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PRACTICAL GUIDANCE FOR ESTIMATING _lIfD CONTROLLIBG EROSION
AT CULVERT CJUTLE'iS

B. P. Fletcher and J. L. Grace. Jr.
Engineers. Hydraulic. Division

l). s. A.:nrq Engineer Vaterv~ Experiment statiCID

Drl'ROIXJCTIOB

This paper summarizes the result. or re!~arch conducted at the

u. S. AraJ.y Engineer 'Watervays :apttr1.ment station (WES) during the pas't

nine years to develop practical IUidaDce tor eat1a&'t1na md controlling

erodon dovnstresm or culvert and torm-4ra1n outlets. Initial efforts

were concerned vitil investil&t1co and 4evel~nt 01' _ms 01' estimating

the extent or scour to be anticipated dovnatrea or outlets. Subsequent

efforts have involved inftstlpt1c:e Cld evaluation or various schemes or

protection for control.JJ.ng erosion aueh as boritODtal blankets or rock

riprap, preformed scour boles l1Ded v1tb rock riprap and .channel ex-

pans10ns lined with natural and artificial revetment. In addition,

efforts have been made to detendne the l1JIl1tin« diachups tor various

energy dissipators inel~ s1llple nared outl.et. trans1t1cos. stilling

well!;, U. S. Bw"eau 01' Reclaat10n tn>e VI basins and st. Anthozq Falls

stilling basi~. Empirical equaticoa and charts are presented tor .

1
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estimating the extent of locaUzed scour to be anticipated dDvnstresm of

cnlvert and storm-drain outlets, the Shfl and extent of various natural

and artiticial type revetments and the maximum recommended discharge for

each type of energy dissipator investig ted. With these results. de­

signers can estimate the extent of scour to be expected and select ap­

propriate and alternative s.chemea of protection for controJ,ling erosion

dovnatream of culverts and stonll-drun outlets.

SCOUR M OUTLETS

In general, tvo type ot channel instability can develop dovnstream

from a eulvert and storm-drain outlet. i.e. either gull,y scour or

localized erosion termed scour hole. Distinction betveen the tvo con­

ditions can be' made by comparing the original or eXisting slope ot the

channel or dra.i.n&p buii1 .. dovn8tream of the outlet relatiVI!! . to that

required tor stabil!ty. Gully scour in!tiates at a control point dovn­

stream where the chazinel i stable and will progress upstream if suffi­

cient ditference in elevation exists betveen the outlet and the upstream

section ot stable channel. Eroa1on of this type may be of considerable

extent depending upon the vertical and horizontal distances existing

betveen the stable channel section and the outlet.

A scour hole i to be expected dovnstream ot an outlet .even if

the dovnstream channel is stable. 'lbe seV?ri1;1' ot damage to be antici­

pated depends upon the eonditloas existing or created at the outlet and

in general will consist ot embanlcaent erosion and structural damage of

the apron, end vall, and' culvert sections if sufficient localized scour

ia experienced. !lotevorthy surveys of conditions at c:ulvert outlets

2



outlets.

as is the Froude number. 'n1e relations betveen the :tvo parameters for

portell the results of research conducted at WES to cSetermine the ex';'

Since the discharge parameter 18 euier to calculate end ia auitable for

thoBe requiredvellsullY scour or only a localized acour hOle

mating the extent of the anticipated ICour hole bued CX1 lmovled8e ot

tent of localized scour tb t ~ be ant1eip ted ~tream ot culvert

greater than 0.35. respectively, 1. 1hCM1 1Ii til. 1. Bohan alao zoe-

for at able ,channel in aeveral OklahOlD& soila rit con ideraticm 8Dd

application in general. An examPle of a chart 4eveloped by Bobm5 tor

design of trapezoidal. Channels with 1 on 2 81de slopes ~, s011 vtdch

would deposit and erode vith Frou4e numbers of flov leas than 0.15 aDd

I, . 2
have been accClZDi'l1ehed by .Keeley in Oklahcaa end Seheer in MoDtcm •

1 3 IiThe observations and empirical methods developed~y ICe le1 ' ,

which provide 'specific guidance relaUve to the conditions that produce

the design discharge, the culvert diameter, and the duratiCl1 and froude

number of the design nov at the culvert outlet. However, the relation-

ship between the Froude number of nov at the culvert outlet and a dis­

charge parameter, Q/D~/2., ean be calculated for my ahape of outlet

and the discharge' parameter is .'ust as representatift of tlov conditions

partial and tul..l pipe nw in square eulftrtl are 'shown in tig. 2.

application purposes, the original data reported b7 Bohan were rem~ed

ca.l.ized scour to be IU)ticipated davnstresm or cu::.wrt aud atora-drain

to determine the. following relations for eat1Jl&tiq the extent of 10-

, and storm-drain outlets. Empirical equations V!!re developed for eati-

I
I
I
I
I
I
I
I
I
I'
I
I
I
I
I
I
I
I
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The variables are de1'1ned in table 1 and caaParisem.. or predicted

8Z1d observed value. are shown in fip. 3-6. Dimensionless profiles

Tailvater < 0.51>0

Tsilvater > 0.50
- 0

T&11vatetr > 0.50
" - (.,

Tailvater < 0.50
0

Tailvater > 0.50
- 0

Tailvater < 0.50o

" T&1lvater <: O. 5D0

"'1'a1lvater > 0.50
- 0

(
i-)0.315 0.10

0.1~D5/2 t
o

(
--9-)°.915 0.151.00 ~ t
0

0

(
...i......)0.9l5 0 15

0.12 "D~ t •

· (...L)o.n 0.1252.40 oS/2 t
o

D ..( )0 315 "
Osm. • 0.80 172 · to.10

o " 00

o

v . ( ")2'..!... 0.13 i.. to. 315
D3 . fll2

o 0

V (i..)2 °315~. 0.62 ~72 t' "

Max.1.IIruzI Depth or Scour:

Maximum Width or Scour:

MaxilllUll Lena'th or Scour:

Volume or Scour:
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along the center lines ot the scour hole to be IIlDt1c1pated with tail-

vaters less than 0.5D and e(r~ to or poeater than 0.51) are pre ented
o ." 0

in figs. T and 8. re pectlTe],y. The maximuIl cSe;vtb ot .c~ occurred at

a distance 0.4 ot the maximum len«th ot Bc:our dov'n trelUll ot the c:uJ:vert
"" "

outlet tor &ll tailvater eond1t10D8. D1men.a1onle.s eroaa lec:t1cma ot

the scour hole at thll location are abo .how 1%1 tip. 7 and 8. It the

location of the outlet 1. 8Uc:b that a scour hole 1 not obJec:t1o:1able,

. it may be prac:tic:al to allov local1ud eroe1OD inee the cour hole act

as an excellent enerlY disaipator; hovenr. eo cutott vall vh1c:h" extends

to 8. depth of at least 0.7 ot the -v-um depth ot scour expe~ed (tig. 7)

should be provided to prevent undendn lDg.

The average size of stone and c:ont1curat1cm ot horizODtal

blanket of riprap at outlet 1nYert eleTat10D required to c:cmtrol or

prevent localized scour downstream ot lID outlet em be estimated based

00 the results reported by Bohan and aubaequent \lD%"'eported testa. For

a given design discharge. c:ulTert diameter or vic!th. md ta1lvater depth

relative to the outlet inTert. the JIl1n111um avenae aize ot BtCQe tor a

stable horiz.ont.al blanket. ot protec:t1ca can be at1.llated ~ the tollov-

ing relation:

~o • 0.020 ~ ~~2yl3
The length ot atone protection "required (til. 9) can be eat1.laated .b7 the

equation.
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The variable are defined in table 1 and the rec01ll'Aended configura­

tion of .. horizontal blanket ot riprap tor control ot e1'Ofl1on at cul.vert

and storm-dra.1.n outlet is pre &nted. in tiC. 10. Detail ot scheme ot

riprap protection termed "pretormed ScOUl" hole lined with riprap" are

shawn in tig. li. '!be relative &dvantap ot providing both vertic&!

and later&! expansion dovnstream ot aD outlet to permit dissipation of

excess kinetic energy in turbulenee rather than direct attack ot the

boundarie is shovn in tig. 12 vh1ch indicate that the required size of

stone ru:J' be reduced considerably it 8. riprap-l1ned, pretormed scour hole

is provided in lieu ot a horizontal blanket at an eleTation essentially

the S &me as the outlet invert.

LIBED CRADEL EXPAliSIOBS

A research project spolUlored b~ the Louisiana Department ot Rigb­

va,ys is in progres at \lES to investipte the feasibility ot lining chan­

nel expalUJlona dovnstream ot culvert outlets vith either sack revetment,

cellular bloclta, or rock riprap. After oblervina tlov conditions vita

various izel ot model culvert and pceetriel ot channel expUlSions,

the channel expansion gecaetry aham in til. 13 vu elected a

pra.ctical. conticuration•.The . d1Mnaiona ot the lined channel expansion

are related in tem.s ot that ot square box cul'Yert •

Sack re"f'etJllent with length, vidth, and thickness ot 2 tt, 1.5 tt,

and 0.33 tt, respective~, and nighing 120 lb vas 81mullLted at sca.le

6
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of 1:8 as shavn in fig. llt. Cellular bl~ rouah1Y 0.66 tt 1»' 0.66 tt.

and 0.33 rt thick vhich veigh 14 1b vere 1.Jllul ted t a eale or 1:11

shown in fig. 15. Rock ot 6 to 8 inch 41Ult!!ter veigh1n 17 ~b

simulated at cale 0 1:4 ahown in fig. 16. !he mult ot ,'teats

, to detendne the eon41tiOZUl ot 4i ellarp' and tailv t~r required to dis­

place or tAil each ot the revetment are ahovn in tig. 17 end indicate

that the thicla1es ot seometric&l.Jy 1D11ar revetmenta can be calc:ulated

by means ot the tolieving empiric&! e~on:

::0 ~r ~ or ~ 0.016 ~(~~2 //3
The variables are defined in table 1. The relatiTe ettect1-nmes

of the lined channel expansion relative to the other achemes of ripr&J>

protection descri~ed previ~ly is ahevn in f'1g. 12. The re1&tiClll1S

presented in fig. 12 are reca:rmended tor aelection or either the size

of revetment for a given cheme ot protection. discharge. tailvater

depth, and· culvert cUmenlioo or tar the aeleetico ot 'the aize ot eul."fert

vith vhich a given revetment and acbeme ot protection vill rsa1n 8table

under anticipated conditions of di charge and tailvater depth.

The maximum discharge panmetera. Q/D~/2 .' of Tarloua schemes of

protection can be calculated hued co the result preaented herein and

comparisons relative to the cost of each t1Pe of protection eel be JIl&de

to deten:Une the most praet1eal design ot, providing, ettectift drftinage

and erosion c:ontrol fae111ties tor a siTeD site. 'lbere Yill 'be eoodi-

tions vhere the design discharp and economical 8ize ot c:ulftrt or

storm-drain v1ll result 1D ~ue ot ~/2 • 'the diacharp parUleter,o •

7
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greater than th maximum.value perm1ss1bl . with feasible schemes of

protection discussed previously and some torm of energy dissipator vill

be reQ.uired. In other cues. the value of Q/D5/ 2
may be less than

. 0

that of th aforementioned feasible schemes' ~f protection and 8.

simpler more econcm1c&l form ot protection ruy be indicated.

FLARED OUTLET TmSITIOIfS

Tests were conduct d to dete:m1De the maximum values of the

discharge parameter (table 2) that were considered satisfactory \lith

various conditions ot tail ter 8Z1d 3';', 5-, and 8-D -long simple flaredo

outlet transitions who e details are show in rig. 18. Results of the

tests of these simple outlet transitions with the apron at the same

elevation as' the culvert invert are shCiJ11 in fig. 19 which indicate

that the maximum discharge parameter tor 8. given ctil.vert. length of

trans!tion t and tailvater can be calculated by the eQ.uation •

.i.... r! (&..)004 (~t3
~~ 1.60 D D
Do 0 0

Similarly, the length ot transition tor 8. given situation can 'be calcu-

lated bY' the equation,

Variables are detined in table 1 end troll til. 19 it can be seen that

this type of protection 15 atl factory only f\)r lov vaiu.es of Q/D5/2 •o

The arbltrary extent ot Seoul' depth equal to or less than 0.51> vas usedo

to classify satisfactory conditions.

8



COMMONLY USED DERGI DISSIPATORS

Attempts \tere mUle t.o invectis te the et:feetiveness of recect.11.1'1g

dependent on the slope end diameter of the incoming pipe end can" be

determined 1'ran the plot ahCMl in t1&. 21. The l'eCCZllllended height of

t.he apron of these flared outlet trans!t10ns and providing an end ill

at the dovnstream end. hovever, tig. 20 ineUc us th t·thi modificat.ioa

did not s1gniNc&l1t~ 1mprovE energy die 1pat.icm or inere e t.he ppll­

cable maximum v&1ue of the d1 charge paramt.er. Q/D5/2 •
. 0

6 .
Gra.ce and Pic:'kering h ve reported the re ult ot model t et. to

evaluate the me.ximum v&lues ot the discharge par_ter. Q/~/2 • appli­

cable to various sizes of three ca=only used energy d1ls1pators.

stilling vells t tJ. S. Bure u of Reclamation i')'pe VI Basins rmd St. An-

thony Falls sttiling baains.

The stilling vell consists of vertical aeetion ot c'ircular pipe

affixed to the outlet end or a torm drain as .hOlm in tig. 21. '!he

recommended depth. ot ,the vell be10\1 t.he invert ot the ineom1ng pipe 1s

at the elevation of the invert ot ' table channel or drainage basin.
,

The area adjacent to the Yell ~ be protected by ripr&p or 'paving;

however, it there is no adja.eent erodible emblnlrment vithin two vell

diameters or the periphery ot the stilling well, there 1a no need tor

I
I
I
I
I
I
I
I
I
I
I
I. stilling vel1 above the invert ot the: incoming pipe is tve> times the·

d.i ameter of the incoming pipe. The top ot the vell should bE located

I
I
I

proteetion. Energy dissipation is ~~OlIIPlishedwithout the necessity

I of maintaining a specitied t&1lv ter depth in the vici.n1ty ot the outlet.

I
I
I

9



or

10

ot the problem.

stilling vell

St. Anthony Falls stilling bas in

U. S. Bureau of Reclamation Type VI b~in

Ow . (.JL:.)1.0
Do • 0.53 D~/2

""SAF . (-i.....) LO.0-- lI: o. 3n 5/2
o D .

o

St. Anthony Falls stUl1na buin are preSlented in tigs. 22 and 23. Maxi­

mum values of the discharge parameter. Q/D~/2. , cOlUlidered satisf&Ctory

for various size of eschof the energy dissip tors are presented in

~ ('V)3• 1.0
D ~gD

Deta.1ls of the U. S. Bur IW. ot ~clamat1on 'J.'rp& VI buin &nd the

d50 .WED ( Q ) 4/3
W • 0.020 TW 5/2

ED WED

table 3. These dat ere satisfied by the tollov1ng eq.uat1ons vhich

may be used to compute the diameter or width of each type or energy

dissipator relat1ve to· that ot the incoming pipe:

It is recommended that the ize ot stone protect1on to be provided dowu-

stream ot these energy dissipators be estimated by the folloving relations:

Guidance other than engineering Judpent tor estimating the length of

available due to the lack ot systematic investigations ot this aspect

stone protection required downstream ot an energy dissipator is not

p
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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The results reported herein Gore baaed on research conducted t the

u. S. Army Engineer W&terv~ Experiment ~ t.1oo and sponsored by the

Director te of Militar,( Construction. otfice. Chief of Engineere and

the U. S. Department of 'l'ran portat1OD, 'ederal B1sbvq Admin1 tration

and the Louisiana Department or B1gbva;ys. Permi 10n tor. the authors

to present th1l paper does not .ifP1i~ that the contents neeeu8arlly

reflect the vievs and polley·ot e1ther the U. s. Arrrr1 CorP- ot Engineers.

the U. S. Department of Transportation. Federal BigbYq Administration

or the Louisiana Department of Bighva;ya. nor doe mention of trade

names or comnercial product constitute indor ement or recODlZDet1daticms

for use.
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Discharge. ct

MAnning'. roughness eoettic1ent

(Ccnt1n~)

Length ·ot scour, tt

ot nov,tt2

·~l

DEFIBmO OF VARIABLES

Cros -8 <:tiona!

12

Depth ot rece8led apron and he18ht ot end sill, tt

Length ot flared outlet trans1tlon. fit

Depth ot. scour, tt

Maxi mum depth ot scour, tt

Diameter ot 8ti1l1na vell, tt

Diameter ot average size tone, tt

Froude number. ot flov at culvert O\i.t~·~, F ;II Q/A .fSd"
Froude .number ot tlov in channel, F

ch
• Q/ J gA3/T

. 2
Acceleration due to Il'&vity, ttl ec

Diameter or v1dth ot culvert, tt

Depth ot unitont'. flov in culvert, tt

Bas V1dth ot channel, tt

Depth ot. nov in channel, tt

Maximum length ot scour, tt

Length ot atone prot etlan, tt

Slope ot channel bottOlll" and energy Il'adient

Top v1dth ot flov in channel, fit

Thickness ot cellular block, tt

Thickness ot s&ek revetment, tt

I p
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I
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TABLE 1 (Continued)

Tailva.ter depth &hove invert of culvert. tt

Duration of flov. minute

Averaae velocity of nOlI incbazmel." ft/aec

Volume of scour. tt3

llidth of energy cU. ipator t ft

llidth of St. Anthony Falls stilling basin. t't

Width of U. S. Bureau of Recl....tlon type VI buln. tt

One-hB.1t total vidth of eour. tt

One-half" maximum width of acour t f't

13



I
.TABLE 2

I MAXIMUM DISCHARGE RECOl+1ENDED FOR
VARIOUS FLARED OtlrLET TRANSITIONS

I
L1m1t illS Val.ue ot Q/D5/ 2

I
0

LID hID
O

TW/D Q/D5/ 2
0 0 0--

I 3 0 0 . 0.88
3 0 0.50 1.18
3 0 1.00 2.56

I
3 0.25 0.25 1.28
3 0.25 0.50 1. 78
3 0.25 1.00 2.56

'3 0.50 0.25 1.58

I 3 0.50 0.50 2.00
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MAXIMUM DISCHARGE RECO!IeDED FOR VARIOUS
TYPES' AND sIzEs OF ENERGY DISSIPATORS
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