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Study Objectives
TO DEVELO? A CHANNZL EXPANSION GEOMETRY THAT WOULD PROVIDZE SATISTAC-

TORY FLOW COMDITIONS IN TEE =TT ARFA: DETERMINES THE HYDRAULIC CONDI-

L‘::olgm

TIONS UND=R WHICH LININGS COMPOSED OF SACX REVETMENT, CELLULAR 3LOCKS.

OR R0CK RIPRAP WERE ST23LE: AND DEVELOP? APFROPHIATRE DESIGN GUIDANCE.

8 |9 8Q ]
= .

Study Findin.s

THE= STUDY FINDINGS WILL PERMIT TR USE OF ETTHER OF THE THREE LINING -

MATEZRIALS IN LIZU OF RIGTD CONCRETE CHANNSL ZINPANSIONS TO PROVIDE

EFr=CTIVE AND MORE SCONOMITAL PLANS OF PROT=CTION AT CULVIRT OUTLETS.

- 8 19 '

Implementatjon - How Done

TESTS WERE CONDUCTED OF VARIOUS LINED CHANNEL IXPANSIONS DOWNSTRZAM OF]

3 MODEL BOX CULVERTS WITH DIMERSIONS OF 0.5 x 0.5. 1.0 x 1.0, ARD 2.0

x 2.0 FT. THE THRES TYPSS OF LINTW INVESTIGATED CONSISTED OF SACK

REVETMENT, CELLULAR BLOCKS, AND ROCR RIPRAT. THE LININGS WERE

SUB-TECT=D TO VARIOQUS PARTIAL AND FULL CULVERT DISCHARGES AND TAIL-

WATEZRS UNTIL DISPLACEMENT OR TATLURE WAS OXSERVED AND RECORDED.

Indicate who to contact for any followup iaformation.

J. L. GRACE. JR. . 3. P, FLETCHER
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SUMMARY

This report presents the results of specific research to develop
oractical guidance for design of channel expansions lined with either
sack revetment, cellular blocks, or rock riprap to prevent localized
scour at culvert outlets. Appendix A summarizes the results of related
research efforts of the U. S. Army Engineer Waterways Experiment Station
during the past decade to develop practical guidzance for estimating and
controlling erosion downstream of culvert and storm-drain outlets.

The results derived from this study provide guidance that was pre-
viously not availadle and will permit the use of either of the three

- lining meterials in lieu of rigid concrete channel expansions to provide

effective and more economical rlans of protection at culwert outlets.
Potentially unstable ckannels that do not warrant the conventionzal type
of rigid concrete structures due to the cost of such protection may be
reconsidered in light of the guidance 2nd alternatives developed from
this research.

The results presented in Appendix A pem:.t des:tgne.r "o estinmate

" the extent of localized scour to be expected and select appropriate and

ternative schemes of protection for controlling erosion dowanstream of
culvert and storm-drain outlets.
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PREFACE e

The model study of Lined Channel Expaz<ions at Culvert Outlets was
authorized by the Office, Chief of Efiginéers, on 6 April 1971, at the
request of the Louisiana Department of Highwéys and the Federal Highway
Administration. - :

The study was conducted.during the period April 1971 to April 19737
in the Eydraulics Laboratory of the U. S. Army Engineer Waterways Experi-
ment Station (WES) under the direction of Messrs. E. P. Fortson, Jr. )
(retired), end H. B. Simmons, Chiefs of the Hydraulics Leboratory, and
; T. E. Murphy (retired), Chief of the Structures Division. The tests
| " were conducted by Messrs. B. P. Fletcher, W. A. Walker, and B. P. Perkins

, W
- 7 .
(i i b a TRt od et e e sma ~e- et | T Wt Gang Panir & et B - 46 20 S

; i under the direct supervision of Mr. J. L. Grace, Jr., Chief of the

F i Structures Division and former Chief of the Spillways and Channels

:’ ‘ Branch. This report was prepared by Messrs. Fletcher and Grace.:
During the course of the study Messrs. T. B. Lawson, A. L. Cox,

S. M. Law, H. B. Rushing, J. E. Ross, and W. Marcum of the Louisiana
Department of Higbways; C. J. Gaudin of the Louisiana Depexrtment of:
Public Works, and B. Burch, B. Prochaske, D. Richards, M. Cory, B. Baux-

A% "?rz".?i‘ vty -.._-'.'! T

i garéner, M. Cook, M. Smith, J. Lazenby, and R. Driskell of the Federal g
- Highway Administration visited WES to discuss the program of model tests,

£ observe the model in operation, and correlate tesi'zrfesults with concur-

b' rent design work. ]

T Directors of WES during the conduct of the study and the prepara-

< tion and publication of this report were BG E. D. Peixotto, CE, and

COL G. H. Hilt, CE. Technicel Director was Mr. F. R. Brown. ’

PR 25 .\1. e
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_ CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be con~
verted to metric (SI) units as follows:
Multinly By To Obtain

inches 0.0254 : meters

feet 0.3048 nmeters

square feet . 0.092903 square meters
cubic feet 0.02831685 cubic meters
pounds (mass) 0.45359237 kilograms
feet per second A 0.3048
cubic feet per second 0.02831685 cubic meters per second

meters per second

feet per second per second 0.30L18 meters per seccnd per second
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. - PRACTICAL GUIDANCE FOR DESIGN OF LINED CHANNEL
2 - EXPANSIONS AT CULVERT OUTLETS _ :

"_ ' Prdraulic Model Investigation

FART I: INTRODUCTION

Background

1. One of the most prevalent problems experienced with storm-
drainage facilities is that of erosion at culvert and storm-drain out-
lets. Due to the relatively flat terrain of a large portion of
S Louisiana, culvert and storm-drain outlets are subjected to considerable
submergence or depths of tailwater relative to the outlet invert. Con-
trary to the usual assumption, excessive depths of tailwater at such
outlets concentrate rather than diffuse the efflux, and as a result
severe localized erosion is experienced for a considerable distance

bwrand ety

downstream. Rigid concrete-lined channel expansions have been used as
one means of pi‘otection for preventing excessive_,‘locali_zed scour in exit
channels downstream of culvert outlets. 1In the “interest of developing

practical guidance for design of 1lined channel ex;:)a.n'sions downstream of
box culvert outlets, the Louisiana Department of Highways and the
Federal Highway Administration sponsored- the program of research reported

B Ty N s )

AR A TR G, S e

herein.

v ‘ Purpose of Study ) ‘

2. The subject hydraulic model investigation was conducted to
develop a channel expansion geometry that would provide satisfactory P
flow conditions in the exit area; determine the hydraulic conditions

under which linings composed of sack revetment, cellular blocks, and

rock riprap were stable and unstable; and develop appropriate guidance
for design of stable lined channel expansions downstream of culvert )
outlets. ' :

AURRATRN RN YA,



PART TI: MODELS AND TEST PROCEDURES

- " : - - Test Facilities
3. The experimental facilities shown in Figure 1 were used for

tests of various lined channel expansions downstream of three model box

. _ culverts with dimensions of 0.5 x 0.5 f£,* 1.0 x 1.0 f£, and 2.0

x 2.0 £t. The three types of linings investigated consisted of sack
By revetment, cellular blocks, and rock riprap. Sack revetment weighing

120 1b with overall dimensions of 2.0 X 1.5 x 0.33 ft was simulated at

a scale of 1:8. The cellular blocks which weighed 1k 1b (Figure 2)

were simulated at a scale of 1:Lk. R;>ck riprap linings composed of

)

S § Sty 1o

[SERY S

. T 1T T Yoz T 1
i - S S S W

CHANNEL
> EXPANSION

16.0

% .« N JPEEN
Sty

40.0°

PLAN

P

BAFFLE ~]

5.5

BRICK 1L
r—— c ENDSL : TAILGATE

4 Lt
Iy BB

; e

£ ,>RAIN

ELEVATION

I8

Figure 1. Experimental facilities

* A table of factors for convertirg U. S. customary units of measure- -
ment to metric (SI) units is presented on page L.
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Figure 2. Cellular block details

stones with an average diameter (dso)* of 2.5 and 7 in. were reproduced
at a scale of 1l:k. -

4. Water used in the operation of the models was -supplied by
pumps, and discharges were measured by means of calibrated venturi
meters. Steel rails set to gfade along the sides of the flume provided
2 reference plane and support for measuring device;. Water-surface
elevations were measured by means of point gages and current patterns
were determined by means of dye injected into the water and confetti
sprinkled on the water surface. Tailwater elevations were regulated by

a gafe at the downstream end of the flume.

* For convenience. symbols and unusual abbreviations are listed and
defined in the Notation (Appendix B).
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- Scale Relations

5. The accepted equations of hydrau_lic similitude, based upon
the Froudian criteria, were used to expres:s the mathematical relations
between the dimensions and hydra.uiic quantities of the models and pro-
totypes. The general relations expressed in terms of model scale or
length ratio, Lr > are presented 3n the following tabulation:

Dimension' Ratio Scale Relations
Length L. 1% 1:8
Area 2B = Li 1:16 1:64
Weight Wo=13  1:64  1:512
) Velocity = Li:/2 1:2 1:2.83
Discharge Q = Lf_/g 1:32 1:181

6. " Quantitative measurements of discharge, water-surface eleva-
tion, and veloeity in the model were converted to prototype dimensions
oy means of the above scale relations. Experimental data also indicate
that the prototype~to-model scale ratio is valid for scaling riprap and
revetment in the sizes used in this investigation, since the ratio of
flow depth to revetment thickness and Froude number of flow in the model

were the same as those in the preototype.

Test Procedures

T. Prior to each series of tests to determine the limits of sta-
bility for each of :tﬁe three types of linirg for channel expansionms,
the trapezoidal ci®mel downstream of the expansion was molded in sand
and slowly ﬂoodeé to prevent erosion and provide a2 maximum desired
tailwater elevat:':on. A predetermined discharge was raleased through the
culvert and the tailwater was lowered in sm2ll increments until displace-

ment of the lining was observed and recorded.
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PART III: TESTS AND RESULTS 2

]

Channel Expansion Geometry ;

’ i

8. Geometric details of the channel expansion initially inves- 3

. tigated are shown in Figure 3. Re"asonable' performance was indicated with f

the original geometry of channel expansion. However, flow tended to 5

concentrate along either side of this geome;try, indicating that the ex-

pansion provided by the geometry was greater than that required and de- ‘

sired for relatively uniform distribution of flow in the exit area. ‘

i

2.5 ’

1

10N 2 ‘

! 3

' )
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& Figure 3. Original channel expansion gecmetry ’ :
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Figure 4. Geometry of lined channel with sudden expansion

Therefore, additional configurations were molded and tested to develop a
more stable and economical plan of chammel expansio:n. A geometry that

provided sudden expansion (Figure L) permitted flow to concentrate se-

verzly along either side of the expansion sufficient to produce a strong
and undesirable eddy on the opposi*ﬁ’e/ side. Favorable performance was’
obtained with the recommended geometry of channel e:_cpa.hsion shown 1n
Figure 3 iwh_ich rrovided satisfactory expansion of flow and required a

smaller base width for the invert as well as fewer armcr units.

Sack Revet:ment

9. The i-ec_omiended geometry of channel expansion was molded and
10
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Figure. 5. Recbmmgnded lined channel expansion geometry

lined with the 1l:8-scale simulation of sack revetment composed of szcks .
with @jwensions of 2.0 x 1.5 x 0.33 ft and a weight of 120 lb downstream

:0f each of the model box culverts with dimensions of 0.5 x 0.5 ft,

1.0 x 1.0 £f£, and 2.0 x 2.0 ft, which simlated prototype culverts of
Lx 4 ft, 8 x 8 £t, and 16 x 16 ft, respectively (Photo 1). The extent
of each sack-revetted jcha.nnel expansion was preserved in accordance with
the recommended geometry (Figure 5) and the respective culvert dimension.
Each of the three éha.nnel expansions and corresponding culverts were
subj:ected to various discharges, tailwaters, and both partial and full
pipe flow conditions until displaceﬁ:ent or failure of the sack revetment
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Figure 6.

Meximum permi
lined channel expansions

esible discharge for

expansion at a distance approximately one culvert height downstream
-of the outiet or directly beneath the toe of the hydraulic jump.

was experienced- Flow conditions aznd displacement and/or faiiure zre
shown in Paotos 2-L. 2asic datza:obtzined from the tests of sack revet-

ment are presented in Table 1 and plotted in Tigure 6. The description

i 10. In‘szeneral, the ‘init_ia.l displacement of one or two sacks re-
sulted in immediate and extensive failure of:the lining. Fajlure along
the side slopes of the chg_xihe_l expansion was observed most often with
excessive tailwaters’and Froude rumbers of flow at the outlet less -than
unity. With lesser ta.iiwaters; and Froude numbers of outle_f flow greater

than anity. fzilure was g;enerally most severe along the invert of the

)
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Cellular Blocks

11. Tune recormended and appropriately dimensioned channel expan-
sion lined with the l:lL-scale simulation of cellular block revetment

‘constructed of blocks weighing 1k 1b and with dimensions shown in Fig-

ure 2 was investigated dowmstream of each of the three model hox
culverts that sirumlated rrototype culverts with dimensions of 2 x 2 i,
Lx:L ©t, and 8 x § ft. Typical conditions before. during, and 2:ter
tests in which the cellular-block lined channel exnansions were sub-
jected to various discharges. tailwaters. and both partial and Full
pive flow conditions are shown in Protos S5, 5. and 7. resvectivelyr.
Basic data obtained from the tests of cellular block revetment are pre-
sented in Table 2 and Ticure 6. The failure irigrered by the disvlace-
ment of one or two cellular blocks was considered to be more severe and

extensive than that observed witn elither sack revetment or rock riprap.

’ Rock Riopravp

12. The recommended a2nd approvriately dimensioned channel expan- '

sion lired with 2 ;h-scéle simlation of roch rimrap with an average
dizmeter of 2.5 in. was investigated downstream of each of the three
model box culverts that simileted vrototyoe culverts with dimensions of

2x 2, bLx L £t, =nd 8 x 8 ft. The largest box culvert was also in-

vestigated with an 2porovriztely sized channel expansion lined with

model stone that simmleted rock riprep
Typical ~onditions before. during, 2nd after tests of the simulated
2- x 2-ft box culvert and corresponding channel expansionllingd with

with an a2verace diameter of 7 in. '

stone of 2.5-in. averace djameter z2re shown in Photo 8. Basic éata ob-
tained from tae tesis ol rock riprap revetment 2re presented in Table 3
and Tigure 5. Failures observed on either of the side slopes and a2long
the invert of the channel expansicw _lined with rock riorap were not 2s

extensive 235 those observed with either the sack revetment or cellular

blocks.:
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Data Analvses

13. Tae basic variables investigated included the size of the
culvert. the geometry of individual pieces of the three types of revet-
ment, the discharge or rate of flow, and the dapth of tailwater relative
to the invert of the culvert outlet. The size or dimemsion of the
sauare culvert (D o) was arbitrarily selected as the fundamental or pri-
mary dimensior that should be common to each dimensionless parameter
used in analysis of the data.

" 1k. The data obtained ‘rom tests of each revetment a2nd culvert
were used to calculate the quasi-dimensionless parameter Q/D22 uhich
is a useful, descriptive parameter for classifying the relative 4dis-
charge capacity of circular a2nd square shaved closed conduits including
culverts. This paremeter is also related to the Froude number of flow
at the outlet, commonly used to classify subcritical or supercritical
flow conditions and in design of open chanmel facilities. Ratios of
tailwater depth above the invert of the outlet to the height of the cul-
vert 'z'w/aQ were calculated also.

15. Flotc o the parameters G/ Dg'/ 2 ercus ™/ D, on log-log

. paper for each size cf square cnlvert and the correspording lined
_ channel expansion indicated that an equation of the form Q/Dz =
= c(TW/ D°)3/ b could be used to describe the limiting hvdraulic condi-

tions recuired for stability of each plan of protection. Since the
size of individuzl pieces of each lining was constant relative to a
given culvert dimension, but variable relative to various sizes of cul-
verts, it was considered that the relative size of the revetment to the
culvert height would be an important parameter. This was ‘confirmed by
log-log plots made to correlate the magnitude of the coefficient C
indicated from the plots of Q/Dz/ 2 versus 'I'W/Do relative to the
ratio of revetment thickmess to culvert height 'F.'B/Do . These latter
plots indicated that an equation of the form C = \K(TB/DO)S/ b rould
satisfy the data. -

. 16. Combining these two relations indicated that an expression
of the following form would satisfy the data of all tests of ezch tupe
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orrevemtusedtolinetheapptoprinecygnnelexpmiondomstrm :
of various sized square culverts: s ?

PakIot TN C LN LY 4 e

. 3/%
572 = © g_u‘) 1)
a- D i - )
o )
; vhere
;‘i: e B TB 3/ h : 5
- : c=K (—-) (2)
d : D,
& Combining Equations 1 and 2 yields
3/4
T TB ™ 3/4
4 - x(Do ) (3)
'.-:‘ o -
or
3
B®-=(2)" )
oo o
'_I'herei'/ore,' the basic data were plotted es shown in Figure 6, and’'a
5\  reasonsble trend is indicated. The recommended equation for square
* culverts indicated by a conservative fit of the data is: o
5 4 T, D /3
e 22 or = or 52-= 0.016 ={-3— (5)
D D D T \ .5/2
e o o o D
2 °
d50 = diameter of average size stone, ft
;:' T-S = thickness of geometrically similar sack revetment, ft
) '.‘l.'B = thickness of geometrically similar cellular block, ft
& ~ D, = height of culvert, ft
' 15
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TW = teilvater depth above invert of culvert outlet, ft
Q = discharge, cfs

It is considered that £quation S5, developed for square outlets, can be
applied directly to circular outlets. It is also copnsidered that the
results presented herein can be applied to other outlet shapes, pro-
vided geometric simiiarity is preserved in application of the recom-
mended guidance. For outlets with aspect ratios, wo/Do » Other than
unity, it is comsidered that the parameters or ratios involving revet-
ment thickness and tailwater depth above the ocutlet  invert to tﬁe
height of the outlet are appropriate; however, the discharge param-
eter should be revised to adequetely describe the unit discharge per
foot of outlet width, q . Therefore, the following equation is
x:écomended for rectargular culverts with an aspect ratio other than-

unity:

s d T T, .. D L/3 |
_20 S = =09 2 (9
:Do or D, or 3 0.016 ( 3/2) (6)
. -]

Equations 5 and 6 are recommended-fcr-selection of either the size of
revetnent for a given lined channel expansion, discharge, tailwater __
depth, and culvert dimension or for the selection of a size of culve;t'—
with which a giveﬁ revetment lined channel expansion will rénz'm stable
under anticipated conditions of discharge and tailwater depth. ‘
iT. In. an attempt to provide a convenient method for describing
the condition of flow to be anticipated at the outlet of wvarious sha.’;}ed
culverts, ca.lculat:.ons were made to relate the Froude mnn'ber et flow at
the outlet to the quasi-dimensionless parameter Q_/DSI 2 for various
partial a.nd full pipe flow conditions. These cg’!.c;.;atlons involved
equating a given value (say 1.0 and 0.1) to.tie Froude number of flow
at the outlet of -any given shape of corduit (see Appendix B: Notation)
to determine the corresponding vaiue of the Q/DSI = ratio required to
satisfy both the hydraulic and geometric properties involved. The
following procedure was developed and used to compute desired relations
for square and rectangular conduits: For F = Q/A Vgd = any value, let

16
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£ W /D = A, , the conduit sspect ra.tio, dID A; > the ratio of actual
j ) uniform flow depth to conduit height; and A Ad Ar » the ratio of " s {
y area of flow to the square of the condu:.t h.:.ght. Then, the area of :
flow A equals the prod.uct of A D . Therefore,-

Ab

AF =852 ;
o : F =30, V8 VAL, = 5/2 ANy VB
: ' K
4 or
LR . o
? S - : " = :
—°'-—D5 73 Ar,[_p.d vEF - (7) :
¥ o —
‘ A similar procedure was followed to determine the relations for circu- :
= lar conduits. The following relation exists for partiel and full con-

" duit flow conditions in circular pipes:
o F=—2—= any given value

AVEd

LGN | LRI N IS
' Al ‘

where C is a functiomn of d/Do. J¥ and S - i

ts

,.
CTIR TP
!
]

m

\

g,
DEDACAY:
v
|

D5,2 “V"’\I—F © o (8)

_i - For full pipe flow with A = tDi/h end d4=D_ ,

B L A E N T

o

® H. ¥W. King, Handbook of Hydraulics, Lth ed., McGraw-Hill, New York,
1954, Table 8k.
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Similar relations for full conduit flow in rectangulsar conduits with
conduit aspect ratios ranging from 1 to L4 are presented for comparison
. as follows:
: W
: —% = 5.67F when 2=1
i DS/ 2 Do
‘. o
" : Q ¥s
/5 = 11-3%F vhes =2
it D (]
()
. wo
, 7 % = 17.03 when 3= 3
D o
i . o
Q | Yo
—575 = 22 .7F when D_' = h
D o
o Lzeons = R o
18. However, the hydraulic capacity of 2 given culvert is de-
vendent upon the slope, length, and flow or hydraulic resistance of the
£ barrel. For uniform partial pipe flow, the slope of the barrel and the
energy gradient are the same. In the case of full pipe flow, the slope
of the energy gradient and the barrel may differ and the slope of the
energy gradient dictates the hydraulic capacity of the culvert.
19. Obviously, only one combination of conditions will satisfy
t the relations calculated as described in paragraph 17. Other relations
a for full pipe flow conditions with various combinations of the slope of
:* the energy gradient, the hydraulic resistance of the barrel, culvert
fi; 18
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=
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size and shape, and discharge were calculated on the basis of the
Manning formmla. It was also used to calculate relations for uniform
= ' partial pipe flows with various combinations of the slope of the culvert

CAY
x
\
N IO |

SRR It S) v

. barrel, hydraulic resistance of the barrel, shape and size of the cul- ‘

- vert, depth of qnifd’rm flow, and discharge. The calculations were made

B following the school of thougmt—that the numerator {1..486) of the I
% \ Manning formula contains Vg ",‘ end that for physical and practical

reasons ™" has the dimensions of length tc the one-sixth power. This

'i; permits the results to be presented in terms of dimensionless parameters
X : G
- as shown in Figures T-1l. Thus, for selected or given hydraulic and
g\ geometrical conditions, the type of flow to be anticipated at geometri-

cally similar culvert outlets can be determired from Figures 7-11.

k However, it is not mandatory that the Froude number of flow at the out-
let portal be: known for design of lined channel expansions. The size
of revetment or the size of culvert and channel expansion required for

MR N Py e e

a given size of revetment to remain stable under anticipated conditions
of discharge and tailwater depth can be determined by means of the

e gt A VS

5 1 recommended Equations 5 and/or 6. - .
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- PART IV: DISCUSSICN

20. ;;he results of the research reported herein providé guidance
~for design of a channel expansion geo:nejtrically proéc'r-‘.:ioned in terms
i . of the dimensilons of a culvert or storm-érain outlet tﬁat may be lined
B with either sack revetment, cellular blocks, or rock riprap. The re-

’

4

sults are particularly pertinent to these outlets subjected to relz-

tively large depths of tailwater or submergence. However, the use of a

g b O T G S K XN

3

lined channel expansion Gownstream of a culvert outiet is just ‘one al-

terrative for providing protéction to prevent excessive localized scour.
21. Appendix A is included in this report to present vractical

guidance for estimeting the extent of localized erosion to be expected

B 3 g
T'Y\‘\’ﬁ_ﬁ".'!",l'n') WY
HR S

at culvert outlets and for comparing and selecting appropriaté alterné.-

ﬁ; tive schemes of protection 2t culvert and storm-drain outlets. For

: exzample, is the anticipated scour hole w:.th an appropriate cutoff wall
,‘ that oprotects the ontlet adequate for; energy dissipation? Is a paved

* flared outlet transition practical? Are the size and extent of riprap ‘
: - : recuired for a stable horizontal blanket practicable? Is it practicable
f - to ccmprise depth of scour and size of riprap by providing a preformed i
_E” and ripré.p—lined scour hole? Is a lined channel expansion practical?

: Is 2n energy dissipator required? What are pc;ssible effective alter-

E i natives and the relative costs of each? The results of WES research

5%"./ = offorts sponscred by the Directorate of Military Construction, OCE,'

-j:;; ‘ g.uririg the past decade relative to these interests are therefore pre-

’: sented and it is considered that they provide useful guidance previously
E: not available.
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) Table 2
T i Basic Model Data of Conditions That Induced Failure of
) Cellular Block Channel Expansions

SR Depth of
D Taile Flow at
~':; : Model* Dis= water Culwvert
* 5 Culvert charge Depth Outlet
S Size, Tt cfs T S

Jﬂo
n

n)

0.25 0.50
0.50 0.50
0.5k 0.50
0.90 0.50

0.5 X 0.5

Eggh

I'L
-
PP
88383

& F:'t: 0
(s NNVIXVIIEN |

13

Sl

;‘l",\'.."-lv's S g P

QY

_ 1.0x 1.0 1.00 0.10 0.25 1.00 1.k0 90.08 0.10 0.008
: N 2.20 0.36 0.Lo 2.20 1.53 0.37 0.029 ;
e 2.0 0.8 0.57 2.450 0.98 0.1  0.049
i : 2.%0 0.19 0.:0 2.k0 1.67 0.19  0.015
3.10 0.61 0.60 3.10 1.17 0.51 0.049
: 3.10 ~ 0.53 0.53 3.10 1.10 0.63 0.051
'3:30 0.50 0.50 3.30 1.25 0.50  0.048
L.60 1.00 1.00 L.o0 ©.70 1.00 0.080
" L.50  1.30 0.99 L.so 0.80 1.30  0.10%4
5.30 1.00 1.0 5.30 0.9t 1.00 0.080
= 5.80 1.50 1.00 5.0 1.02 1.50 0.120
H 5.20 1.50 1.00 5.20 1.10 1.50 0.120
- X :-; .
e o 2.0 x 2.0 . . 0.52 . 0.0t 0.32 .
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: ! Tabie 3 , :
; | Basic Modol Data of Conditions That Induced Failure of f . . ‘ ”dﬁ
: | Rock Riprap Channcl Expansions ‘ “ T
4 | ' I 1
) : >
| Model¥ Tallwater " Q d d - X
_; i Culvert Dischaige Depth Depth of Flow at Sieve p2/2 529 %ﬂ ELO X %’W_ 2
; ’ Size, ft cfs foxx Culvert Outlet, ft** Size, in.t 0 F 0 0 o) s
X 0.5 X 0.5 0.26 0407 0.10 3/i-1/2 1.5 2,70 0,0k 0.4 0,015 ot
g 0.62 0.35 ‘ 0.25' 3.5 1.75 © 0,56 0.058 ”:‘m
- 1.06 0.68 0.50 | 6.0 1,06 1,35 0.1k0 3
: : i
1,0 x 1,0 0.75 0.09 0.20 3/h-1/2 0.75 1.53 0.052 0.09  0.005 "
. 2,00 0.37 0.50 - . 2,00. 1.00 0,38  0.019 '
! 3.30 0.75 0.80 3.30 0.8 0.75  0.031 Y
' 2.0 x 2.0 2.30 0.20 0.20 3/h-1/2 okl 2,30 0.026 0.10 0.003 i
: Q i .80 0.75 0.8 0.85 1,27 0.35 0,009 3
: 640 - 0,95 0.91 1.13 0.65 0.8 0,012 L
9,60 1,50 1.48 . . L70  oM7 6,75 0.019
2.0%2.0 L5 10,07 0.25 2=1-1/2 0.27 1.06 0.073 0.8 0.002 P
6.4 040 0,35 1,10 2,70 " Q.20 0-01h &
9,0 0.70 0.65 1.60 1,52 w0435 0,025 o
4.0 1.27 1.0l 2,50 1.16 " 0.6h 0,047 o
h % Model culvert sizes of 0,5, 1,0, and 2.0 rt correspond to prototype 31zes of 2, ll, and 8 ti,-respectively. !
: %% Measured from invert of 'culvert. o
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APPENDIX A: PRACTICAL GUIDANCE FOR ESTIMATING AND CONTROLLING
EROSION AT STORM SEWER AND CULVERT OUTLETS

Introduction

1. This appendix summarizes and demonstrates application of the
results of research conducted at the U. S. Army Engineer Waterways
Experiment Station (WES) during the past decade to develop practical
guidance for estimating and controlling erosion downstream of storm
sewer and culvert outlets. Initiel efforts were concerned with inves—
tigation and development of means of estimating the extent of scour to
be anticipated downstream of outlets. Subsequenl offorts have involved
investigation and evaluation of various schemes of protection for con-
trolling erosion such as a cutoff wall, horizontal blankets of rock
riprap, preformed scour holes linad with rock riprap, and channel ex-
pansions lined with natural and artificial revetments. In addition,
efforts have been made to determine the limiting discharges for various
energy dissipators including simple flared outlet tramsitions, stilling
wells, U. S. Bureau of Reclamation type VI basins, and St. Anthony Falls
stilling bas:i.ns—. Empirical equations and charts are presented for
estimating the extent of localized scour to be anticipated downstream of
outlets, the size and extent of various natural and artificial type
revetments, and the appropriate dimensions of each type of energy dis-
sipator investigated. With these results, designers can ésl;ima.te the
extent of scour to be expected and select appropriate and alternative
schemes of protection for controlling erosion downstream of storm sewer
and culvert outlets. ;

Scour at Outiets

2. In general, two types of channel iInstability can develop down-
stream from storm sewer and culvert outiets, i.e. either gully scour or
localized erosion termed a scour hole. ﬁistinction between the two
conditions can be made by comparing ti:xe original or existing slope of
the channel or drainage basin downstream of the outlet relative to that
required for stability as illustrated in Figure Al.
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Figure A2. Failure of outlet structure due to
gully scour
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3. Gully scour is to be expected when the Froude mmber of flow g' ;3_

in the channel exceeds that required for stability. It begins &t a con- § U
trol point downstream where the channel is stable and progresses upstream. g :;
If sufficient differential in elevation exists between the outlet and 3 ;;
the section of stable channel, the outlet structure will be completely 3 3-
undermined as shown in Figure A2. The primary cause of. gally scour is g ‘%
the practice of siting outlets hizh, with or without energy dissipators, 3
relative tq a stable downstream grade in order to reduce qu:—:mtities of ; ~
pipe and excavation. ZErosion of this type may be of considerable extent Z ',
depending upon the locatiun of the stable channel section relative to - ; *
that of the outlet in both the vertical and downstream directioms. To "; %
‘ prevent gully erosion, outlets and energy dissipators should be located i {-
at sites where the slope of:‘ the downstream channel or drainage basin is ; j.;
naturally mild enough to remain stable under the anticipated conditi;ans 1 ‘:
or else it should be controlled by ditch checks, drop structures, and/or ﬁ "f‘
other means to a point where a naturally stable slope and cross section :. ;
exist. Outlets and energy dissipators should not be located within - )
channels or drainage basins experiencing deposition but adjacent to the : ;{
perimeter and provided with an outlet channel that is skewed rather than ;L
perpendicular to the main channel or basin (Figure A3). § : ‘
L. A scour hole or localized erosion is to be expected downstream i ; ?-

of an outlet (Figure AlL) even if the downstream channel is stable. The * S :
severity of damage to be anticipated depends upon the conditions ex- ; i
isting or created at the outlet. In some instances, the extent of the 5 z
scour hcle may be insufficie.n;t_jto produce either-instability of the f ::
embankment or structural damage to the outlet. However, in many situa- E :;‘
tions flow conditions produce scour of the extent that embankmen® ero- ‘ i
sion (Figure La) as well as structural damage of the apron, end wall, ‘ 3
and culvert (Figure LDb) is evident. Noteworthy surveys of conditions : ;:
at culvert outlets have been accomplished by Keeleyl* in Oklahoma and - : ) _“;‘
.Scheer® in Montane. :"
5. The observations and empirical methods developed by Keeley,l’?”h ;

¥ Raised numbers refer to similarly numbered items in the References at i
the end of the main text. f
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b. Multiple stilling wells without perimeter
protection
Figure A3. Single and multiple stilling wells with
and without perimeter protection
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which provide specific guidance relative to the conditions that préduce
gully scour or only a localized scour hole as well as those required for
stable channels in several Oklahoma soils, merit consideration and ap-

5

plication in gemeral. An example of a chart developed by Bohan” for
design of trapezoidal channels with 1lV-on-2H side slopes in a soil that

would deposit and erode with Froude numbers of flow less than 0.15 and

greater than 0.35, respectively. is shown in Figure AS.

6. Bohan also reported the results of research conducted 2t WES to
determine the extent of loczlized
scour that may be anticipated down-

stream of circular storm sewer and

T 1.0
e culvert outlets. These tests indi-
0.4 cated that all of the tailwater condi-
- tions investigated could be grouved
7 é into two categories. Tailwater condi-
o7 )Y tions of less than 0.5 D, It above
! 0.06 0 .
i ; VE the culvert invert produced apvroxi-
! 0.04 7’!: °'gl
i /g 0" B mately the same flow pattern and
b L Q o
i e /'g : scour hole geometry and are termed
s Q \ > - : ct5one-
: 0.0l \ minimum tailwater conditions; a2ll
| Vee® > ' ’
) i 0.Co6[ tailwater conditions of 0.5 D, Tt
5 i °-°°4"/ o and greater above the culvert invert
; f o.ooz/ producel approximateliy the szme flow
| S
¢ ; g o vattern and scour hole geometry and
s 1 0.00!
= = % 5 are termed maximum tailwater condi-
A H 0.0006} I A
b i 0.0004k ‘ ] tions. These results agreed very
L : . well with those presented by Sezburn
i< ) ; 0.0002 | - é . P
L : - 1 | and Laushey which indicate that for
: : 0.0001L 2 TR - 33 - : taqes
: 006010 02 04 1o 2 constant discharge the velocity just
" - - Fen= J‘—Q—:’ downstream of a circular culvert out-
: : A B
: T let remains constant for tailwater
i Figure A5. Characteristics conditions Ifrom O to 0.5 Do ft above

of a trapezoidal channel
3 ; with 1V-on-2H side slopes as a
. function of Froude number creases with increasing tailwater azd

the culvert invert. The velocity in-
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: reaches 2 constant maximum velocity agein at & tailwater approximately

- 1.0 D ft" above the culvert invert.

) 7. Bmpirical equations were developed for estma.t:.ng the extent of
‘ _ the anticipated scour hole based on knowledge of the design dlscharge,
?; the culvert diameter, and the duration and Froude number of the design

i flow at tre culvert outlet. However, the relationship between the
Froude number of flow at the outlet and & discharge parameter, Q/D5/ E A
i for circular and square outlets or q/D3/ for rectangular and other
snaped outlets can be calculated; and the discharge parameter is Just as
representative of flow conditions as is the Froude number. The rela-

tions between the two parameters for both partial and tull pipe uniform

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

parameter is easier to calculate and is suitable for application purposes,

the original data reported by Bohan were reanzlyzed to determine the re- :
lations shown in Figures AT-A10 for estimating the extent of localized

ATE LARENIS
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sccur to be anticipated dounstrean of circular culvert and storm
sewer outlets. The variables are defined in Appendix B, and com-

=% parisons of predicted and observed values are shown in Figures AT-
T Alo.
: 8. Dimensionless scour hole geometries determined frem zmodel
iee tests with 0.224-ft-, 0.33-ft-, and 1.00-ft-diam circular culverts,
) - a sand with an average grain size of 0.25 mm, and tailwaters less
5,1_ than 0.5 Dolftaswe.u.asequalto or greater than 0.5 Daftere
~ i ) rresented in Figures All and Al2, respectively. The maximum deoth
£ : ‘ of scour cccurred at a distance 0.4 of the maximum length of scour
e downstream of the culvert outlet for all tailwater conditioms.
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Cutoff Wall

9. If the location of the outlet is such that a scour hole is
not objectionable, it may be practical to allow localized erosion
since the scour hole acts a2s an excellent energy dissipator; however,
a cutoff wall which extends To a depth of at least 0.7 of tze maxi-
mm depth of scour expected (Figure All) and of appropriate width
should be rrovideé to prevent undermining.
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_Borizontzai Blanket of Riprap

10. The average size of stone and configuration of 2 horizontal
blanket of riprap at outlet invert elevation required to control or
prevent localized scour downstream of an outlet can be estimated based
on the results reported by Bohan and subsequent unreported tests. For
a given dslgn discharge, culvert dimensions, and tailwater depth rela-

~-tive to the outlet invert, the minimum average size of stone for a

stable horizontal blanket of protection can be estimated by the follow-
ing relations: '

: D %/3
[0} -
.:_:- =-0.020 ,1—,.3 D—g'E Circular and square outlets (Al)
[
dSO Do c L/3 |
== =0.020 == | == Rectangular and otker shaped (A2)
D TW | .3/2. :
(] Do outlets

The length of stone protection required downstream of an outlet can be
estimated by the relations shown in Figure 213. The variables are de-’
Tined in Table A1 and the recommended configuration of a2 horizontal

blanket of riprap for control of erosion at an outlet is presented in '

Figure A1k,

Preformed Scour Jole Lined with Rivprap

1i. The relative advantage of providing both vertical and lateral
expansion downstream of an outlet to permit dissipation ofi excess kine-
tic energy in turbulence rather than direct attack of the ‘boundaries is
shown in Figure Al5 which indicates that the required size of stone may
be reauced considerably-if a riprap-lined, preformed scour hole is pro-
vided in lieu of a horizoptal blanket at an elevation essentially the
same as the outlet invert. Details of a scheme of riprap protection
termed "preformed scour hole lined with riprap” are shown in Figure Al6.
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: ' Lined Channel Fxpansions

12. A research préject sponsored by the Louisianza Department of
Highways was recently completed at WES to investigate the feasibility

M e T e

of lining channel expansions downstream of square culvert outlets with
either sack revetment, cellular blocks, or rock ripragp. . After observing
flow conditions with various sizes of model culverts and gedﬁ‘étrie-s of

ke channel expansions, the channel expansion gecmetry shown in Figure AlT

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

channel expansion are related in terms of that of square box culverts.
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- For rectangular outlets, it is recammended that similarity be preserved :; :
in both the plan and elevation planes in terms of the respective width 3 _
and height: of the outlet. 5
13. Sack reveiment with length, width, and thickness of 2, 1.5, %
e and 0.33 ft, respectively, and weighing 120 1b was simulated at a scale k "j
.. of 1:8 as shown in Figure Al8. Cellular tlocks roughly 0.56 by 0.66 £t !
and 0.33 ft thick weighing 14 1b were simulated at o scale of 1:k as ] -
shown in Figure A19. Rock of 6- to 8~in. diameter weighing 1T 1b was
simulated at a scale of 1:4 as shown in Figure A20. The results of
tests to determine the conditions of discharge and tailwater required to : :
displace or fail each of the revetments are shown in Figure A2l and in- : ‘
dicate that the thickness of geanetricaliy similar revetments can be
calculated by the means of the following empirical equations: T ?
i—so-or ;S- o ;§= 0.016 z—% 2= V3 Square and circular . (A3) ’
o o o : D"_J outlets ) :
;_ZQ or ;§- or -].I;—E = 0.016 z—; —§72— 43 Bec‘ta.ngular‘*a.p\g other (Ak) E :
o [} o Do shaped cutlets | _
1%. The variables are defined in Appendix B. The relative effec- z
. tiveness of the lined channel expansion relative to the other schemes of ‘ “
riprap protection :described previouély is shown in Figure Al15. The re- :
: " :lations presented in Figure Al5 are recommended for selection of either
thé size of revetment for a given scheme of protection, discharge, tzil- -
- K water depth, and culvert dimension or for the selection of the size of .
:§ culvert with which a given revetment and scheme of protection will re- /
; £ main stable under anticipated conditions of discharge and ta:iivater T
g depth. .
% 15. The maximm discharge parameters, Q./Dz/ 2 or quz/ = , of
% various schemes of protection can be calculated based on the results
g presented herein and comparisons relative to the cost of each type of -
N £
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i protection can be made to determine the most practical design of pro-
* viding effective drainage and erosion control facilities for a given
t site. There will be conditions where the design discharge and economi-
f cel size of culvert or storm sewer will result in = value of Q/Dzl =
5- or q_/Di/ 2 , the discharge parameter, greatér than the maximum value
p permissible with feasible schemes of protection discussed previously
5: and some form of emergy dissipator will be required. In other cases,
g the value of the discharge parameter may be less than that of the afore-
i mentioned feasible schemes of protection and a simpler more economical
5 -
5 form of protection may be indicated.
£ Flared Outlet Transitions
¥ 16. Tests' ‘were conducted to determine the maximum values of the
¥ discharge parameter (Table Al) that were considered satisfactory with
(" various conditions of tailwater and 3-, 5-, and 8—D°—long simple flared
c outlet transitions whose details are shown in Figure A22. Results of
_' : the tests of these sixixple outlet transitions with the apron at the same
5;' elevation as the circular culvert invert are shown in Figure 423 which
{_ i indicate that the maximum discharge parameter for a given outlet, length -
§ of transition, and tazilwater can be calculated by the equations )
¥ T — O.L(DO/TW)l/3
z =1.60 —{(=— Circular and square outlets (A5)
= 5/2 D \D
o D o o
o
s ~ |
7 ]
£ : . \0.4(Do/TH)L/3
B i q W (L
= H 75 = 1.60 > \D Rectangular and other (86)
B ¢ D> o\o shaped outlets
: °
s : Similarly, the length of transition for a given situation can be calcu-
lated by the eguations
¢ . A20
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. D_ 2 2.5(D°/Tr-r)‘/3 :
’D— = 0.30 T 575 Circular ané sguare (A7)
[ Do cutlets
” DO\Q C o \2e S(D /'r'w)l'J
3= 0.30 T/ ~37— Rectangular and other “a8)
e DY shaped outlets -
Variables are defined in Appendix B and Figure A23 showes that this type
of protec +ion is satisfactory only for low values of Q/DS/ 2 ‘or
q/ 3/2 - The arbitrary extent of scour depth equal to or less than

0.5 Do was used po classify satisfactory conditions.

17. Ats enpts were made to investigate the effectiveness of re-
cessing the apron of these flared outlet traansitions and providing an
end sill at the downstream end; however, Figure A24k indicates that
this modification did not significantly improve energy dissipafion or

increase the appllca'ble maximum values of the d:.scharge varameter,

0/5/2 or c/D32

Commonly Used Energy Dissivators

18. Grace and Plc]zcer:.ng8 have reported the results of model tests
to evaluate the meximum values of the discharge parameter, Q/Dsl € o
applicable to circular culverts discharging into various sizes of three
commonly used energy dissipators: stilling wells,g U. S. Bureau of
Reclamation type VI 'basi.n_s,lo and St. Anthony Falls stilling l:zasins.l:L

19. The stilling well consists of a vertical séction of circular
pipe affixed to the outlet exd of a2 storm sewer as shown in Figure A25.
The recommended :iepth of the well beiow the invert of the incoming pipe
is dependent on the slope and diameter of the incoming pipe and can be
determined from the plot shown in Figure A25. The recommended height of
stilling well above the invert of the incoming pipe is two times the
diameter of the incoming pipe. The top of the well should be located at
the elevation of the invert of a stable channel or drainage basin.
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