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Hydraulics of Culverts

The hydraulic theory of culvert design is a fairly complex topic. However, there are a
few basic principles that, once understood, will apply to most culvert applications that
will be experienced in the field.

Energy is required to force flow through a culvert. This energy takes the form of an
increased water surface elevation on the upstream end of the culvert. The depth of the
upstream water surface elevation measured from the invert of the culvert is referred to as
the headwater depth HW.

The HW elevation will continue to rise until enough energy is present to overcome the
effects of energy losses through the culvert. Once this happens, the water will move
through the culvert at the design flow.

The one culvert design parameter that we are generally most concerned with is
determining the HW elevation for a given flow. In order to determine this, we need to
determine what type of flow control exists on the culvert.

There are two basic types of flow control. A culvert flows in either inlet control or outlet
control.

Inlet Control - The barrel of thie culvert is capable of conveying more flow than the
inlet will accept. Therefore, the inlet is controlling the amount of
flow that will pass through the culvert

The upstream culvert opening is the section that will control the
amount of HW that will be created. Nothing downstream of the
opening will influence the amount of HW required to pass a given
amount of flow.

Outlet Control - The inlet of the culvert is capable of conveying more flow than the
barrel or outlet of the culvert will accept. Therefore, the outlet is
controlling the amount of flow passing through the barrel

The barrel characteristics or the tailwater characteristics, or some
combination of the two, will determine the amount of HW required.

There are two different methods used to determine the HW, one for inlet control and one
for outlet control. If the culvert is flowing in inlet control, the HW depth is calculated
using inlet control equations. If the culvert is flowing in outlet control, the HW depth is
calculated using cutlet control equations.

Much of the time, it is not known whether a culvert is flowing in inlet control or outlet
control. It is therefore necessary to calculate the HW that will be produced for both inlet

and outlet control, then compare the results. The larger headwater will be the one that
controls and that HW will be the one that will be used in the design of the culvert.
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Culvert Design

The general procedure for designing a culvert can be broken up into 5 components. A
detailed description of each of the components is located in Section 3-3 of the Hydraulics

Manual.

Part 1:

Part 2:

Part 3:

Part 4:

Part 5:

Calculate the design flows

Determine the allowable headwater

Determine the tailwater elevation

Determine the flow control that exists, either inlet or outlet control

Calculate the outlet velocities
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Culvert Design
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Outlet Contlrol

Hw = Depth @ Inlet

LS, = Lengﬂn x Slope

H = Enlrance, Exit & Barre! Losses
h, = Depth @ Outlet

z 2
H=[:<e++<.,+3-_?§;,_g_] z

HW‘-"H"'ho—LSg
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Culvert Design

V2
H, =k, 'Zé,’
Type of Structure and Entrance Design ke Standard Plan
Concrete Pipe
Projecting from fill, no headwall
Socket end (groove end) 0.2
Square cut end 0.5
Mitered to conform to fill siope (beveled end section) 0.7 B-7a
Mitered to conform to fill slope, with concrete headwall Q.7 B-9
Flared end sections, metal or concrete 0.5 B-7 Design B
Vertical headwall with wingwalls
Socket end (groove end) 0.2 B-6 Series**
Square cut end 0.5 B-6 Series**
Rounded (radius = 1/12 D) . 0.2% B-6 Series**
Metal and Thermoplastic Pipe or Pipe Arch
Projecting from fill, no headwall 0.9
Tapered end section 0.9 B-9c, B9-d
Mitered to conform to fill slope (beveled end section) 0.7 B-7a
Mitered to conform to fill slope, with concrete headwall 0.7 B-§
Flared metal or thermoplastic end sections 0.5 B-7 Design A
Vertical headwall with wingwalls 0.5 B-6 Series**
Any headwall with beveled inlet edges 0.2* )
Reinforced Concrete Box
Mitered concrete headwall to conform to fill slope
Square-edged on 3 edges 0.5
Rounded or beveled edges on 3 sides 02
Wingwalls at 30 degrees to 75 degrees to barrel
Square edge at crown 0.4
Rounded or beveled edge at crown 0.2%
Wingwalls at 10 degrees to 25 degrees to barrel
Square edge at crown 0.5
‘Wingwalls parallel to barrel
Square edge at crown 0.7
Side or slope tapered inlet 0.2*

_ *Reference Section 3-4.6 for the design of special improved inlets with very low entrance losses
**Modified for round pipe.

Figure 3-3.4.5H
Enirance Loss Coefficient kg
Qutlet Control
Hydraulics Manual o _ ) 7 Page 3-29
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Culvert Design
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Culvert Design

5
4 — -]
. < CANNOT D ,D -
A 71(
z /’/
o 2 CRITICAL DEIPTH —
1 1 1
e RECTANGULAR SECTION
| -
o
c i0 20 30 40 50 60
Q/B
16 ]
5
//
14 //
i3 4 c OF, EXC o] '4
12 2
- b 4
o L4
Z |0
© 7 CRITICAL DEPTH--
T 4 A e e o SN S
RECTANGULAR SECTION
1
8
4
’ 4 B
e yd B IN FT.
A Q IN GFS.
/ R 3J 5. \2
SIZ dc= -315/(0)
. AEERENE
50 100 150 200 250 300 . 350
Q/B
CRITICAL DEPTH
BUREAU OF PUBLIC ROADS JAN. 1963
RECTANGULAR SECTION
Figure 3-3.4.5J
Critical Depth for Rectangular Shapes
Hydraulics Manual Page 3-31
January 1997 2-10
Section 9

11



h,, is an approximation of the hydraulic grade line at the outlet of:
the culvert and is equal to the tailwater or (d; + D)2, whichever 1s
greater. The term (d,, + D)/2 represents an approximation of the
hydraulic grade line at the outlet of the culvert, where d.. is equal to

the critical depth at the outiet of the culvert and D is the culvert
diameter of rise. When free surface flow occurs in a culvert operat-
ing in outlet control, the most accurate method for determining the
HW elevation is to perform a backwater analysis through the cul-
vert. This, however, can be a tedious and time-consuming process.
Making the assumption that (d. + D)/2 represents the hydraulic
grade line simplifies the design procedure. The approximate
method will produce reasonably accurate results when the headwa-
ter is 0.75 D and greater, where D is the culvert diameter or rise. In
situations where the headwater is less than 0.75 D, the culvert
should be designed using a computer software program, as
discussed in Section 3-3.7. Most programs will perform a
backwater analysis through the culvert and arrive at a more accurate
solution for the headwater elevation than the approximate method.

As shown in Figure 3-3.4 4B, (dc + D)/2 does not represent the
actual water surface elevation at the outlet of the culvert and there-
fore should not be used for determining the corresponding outlet
velocity. The method for determining the outlet velocity is
discussed in Section 3-3.5.2

de+D

Figure 3-3.4.4B
Hydraulic Grade Line Approximation

LS, is the culvert length (L) multiplied by the culvert slope (S..).
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Cuivert Design
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Culvert Design
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Outlet Velocity

For non-circular culverts flowing with Inlet Control, the velocity can be determined as
shown below, using the trial and error approach discussed in the Open Channel section:

V=QA
2/ 1
Q= 1 A R/S SA (metric units)
n
or
2
Q= 1.486 R/3 S% (English units)
n

where: Q = mean flow in channel, m’/sec (ft3/sec)
n = Manning’s roughness coefficient (see Appendix 4-1)
S = channel slope, m/m (ft/ft)
R = A/P = hydraulic radius, m (ft)
A = area of the cross section of water, m” (ﬁz)
P = wetted perimeter, m (ft)

For circular culverts flowing with Inlet Control, a simplified version of Manning's
equation can be used to calculate the velocity in the culvert. The simplified equation is
given by:

_ 0.863 50‘366Q0-258

VI]
D0-048 0732

where: pipe slope (ft/ft)

flow rate (cfs)

pipe diameter (ft)

Manning’s roughness coefficient
nermal velocity for partial flow (fi/sec)

Il

<P Qow
Il

=

9-14
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3-35.2 Calculating Qutlet Velocity for Culverts in Outlet Control

When a culvert is flowing in outlet control, the average outlet velocity can be found
by dividing the discharge by the cross-sectional area of flow at the outlet. There are
three general water surface conditions that can exist at the outlet and affect the
cross-sectional area of flow. The designer must determine which one of the three
conditions exist and calculate the outlet velocity accordingly.

Condition 1: If the tailwater is greater than the diameter of the culvert, the total
area of the culvert is used to calculate the outlet velocity.

N\

il

\ I _ Condition 1:

Q— D

then

W
J FTW>D

//

Voutier = Q. Arotai

Condition 2: If the tailwater is greater than critical depth but less than the
diameter of the culvert, the tailwater depth is used to calculate the
area of flow in the pipe and the corresponding outlet velocity.

_ v T Condition 2:
T~ t= b ‘
Q— d i’ '['*W —i Ifde<TW<D
dc = critical depth then

;’\TW = Area of flow due to tailwater

Voutter = Q/ ATw

In culverts flowing with outlet control, the flow profile tends to
converge toward critical depth as flow approaches the outlet. In
Condition 2, the flow profile is converging to critical depth near the
outlet, but a tailwater depth exists that is greater than the critical
depth. Therefore, the tailwater depth will dictate the corresponding
area of flow to be used in the velocity calculation. -

9-145
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Culvert Design

Condition 3: If the taifwater is equal to or less than critical depth, critical depth
is used to calculate the area of flow and corresponding outlet
velocity.

T Condition 3:
xdc=cﬁﬁcddepthp ETWoD
—— — > [
Sl Al
AN

TW-

then

V = Q/A,
Acritical = Area of flow at critical depth outlet totzl

Condition 3 represents a situation where a culvert flowing with
outlet control is allowed to freely discharge out of the end of the
culvert. The tailwater in this case has no effect on the depth of flow
at the outlet. Instead, critical depth is used to determine the flow
area and corresponding outlet velocity. Critical depth for various
shapes can be calculated from the equations shown in Section 44
or read from the critical depth charts shown in Figures 3-3.4.51to L.

Once it has been determined which of the three outlet conditions exist for a given
design, the corresponding area of flow for the outlet depth can be determined. The
geometrical relationship between the depth of flow and area of flow can range from
very simple for structures such as box culverts to very complex for structures such as
pipe arches and bottomless culverts. Generally, utilizing a computer program, as dis-
cussed in Section 3-3.7, is the most accurate method for completing a culvert design
that inciudes complex shapes.

For circular culverts, the area of flow for a given outlet depth can be determined using
the proportional flow curves shown in Figure 3-3.5.2. The curves give the propor-
tional area, discharge, velocity and hydraulic radius of a circular culvert when the
culvert is flowing less than full. Once the area has been calculated, the cormresponding
outlet velocity can be determined. The following example illustrates how to use

the chart: .

Assume that a design was completed on a 1800 mm: (6 ft) diameter pipe with a flow
of 4.3 cms (150 cfs). The pipe was found to be in outlet control and a tailwater of
1.5 m (5 ft) was present. Determine the flow condition that exists and calculate the
outlet velocity.

Hydrautics Manual . Page 3-37
January 1997 -/ b
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Culvert Design
Problem

Given: A concrete culvert with the grooved end projecting is to be placed at a site with
the following conditions:

HW/D=1.25
Q5 =100 cfs
S,=0.008
Length = 300 ft
TW=0

Find: Appropriate size

Controlling HW

Qutlet velocity

7-18
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