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A, MANUAL COMPUTATION

Laboratory tests and fieid observations show two major types
of culvert flaw: {1) flow with iniet controt and {2} flow with qut-
let control. For each type of control, different factors and
formulas are used to compute the hydraulic capacity of a
culvert. Under inlet control, the cross-sectional area of the
culveri barrel, the inlet geometry and the amount of head-
water ar ponding at the entrance are of primary Importance.
Outlet contral invelves the additionai consideration of the ele-
vation of the tailwater in the ocuilet channel and the slope,
roughness and length of the culvert barret.

it is difficult in many instances to predict the type of flow
likely to occur for any given discharge and culvert instaltation,
The type of flow or the location of the centrol is dependent on
the quantity of flow, reughness of the culvert barrel, changes
in atignment, cbstructions, sedirment deposits. type of inlet,
flow pattern in the approach channet and other factors. In
some instances the flow ¢antrol changes with change in dis-
charge and occasionally the control fluctuates trom inlet con-
trol to outlet control and vice versa for the same discharge.
Thus, 1o design culverts one should have an understanding
of both types of flow sc that computations can be made fer
each type and the design based on the more adverse flow
condition. These two types of flow are discussed briefly in
subsequent paragraphs.

CULVERT FLOWING WITH INLET CONTROL

Imlet control means that the discharge capacity of a culvert is
controlled at the culvert entrance by the depth of headwater
(HW) and the entrance geometry. inciuding the area, shape
and type of inlet edge. Types of inlet controlled How for an
unsubmerged entrance are shown in figure 3-1A, A mitred
(bevelled) entrance moves the control downstream to approx-
imately the top of the mitre {see tigure 3-1B).

With inlet contral the roughness and length of the culvert
barrel and autlet conditiens (including depth of tailwater) are
not tactors in determining culvert capacity. The barrel siope
has some effect on discharge but any adjustment ter slope is
considered mincr and can be neglected for conventional
culverts flowing with inlet control.
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FIG. 3.1

Headwater-discharge relationships for the varicus types of
circular and pipe-arch culverts flowing with iniet control are
based on taboratory research of models verified in some in-
stances by prototype tests”.

These research data were analysed. and nomographs for
determining culvert capacity for inlet control were deveiopad
by the Division of Hydraulic Research, Bureau of Public
Aoads. Metricated versicns of these nomographs, Charts T and
2,9ive headwater-discharge relationships for conventional cul-
verts flowing with inlet control through a range of heacwater
depths of discharges.

*This research is reported in Na-
ticnal Bureau of Standards Report No. 4444 entitled “Hydrau-
lic Characteristics of Commonly Used Pipe Entrances” by
John L. French and “Hydraulics of Conventionai Highway
Cuiverts” by H.G. Bossy. Experimental data for culverts with
headwal!s and wingwalls were obtained from an unpublished
report of the LS. Geclogical Survey.
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CULVERTS FLOWING WITH QUTLET CONTROL

Cuiverts flowing with outlet control ¢an flow with the culvert
barrel full or part full for part of the barrel length or for al! of
it, {see fig. 3-2). If the entire cross section of the barrel is
tillad with water for the total length of the barrel the cuivart
is said to be in full low or flowing full, figures 3-2A ang 3-2B.
The other two common types of outlet-control flow are shown
in figures 3-2C and 3-20. The procedure given in this manual
for outlet-control flow does not give an exact sotution for a free
water surface condition throughout the barrel length shown in
figure 3-20. However, an approximate solution is given for
this case (fig. 3-2D) when the headwater (HW) is .750 and
above, whers D is the height of the culvert barrel.
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The head H requ.red to pass a given quantity of water through
a culvert flowing in outlet control with the barrel flowing fuil
throughou! its fength is made up of three maijor paris. These
three parts are usually expressed in metres of water and in-
clude a velocity head My, an entrance {0ss He, and a friction
loss H; Expressed in equation form:

H=HV+H5+HI' ................... 1.

The velocity head H, egquals 5‘% , where V is the mean or
average velacity in the cuivert barrel. The mean veicgcity is
found by dividing the discharge Q by the cross-sectional
area A of the flowing water. The velgcity head is the kinetic
energy of the water in the culvert barrel. This energy is ob-
tained from ponding of water at the entrance. (Energy from
the velocity of flow in the approach channef is neglected in
the design procedure given in this bock. Also all af the velo-
city head H,, is assurned to be lost or, in other wards, the exit
loss coefficient equals 1.0).

The entrance loss H, varies with the type or design of the
culvert inlet. This loss is expressed as a coefficient ko times
the barre! velocity head or ko, % The coefficients ke for
various types of cutvert entrances are as follows:-

Projecting fram fill (ne headwall) ............ooovavnes 0.9
Headwall, or headwall and wingwalls Square-

BAgE .. e e 0.5
Mitered to conform tofillslope .. ... s 0.7

The friction head H is the energy required to overcome the
roughness of the culvert barrel. Hican be expressed in several
ways. Since most engineers are famiiiar with Manning's 'n" the
foilowing expression is used:



20ntx LV
Hi= —
1,33 |2g

R

where

n =Manning's friction factor
L = length of culvert barre!
V = mean velocity of flow in cuivert barrel {m/sec)
g = acceleration due ta gravity (9,81 m/sec?)
A
R

= hydraulic radius or ~—
WP

where

A = Area of flow for full cross-section - (sqm)
WP =Wetted perimeter (m)

Rewriting quaticn 1 and simplifying, we get for full flow
20m2L) y V?

H= 1+ke +
1,33 29
R

Equation 2 can be solved readily by the use of the full-flow
nemagraphs, Refer to chart No. 3. The equations shoewn on
these nomographs are the same as equation 2 expressed
in a ditlerent torm, Each nomograph is drawn for a single
value of n as noted on the respective chart. These nomc-
graphs can be used for other values of n by meditying the
culvert length as directed (see chart 3).

Finding the value of H from nomograph is not the gcomplete
solution for outlet control type of flow., Headwater must be
determined and other factors such as slope of the culvert
barrel and cutlet conditions enter into this cormputation.

The value of H in metres must be measured from some “con-
trol” elevation at the outlet. This "control” elevation is de-
pendent on the rate of discharge or the elevation of the water
surface of the tailwater. For simplicity a value h, is used as the
distance in metres from tha culvert invert (flow line} at the
outlet to the “control” elavation. The following equation is used
to compute head water {HW).

HW =hy + H— LS,

where §, is the slcpe of the flcw line in metres per metre
and all terms are in metres. The determination of hgy is dis-
cussed in the fellowing paragraphs for the various flow con-
diticns at the outlet.

If the water surtace in the cutlet channel (tailwater elevation)
is at or above the top of the barrel at the outlet (fig. 3-2A),
the solution for HW is simple, The TW depth is equat to hg and
the relationship of HW to the other terms in equation 3 are
illustrated in tigure 3-3.

=== :

Hw ===
I [ 3 — ] e
|.’so k -

Fig. 3-3.

if tha tailwater elevation is below the top or crown of the cul-
vert at the outlet, the determination of ho for a given dis-
charge and size of culvert is more difficult. Figures 3-2B,
3-2C and 3-2D are the three common types of flow for outlet
control with this low tadwater condition.

In these cases, figures 3-28, 3-2C and 3-2D, he is found by
comparing twa values (1) TW depth in the outlet channel and
{2)%552 and seiting ho equal to the larger of these values.
The fracticn “%—D isasimplified means of computing ho when
the tailwater is low and the discharge does not fill the culvert
barre! at the outlet. In this fraction d. is critical depth as deter-
mined from * Chart number 4 " and D is the culvert height.
The value of de should never exceed D, making the upper
limit of this fraction equal tc D. The sketch in figure 3-4 shows
the terms of equation 3 for the cases discussed above.
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From more rigorous solutions it has been found that equation -
3 gives accurate answers if the culver? flows full for a part of
the barrel length as illustrated by figura 3-4. This condition
of flow will exist if the headwater (as determined by equaticn
3}is equal to or greater than tha quantity

Vz
D+{1+ky)—

29
where V is the mean velocity for the full cross section of the
barrel; ke, the entrance loss coefficient; and D. the culvert
height. If the headwater drops below this point the water sur-
face will be free throughout the culvert barrel as shown in
figure 3-20, and equation 3 gives answers with some error as
expliained in the next paragraph.

In the case 3-2D, equation 3 is used to solve for HW when
a lree water surface exists through the barrel. Such a campu-
tation does not givé a true value since the oniy correct way
of tinding HW In this case is by a backwater computation
starting at the culvert outlet. However, equation 3 will give
answers of sufficient accuracy for design purposes if the head-
water is limited to values greater than 0.750. H' is used in
figure 3-20 to shaw that the head loss here is an approxima-
tion of H. No salutign is given for HW tess than 0.750D.

Computing Depth of Tailwater

The depth of tailwater is important in determining the hydrau-
lic capacity of culverts flowing with outlet control. In many
cases the downstream channel is of considerable width and
the depth of water in the natural ¢channel is less than the
height of water in the autlet end of the culvert barrel, making
the tailwater ineflective as a control, so that its depth need
nat be computed to determine culvert discharge capacity or
headwater. There are instances however, where the down-
stream water-surface elevation is controlled by a downstream
obstruction or backwater fram another stream. A field inspec-
tion of all majar culvert logations should be made to evaluate
downstream controls.

An approximation of the depth of llow in a natural stream
{outlet channel) can be made by using Manning's equation
if the channe! is reasonably uniforrm in cross section, slope
and roughness.

I¥ the water surface in the outlet channel is established by
downsiream controls other means must be lound to deter-
mine the tailwater elevation. Sometimes this necessitates a
study of the refationship of another stream inte which the
stream in question tlows or the securing of data on reservair
elevations if a storage dam is involved.

VELOCITY DF FLOW

A culvert, because of its hydraulic characteristics, increases
the vetocity of flow over that in the natural channei. High
velocities are most critical just downstream from the culvert
outlet and the erosion potentiai from the energy in the water
is a feature to be cansidered in culvert design.

Energy dissipators for chanael flow have been investigated in
the laboratory and many have been constructed, especially in
irrigation channels. All energy dissipators add to the cost ¢f a
culvert and engineers should consider using them only when
required to prevent a large scour hote or as remedial con-
struction.

The judgement of engineers working in a particular area is
required to determirie the need for energy dissipators at ¢ul-
vert gutlets. As an aid in evaluating this need it is suggested
that the cutlet velocities be computed. These camputed velo-
cities can be compared with outlet velocities of other sizes
and types af tulverts and with the natural channel velecities.
A change in size of culvert does not change outlet velocities
aporeciably in most cases.

Average outlet velocities for culverts flowing with inlet contro/
may be approximated by computing the normal velocity far
the culvert cross section using Manning's equation

Vo= ﬁ‘gz/as‘/z

Since the depth of flow is not known the use of tables or
charts is recornmended in salving this equation. The outiet
velocity for inlet contrel computed in this manner will be high
fer culverts having a length-depth ratio less than say 20. Far
the sharter culverts velocities will be between thase computed
by Manning's equation and those ogeuring at critical depth.

In outiet contral, the average outlet veiocity will be discharge
divided by the cross-sectional area of flow at the outlet. This
How area will be between that carresponding to critical depth
and the ful! area of the pipe, depending upon the talwater
conditions. .
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PROCEDURE FOR SELECTION OF CULVERT SIZE

STEP 1.: List given data

a.
b.
c.

Design discharge Q in cumecs.

Approximate fength of culvert, in metres.

Ailowable headwater depth, in metres, which is the verti-
cal distance from the cuvert (flow line) at the entrance to
the water surface elevation permissible in the approach
channel upstream from the culvert.

Type of culvert, including barrel cross-sectional shape
and entrance type.

Siope of culvert, (if grade is given in percent, convert ta
slope m per m)

Allowable cutlet velocity (if scour is a problem)

Note:— It is suggested that culvert design sheets, similar
to figure 3 - 5 be used te record design data.

STEP 2. : Determine a trial size culvert.

b.

Refer to the inlet cantrol nomographs for the culvert type
selected.

Using an tBy of 1.5 or less and the scale for the entrance
type to be used, find a triaf size culvert by following the'
tnstructions for use, of these nomographs. If reascns for
|lesser or greater relative depth ¢f headwaterina particular
case should exist, ancther value of t%‘!' may be used for
this trial selection.

If the trial size for the cclveris is obviously too large in
dimension because of limited height of embankment or
availability of size, try a diffierent t@[ or multiple culverts
by dividing the discharge equally for the number of
culverts used. Raising the embankment height or the use
of a pipe arch with width greater than height should be
considered. Selection should be based on an economic
analysis.

STEP 3.: Find headwater HW depth for the trial size culvert.

a.

Determine and recerd headwater HW depth by use of the
appropriate inlet controf nomograph Chart 1 and 2.
Tailwater TW conditions are to be neglected in this
determinaticn. HW in this case is found by simply
multiplying ﬂg"l’ obtained from the nomograph by D.
Compare and record HW for outlet contral as instructed
below:

{1) Approximate the depth of tailwater. TW for the design
flood condition in qutlet channel. The TW depth may
also be due to backwater caused by ancther stream or
some control downstream. An estimate of TW depth
can be made by use of channel flow formulas or
charts (See general discussion on tailwater).

(2) For tailwater TW depth equal to or above the depth of
the culvert at the outlet, set TW equal to ho and find
HW by the following equation.

HW =ho + H — Sol

where

HW = verticai distance in metres from culvert (flow

line } at entrance to pool surface upstream.

H = head loss in metre as determined from the
appropriate nomograph (chart 3}

ho = vertical distance in feet from culvert flow line at

outlet to “control” paint. {In this case h equals

T™W).

slope of barrel in m/m

culvert length in m.

[,
Q
(L]
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{3} For tailwater TW elevations below the crown of the
culvert at the outlet, use the following equation to
find headwater HW. (It should be noted that this
computation may contain appreximations which are
disscussed under the heading "Culverts Flowing
with Outlet Control”).

HW = hg + H — SoL

where
de+D
2

ho ar TW. whichever is the greater

de = eritical depth in m,
D = culvert height {m).

Compare the headwaters found in Step 3a and Step 3b
(!nlet Control or Cutlet Control). The higher headwater
governs and indicates the flow ¢ontrel existing under the
given conditions.

Compare the higher HW above with that allowable at the
site. If HW is greater than the allowable, repeat the
procedure using a larger culvert. If the HW is less than the
allowable, repeat the procedure to Investigate the
possibiiity of using a smaller size.

STEP 4.

Check oputiet velocity for size selected. a
If outlet control governs in ¢ above, outlet velocity= &
where A is the cross-sectional area of flow at the outlet. 1fd¢
or TW is less than the height of the culvert barrel use A
corresponding to dc or TW depth, whichever gives the
greater area of flow.
If inlet control governs in ¢ above, outlet velocity can be
assumed to equal normal velocity in open-channel flow as
computed by Manning's egquation for the barrel
size.roughness and slope of culvert selected.

STEP 5.

Try a culvert of another type or shape and determine size

and HW by the above procedure.

STEP 6.

Record final selection of culvert with size, type, outlet

velocity, required HW and ecanomic justification.
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FIGURE 3-7— TYPE OF INLETS AVAILABLE
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ouT.

NOTE: 1F THE CULVERT IS LOCATED
BETWEEN SKEW NOS. 46 = T8 AND
108 = 135, A MING BEAM MUST BE
INCORPORATED IN THE STRUCTURE.



INSTRUCTIONS FOR USE OF INLET AND
OUTLET CONTROL NOMOGRAPHS

CHARTS 1 & 2 INLET CONTROL NOMOGRAPH
To determine headwater HW

a. Connect with a straightedge the given culvert diameter(D)
and the discharge Q.

Mark intersection of straightedge on t{gﬂl scale marked
(1)

b. If BW scalemarked (1) represents entrance type used,read
qﬂn scale {1)./f some other entrance type is used extend
the point of intersection in (1) horizontaily to scale {2)
or(3) and read B .

c.  Compute HW by multiplying ¥ by D

To determine culvert size

a.  Given B¥ value, locate ¥ on scale for appropriate
entrance type. If scale {2)or(3) is used extend HYY point
horizontaily to scale (1).

b. Connect point an tg! scale (1) as found in (a) above to
given discharge and read diameter or size of culvert
required.

To determine discharge (@)

a. Given HW and D, locate H@f on scale for appropriate
entrance type. Continue as in 2a.

k. Connect point on HW scale (1) as found in (a) above and
the size of culvert on the left scale and read Q on the
discharge scale.

CHART 3 OUTLET CONTROL NOMOGRAPH

Outlet control nomographs are for head H when the cuivert
barret tlows full for it's entire length. They are also used to
determine head H for some part-fuli flow conditions with outlet
cantrol. These nomographs do not give a cemplete soldtion for
finding headwater HW, since they only give H in the equation
HW =H +hy — LSqg

1. To determine head H for a given culvert and discharge Q.

b.

Locate appropriate nomograph for type of culvert selected. Find
ke for a specific entrance type.

Begin nomograph sclution by focating starting point on length
scale. To locate the proper starting point on the length scales
follow instuctions below:

n If the n vaiue of the nomograph corresponds to that of
the culvert being used, select the length curve for the
proper ke and locate the starling point at the given
culvert length. If the n value for the culvert selected
differs from that of the nomograph, adjust length as
shown on the charts

@) For the n of the nomograph and a ke intermediate
between the scales given, connect the given length on
adjacent scales by a straight line and selecta pointon
this line spaced between the two chart scales in
proportion to the ke values.

¢. Using a straightedge, connect point on length scale to size
of culvert barrel and mark the point of cressing on the
"turning line”.

d. Pivot the straigtedge on this point on the turning line and
cannect given discharge rate. Aead head in meters on the
head (H) scale. For values beyond the limit of the chart
scales, find H by soiving equation (2).
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CORRUGATED STEEL PIPE CULVERTS

LOSS COEFFICIENT Ke FOR
VARIOUS ENTRANCE TYPES
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_ .
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EXAMPLE
DIAM. (D) = 1800mm
Q = 6 CUMECS
SCALE HW HW
D
{1) 1.1 1980mm
2) 113 2034mm
(3) 1.18  2124mm

HEADWATER DEPTH
WITH INLET CONTROL

CHART 1
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EXAMPLE

SIZE = 4.10 x 2.57 C=20 Cumecs

PIPE — ARCH SIZE — SPAN x RISE (R), M

HEADWALL 33.7° x 0.10R BEVEL
P T
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| 4
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[ 3
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| 1.85 x 1.55 L 15
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¥

A,
A . = Min
g Min 8 L - g
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0,10R _ |
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TYPE OF INLET
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HEADWATER DEPTH FOR INLET CONTROL
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CHART 3
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DISCHARGE (Q) IN M%/S
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HW BY METHODS DESCRIBED IN THE DESIGN |

PROCEDURE.
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HEAD (H) IN METRES

EXAMPLE
m
Cumecs

Dia

n

4.
50
Q9.5
0.028
75m
75 x 0.86 = 65m
11

IMm-330%

180

HEAD FOR i
STRUCTURAL PLATE -
CORR. STEEL PIPE CULVERTS -

(MULTIPLATE) FLOWING FULL
OUTLET CONTROL

LENGTH ADJUSTMENT FOR IMPROVED HYDRAULICS

in metres. Curves based

Pipe Roughness Factor

Lengm Ad]ustment
Factor

n= Actual n’ = * ( )2

50 1.0
.10 1.0
00 .0an .030 0.9
50 0.8

0328 033 CHART 4

0320 .32

3
.0302 .Q28 ]
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DISCHARGE — Q — M*/S

a0
| &0
S o
70
ul SLOPE -
- 60 SUBMERGED OUTLET CULVERT FLOWING FULL
R HW = H +hg — LSo
50 FOR QUTLET CROWN NOT SUBMERGED, COMPUTE
B HW BY METHODS DESCRIBED IN THE DESIGN
PROCEDURE.
FIPE-ARCH
- 40
| 5.34 x3.43
T [ 4.89 x3.30
o)
L 458 x 3.05
m -
-
w
=
| 439 x 277
. 20 Z
I
O L 4.10x257
o0
15 <
u —uwk 3.70 x 2.44 e
x e P
5 | 3.43x2.30 T e
—~§ 328x220
[11]
L 10 g
}_ 9 =< b 289x207
=
- a <
o
Wl 32s54x1.88 EXAMPLE
-7 w SIZE  =3.43x230
N Q=15 Cumecs
o @ ¢
= 52m
i f 228x1.73 n'  =0030
= L =52 x 0.907 = 47.2m
5 H =1.45m
[72]
w
[+
4 [ 185 x 1.55 &
B | 185 x 1.
=
@] r4
Z -
d I
- 3 I —
[}
=1 o
uul <
(11}
I
L. 2
HEAD FOR STRUCTURAL PLATE PIPE-
ARCH CULVERTS (MULTIPLATE)
- 1.5 FLOWING FULL — OUTLET CONTROL
CHART 5 LENGTH ADJUSTMENT FOR IMPROVED HYDRAULICS
Pipa Arch Length Adjustment
i Factor
Size in matres Curves based on n Actuain” * ('—:—)2
1.85 x 1.55 0327 0327 10
254 % 108 0321 032 1.0 CHART 5
3.43 x 2.30 0315 030 0.807
489 x 3.30 0306 028 0.837
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CRITICAL DEPTH — d¢ — METRES

1.0

0 1.0 _135
9
—
% %%/
04 [—5 %‘ ==
é‘-’/ * RANGE OF dc = 0.4D TO 0.9D
0.2
7/
[}
0 1.0 2.0 2.8
DISCHARGE —.Q — M3/s
1.8
. ; © 24
9.
1.6 \'%0 _zz/% /}1// s
— / '1-6‘0 /
1.4 ,//// / /,,f 20
LN A0 —_—
1.2 /*////Q 1'/17/// 1.8
Y & = |
1.0 N o
T 1 1.6
. /// * RANGE OF d¢ = 0.4D TO 0.90
8 /,/ %
0.6 1.2
0 2 4 6 g8 10 12 14 16 18 20 22 24 2% 28
DISCHARGE — Q@ — M3/S
44
4.0 e
450
3.6 - o
P
32 //fé
20 /
2.8 }A///
e ////l/
A0 / * RANGE OF dc = 0.4D TO 0,90
2.0 i ,,é ¢
vl
1.6 /A
N
0 8 16 24 32 40 48 56 64 72 80 88 95 104 112

DISCHARGE — Q@ — M3/s

* NOTE: FOR VALUES OF dc ABOVE CURVE, USE dc = D

CIRCULAR PIPE
CRITICAL DEPTH
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1.0

038

0.6

s
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]
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N

* RANGE IN dc FROM
SPRING LINE TO 0.85D

4

N
AN
N

o
-
[+
2
r-9
[4.]
o

7 8 10 11 12 13

w0

DISCHARGE — Q — M%¥/S

14 15 18 17

DISCHARGE — Q — M¥/S

* NOTE: FOR YALUES OF dc ABOVE CURVE, USEdc =D

PIPE ARCH
CRITICAL DEPTH
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Value of n/no

1.0 1.2 14 Subscript “0” indicates the full flow condition

1.0 |

Hydraulic Properties of Circular Pipes
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Proportional Values Based on Full Conditions

Hydraulic properties of cofrugated stee! and structural ptate pipe-arches.
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