equations developed for
H = 0 or horizontal apron at Qutl.e-t invert elevation 'Without an end sill.

Examnle 10 - Determine diamete~ of stilling well
reouired downstream of' the 8-:rt-diam outlet:

I

1
i
j
J

•
J..,
!
I
I

I
l,
l
I

i
i
i
i
J

From page A27 ~ = 0.53 ( D~72)1.0
Dw = o. 53 (2 - 6) 8 = 8 -5 :r"'t - 2 5•4 ft

645 ft

,.
~..

See Figure A25 for additional d~ensions.

Examcle ~ 1 - Determine "Width of USBR tyee VI basin
reouired downstream or the 8-ft-di~ outlet:

From page A27 w., I (-S-)o. 55
Do = 1.30 D~/2

~I = [1.3 (~~ 6)0.55J 8 =15.2 ft - 27.9 ft

See Fig\lI'e A26 f'or additionaJ. djmensioIlS.

Example 12 - Determine vid'th of SJ..F basin reguired
downstream of the 8-ft-diam outlet

From page A27

(Continued)

~
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- ~~~

'~k
-.:1
-~.
.{;

:.~~

= 7.6 ft

zwn

d ( V j3
D

50 = 1.0 e
e .V;;;:
. e

- Sl- --12- - 9 9 ~ps
- D -:1.6 - · •

e

d = .9-. = 75 = 35ft
1 V

1
21.6 ·

Table A3 (Conc~uded)

V
e

q =_Q- = 1086 = 75 cfs/::T..
WSAF 14.4

V
1

= Q = 1.086 = 21..6 fps
A 0.785(8)2

W
SAF

= 0.30 (2 - 6) 8 = 4 .. 8 :rt ~ l4.4 ft

d2 = 8.4 ft (~rom conjugate deptb relations)

Example 13 - Determine size of riprap required downstream
. o~ 6-ft-diam. culvert and 14.4-ft-wide SAF basin with

discharge of 1086 cfs:

-_.

MIND·IDM TAILWATER REQUIRED FOR A HYDRAULIC JUMP = 0.90 (8.4)

See Figure A27 for additional dimensions.

From page P2.7

~~-~~d';~.;'.~~:~'~'·:'~f~~·<':~;;~~~,,"~~~;\~::~~' t:~~'~'~*"~:-(~' :~'C:;:•.,.,~.~;.~I_.~I,~1·0~1.1.'-.... 1...~~_'-!".:~>~;~.~~~.:JrroJ.r.~.'''~~'.-.:>:-'c:':1:,.",:~.;,c.::;:' "''':,:::'.-:, ':"~:'?f"""~ ~"<"~~:':~'~h~~.
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ti
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-:c
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.~~
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I
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\
t
I
I

f
i
1
I
1

I
i

i
I
I

d =1.9 ft50

(Sheet ll. of lJ.)
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~APPENDIX B:

De-ptb of recessed apron and height o~ end sill, :rt

Depth o:r scour, ft

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

Coefficients

Depth o'f r~ow exiting energy dissipa"tor, ft

Depth of f~ov in cha:cne1, ft

B1

Length of scour, f't

Length of :fl.ared outlet transition, :rt

Coefficient

Depth of flow upstreem of hydraulic jump, :rt

Diameter of stilling well, ft

Froude :lumber of flow at culvert outlet, F = Q/A ..ygd

Froude number of flow in channel, Fch = wVgA3IT

Acceleration due to gravitY, ft/sec
G

Depth of uniform flow in culvert, f't

Theoretical dept~ of· flow required fo~ bydrauJ.ic jump, i-:,

Diameter o£ average size stone, t't

ECross-sectional area of flow, ft

Ratio o:r depth of flow to height of recta.nguJ.ar" or square
culvert or diameter of circu1.ar culvert diDo

Ra1:io of area of' :flow to the square of the culvert height, AcA
d

Base width of" channel., :f't

Maximum depth of scour, f't
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A . .?'Rectangular cu1.vert aspect ratio,
c
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Max:i..mum length af scour, ft

: Length o£ stone protection, ft

Manning's roughness coefficien~

Discharge per f'oo:t of outlet width~ cfs/rt

Discharge, c:fs

OJ....
~-~

V .~verage ve~ocity of f~ow in channel, £ps

T. Tcp wid'th of now in cbanne1, fi

::,.­
:~,
.~

-,.1
:--

:rr-
~
. ~~One-ha1t maximum width of scour from center 1ine 0"£ single

rectangular out~et or a mul.tiple out~et, insta.l.l.atioIl J ft
W D

W =W +--2._--2.
smr sm 2 2

One-hal:£ maximum width 9f scour from center 1J.n'2 of single .
circular or square outlet, :rt

Width of' stone protection, :rt

J:.;rerage velocity o:f :rlow ups-crcam of hydraulic jump, fps

Tailwvater depth above invert O~.... culvert outlet, :rt

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

Jl_verage velocity o:f flow exiting energy- dissipator, f'ps

Volume of scour, ft3

Width of rectangu.lar, square, or- cU:cuJ..ar culvert, t't

Slope of" channel bottom for partial pipe flow and slope o~

energy gradient for full pipe ~~ow

TW

w­
s

v
s

V
1

w­
o

t Duration of' :flow, minu-tes

~ Thickness of' geometrically similar celJ.ular b~ock, it

TS T!1ickness of geometrically similar sack revetme!lt, :f't

TW Depth of s~illing well. below i.nvert of incoming l'ipe, ft
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VIsr Width of scour :from center line of single recta.ngu1ar out~et

or a. multiple out~et iIlsta.lJ.atioIl ~ fi;
W Do 0

'W'sr = Ws + 2 - 2

Width of U. s. J3ur~~u of' Reclamation type VI basin:J f't

Width of St. Anthony FalJ.s stilling basin. ft
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