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1 INTRODUCTION

A review of culvert hydraulics by the author
(Reference 2) indicated that the U.S. Department of
Transportation design procedure {(Reference 12) had
‘the best basia {n theéory, and was supported by over
1000 axpurinenta] measurements of prototvpe and
A'nodel culvertn

Resultn obta!ned uting the P.8.
Transportation procedore were found to be - con-
sjgtent with other studies (References 1,3,4,7,10)
and the method has been widely. adopted in Australia
and overseas (References 5,6,9,11).

The wequence of ateps involved in the procedure is

" convenlently summarised in- a deslgn flow chart
The headwater level corresponding to a

(iju;é 1).

Given Q '.
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Genbrﬁlised head-discharge equailons are presented for culverts operating under inlet or cutlet
The equations are dimensionally pdrrect and are based on the U.S. Department of Transportation

specified discharge may be read from a set of
nomographs covering culvert discharges with ' ilnlet
or outlet control, in box or circular pilpe
culverts. While these ‘nomographs glve quite
adequate results, the increasing use of computers
{(and particularly personal computers) opens the
opportunity to incorporate the design procedure
into a computer based form. For this, generalised
equations for both box. and circular pipe culverts
operating under inlet or outlet control are
required. This paper describes the derivation of
these equations, based on the experimental and
theoretical results contained in the U.S8,
Department of Transpertation procedure. .

$.I. unitas of metres and seconds are wsed through-
out the text. ’

2 TYPES OF CULVERT FLOW

Figure 2. shows: the range of flow types commonly

encounted inh culverts. The diastinguishing features
are inlet submergence by the headwater level HW and
outlet submergence by the tailwater depth TW. The
tallwater depth is determined by conditions in the
downstream channel, ~including channel control
sections; obstructlons, uniform flow and water
levéls at a downstream confluence. ~ Most natural
channels aré wide relative to the culvert and the
tailwater depth is less than critical depth at the
outiet, thus making the tailwater depth ineffective
in the head-discharge relation.

The headwater level HW is set by the upstrean
energy line required to convey the flowrate through
the culvert. ‘Because the flow . contracts on
entering the culvert, the inlet will be submerged
only when HW exceeds thq_culvert helght D. This
value of HW is geneérally in the range 1.2D to 1.5D,
depending on the particular inlet geometry.

The most important factor in determining the head-
discharge relation for a culvert is whether the
flow is subject to inlet contrel or cutlet control.
The energy lire in the headwater pond must provide
sufficient energy to convey the flowrate into the
culvert inlet, and also sufficient head difference
above the tnilwater to meet the entrance loss,
friction loss in the barrel and exit loss. For e

‘given flowrate, flow control is determined by the

larger of the headwater depths roqulred uuder inlet
or outlet control,

Inlet control can occur with inlet submerged and
outlet not submerged {Figure 2a). The flow contr-
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Figure 2 Typen of culvert Flow

HWerzD

acts to a supercritical Jét ilnedlately downstream
‘of the inlet.
slope, flow remalns supercritical in the barrel.
If the tailwater depth exceeds critical depth, =
hydraulic jump can form near the outlet. Inlet
‘gontrol with both inlet and outlet not submerged
(Figure 2b) passes through critical depth at the
1nlnt ulth lupercritical flow in the barrel ..

With  outlet control and both inlet- and outlet

submerged (Figure ‘2¢) - the culvert tlows full under

pressure. - The culvert can- ai:o flow full over part

“of 1ts" length “then part full at the outlet {Figure
2d).  The point et which the water surface breaks

away from the culvert crown depends on the tail-
_water depth and culvert giade, and can be dater-

mined uvsing backwater calculation, . If thé culvert

1s laid at m tlat grade, outlet control can occur

with both inlet and outlet not aub-erged and part

full flow throughout the barrel (Figure 2e). .In

this case. critical depth occurs at the outlet and

the flow in the barrel 1is subcritical.
variatlons ‘of these main types can occur, depending
en the relative values of crltlcal depth. normal
‘depth, culvert dinneter and tnilnater depth.

A further variatlon is for the culvart to flow part
full {nitially as in Figure 2a with the flow depth
increasing until it touches the crown, #fter which
‘full- pipe flow occurs. This may occtir in long
- culverts laid at flat grades.” Varled ‘flow calcula-
- tions can' be used to calculate the culvert length
and grade at which this ogcurs, produelnz curves
- defining -hydraulically lofig or -short culverta. as
given ' in Carter
(1959). - These references alio’ contnin a full

, clanslfication of fluu typea. o

s CRITICAL DEPTH IN BOX AND C!RCULAR PIPE
OULVBRTS

From the prevloua ‘Section, critical depth can occur
at the culvert inlet or outlet, and its va]ue nay

162

If the culvert {s laid at a steep -

i

Minor

(1957) * and reproduced “in- Chow - -

be requiréd for culverts discharging under Iinlet
control or outlet control.

Critical depth occurs when the Froude number equals
. For a box - culvert of u;dth B and height D,

. (Qa/gsa)o 338 _ . 4672 (Q/B,o . 667 (1)

For a clircular pipe culvert, critical depth ocours

- when:

P = Q.Bco.5/8.0.5Ai.5 =1 (2)

where B, « surface width and A, = flow cross
section area nt crltlcal depth, as 111uatrated in
rFlzure 3&. .

“ values ‘of Bc and’ A depend on’ the critical denth d

as tollous )
d, = b(1 - cose)/?‘ - (3a)
By = D.sing - " qa)
: 5,  einde . - o
Ay = Do ~ T )/Q - (3¢}

Equationa (3a, B'and ¢) can be substituted inte
(1), howéver the resulting aquation is implicit and
iteration is required to solve for d, A simpler,
'but upproxinate relatlnn for critical depth in &
circulnr pipe is -
- dy,

@/¢°-5.02:% < 1,36, (d /n)3 78" .86 < —= < 1 (de)

. L : . L d, .
/g8 a2-5'=-o 95 (4,/p)1% o ¢ : < 0.85. (4h)

Equation (4) haa negilglhle error 1n de for dc/D <
0.98 and 2%, error for dc/D > 0,98,
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Figure 3 'Culvéptfﬁith Inlet Control

4 DISCHARGE WITH INLET CONTROL -

.. 4.1 Inlet cOntrol. Inlet Rnt Subnerged

With culverts subject to

_ 1n1et controi, the
important factors are

the entrance conditions,



- Anlet not -submerged,.

Jnclunlng the entrance type, exlstence and angle of
"headwalls, ‘projectios of the culvert into the
headwater pond, and the use of hood type inleta

head-diacharge relatlnn ,has two
reglimes, 1nlet submerged and not submerged. With
the Inlet not submerged, the' flow paeses ‘through
critical depth ‘at the inlet (Figure 3a) and the
-dlscharge cnn be eniculated from this fact.

The

"At -the -Inlet, the location of the energy line above
the culvert invert Is given by
(5)

e = dc + ch23

dlstinct ’

if energy losses between the headwater pond and the

inlet ‘are negligible, then E will be. equal .to the
energy line in the headueter pond, denoted by HW.
‘Note that HW rerers to the energy line in the head-
water pond. as 1s usually the case, the
approach veiocity head v /ag is negligible, then

’ Hwicorresponde the headwater depth Hewever if the
approach velocigy is significant then the headwater
“dépth will be V /2g less thanvﬂw This definition

Cof 1W applies to all cases of culvert diecharges
conslidered in this paper.

 From the above -discussion, the critical depth
 corresponding to any given discharge Q can be
- calculated from equations (1) or (4) as appro-
prlnte,
cnluuluted from equatlon (6).

For a box culvert with inlet control; inlet not
submerged the resulting head-discharge relation is

BW = 1.5.d, = 1.5(q%/g 820393
or : -

Q = 0.5443 g©-5 p.yw!-5 (6)
:For a circuler pipe culvert .with inlet control,
[ values of Vé must be calcul-
- dted for the flow. cross section area A, ‘corres-
* ponding to the particular value of d.. Generalised
equations for this case will be  presented -in
Section 4.3.

@.2 -Inlet Control, fnlet Submerged

In this case the Inlet acta as a flow—consfrictlon
und the head-discharge relation can be established
by considering the ‘energy equntlon. assuming no
© £nergy. losses at the Inlet. et )

In a box culvert, the inlet acts as a sluice gate

: (lUenderson, 1986). Applying the Bernoulll equation
between upstresm ponded water and  the vena
“tohtracta fornad immediately dounetrean of the
culvert entrance (Figure 3b) gives ’

2
an x yz + vz/ag =y, + QZ/zg By, " (7a)

“The rlow depth at the vena contracta is Vz’cc b,

. Where cc 1s a contraction coefficient which is
‘tlose fo 6.8 for a square edge entrance.
Re~arrang]ng (va) g]ves R S A

| e w c .B. D [zg(nw :‘*' L)

At for Sectlon 4 l the henduater “level " HW rTefers
to: ‘the enerzy Mine dn’ thé -headwater pond, ‘and will
- -be! equel to ‘the headwater “depth. {f the appranch

and the corresponding ‘headwater level HW

‘where Entrance Tvpe 1 is Square

.2
velocity head V1/2g is negligible.

Por a. circular pipe culvert, the inlet acts an an
orifice with a head-discharge relation

- 2 A 0.5

q>g1g,:,3.fu ‘2g (MW - C..D) (8)

Genernlieed Equatione for Culverts with Inlet

4.3
Control
The U.S5. Department of Transportation nomographs

contain equations 5 to 8, adjusted to fit experi-
mental data, and Iincorporating three different
types of entrance.

Generalised equation for culverts discharging under
inlet control were derived by plotting points from
these nomographs on logarithmic paper and fitting
equatione to the data. The resulting equations are:

Box Culvert Type 1 Entrance

Inlet Not Submerged (HW/D<1.35)
- R (%a)
q=o.544g°~5.a.nu;-5°

Inlet Submerged (HW/D>1.35)

L o . (9b)

q=0.702g%-5.p. Do.sa.uwg.el

The reletion between headwater levels HHy, sz and
HHa for entrance .types 1, 2- and 3 respective]y are

1.09 (1w, /D)0 .99

it

iy /p (9¢)

.0
HW,,p = 1.07 (iW,/p)!-08 (od)
where Entnance type 1 is Wingwall Flare 30 to 75° )
Entrance type 2 is Wingwall Flare 90° and 15°

and-Entrance type 3 {s Wlngwall Flare 0°

.Equationa 9 are used as follows: Given ‘a discharge

Q, calculate. le from 9a or 9b, then calculate HW,
or Hwg from . 8c. or 9d-as appropriate. Conversely,
glven HW,, “or ‘HWy - calculate HW; from 9c and 9d
then calculate Q from 9a .or 8b.

Circular Pipe Culvert, Type 1 Entrance

Inlet Not Submerged (HW/D<1.2)
‘ (10a)
q=q.421g°*5.n°-37.nw:tﬁ3

Inlet Submerged (HW/D>1.2)
o {10b)
0,0.530g0.501.a7ﬂw0733

The -relation between headwater
types 1,2 and 3 are.

levels for Entrance

HW,/p = 0.92 (HW,/p)0-90 (10¢)
nw3,0’= 0.91 (nwi/n)O 94 (104)
‘edge -with headwall
.end with: headwall
end projecting

_ Entrance Type 2 }s Groove
) and Entrance Type A s ﬁroove

Generalleed equations 9 and 10 are dlnensionel]y

not

dorrect and .show the change ,from inlet
subserged to inlet eubnerged .occurring .-at HW/D
valies etween’ 1.2 and 1.5, . -These- equatians are

coneietent wlth the theoretically derived equations
1 to: 8 . . }
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‘Figure 4 Equations for Box Culverts, Inlet
control -

-.ngres 4 -and B show equations 9 and 10 together

with data points from the U.8. Departaent of Trans- '

portation nonograplu. Aaraenant is very close over
the complete. range except at the change from inlet
_‘submerged ‘to inlét not submerged. Here the points
deviate from the eqiatlons amd the equitions over-
estimate dlaclmrge on average by 5%.
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I
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!‘:lgnru 5 mmatinno for circnhr l’lm culvort..
Inlot control i
8 mscnmal ll'l'l! OUTLST'CO!I‘I'ROL»
.culvert rlmv uitll outlet control nv occur for high
_tailwater depths: TW, and for culverts of large
length L lafd.at’ flat slope 8
are then affected by entnnce und uxlt loun. and
friction losses in the blrul. For 'a culvert of
total cross section area A and velocity im the
barrel v = /A, the equation is derived from Figure
6a. Note: “that the l:vdrauuc lrude 1ine
codncides with the water osurface upstreas and
_ doimetream. of -the .culvert and is v ch below the
- energy line in the barrel.

©exit,

culvu-t duelnun '

‘depending on the pipe roughnen. :
V,and n are related by

— ijtv/ig
—"—""""___, — Encraz__l.me "/Sr L

BRI | SRR

— i v'("'. - ¥
L X :

(a) Outlet: Submerged
—

ey § W

(b) Butiwt Not Submerged:

_Figure 6 . Culvert with Outlet Control

CHNe TH ('vz'i*ag +8pL kg ~Er28) - 8, L (1)
The energy line slope Sg e obtained from l&anninga
cquntlon

1.333

”_s_,i- v nz/R {12a)

wherd' ‘the lwdraullc radius R R, = flow cross section
area/wetted pari_neter. and Manning n 18 near to

0.011 for concrete.  Alternatively, Sy can be
obtained from tlm narcv—llei-bach equatlon
L 8p'= r;v*/eg.nh (12b)
The flow in the barrel is rough turbulent if
Rr.J t.e/D = 200 (13)

where ‘&= pipe ‘roughness. This condition will
usually’ lmld ‘for culverts in practice, and the
friction -fagter f can then be taken as constant
For this case f

t - 8 g/, 0-398

(14}

The bracketed term of equation 11 centains the
friction . and. entrance losses respectively
and is called. the total heed loss H. Values of H
calculated from equation- 11 agree closely with the
U.S. Department of. 'l'ranwortatlon nomographs for
outlct eoutro.‘l.

Outlet controi ny also occur with the outlet
unsubmerged (Hsure 8b). . Two cases are ponible

Por TV < d,, criticel depth occurs at the outlet
and the flow depth "c can be obtained from equation
(1) or (4) for box and circular pipe culverts
respectively. JPor d. < ™ < D the depth at the
outlet equale “TW. i’or both - of these ceses the
headwater level is wetill calculated from equation
(11) but ‘with TW raphecd by #n equivalent
h‘ydtaulic :ﬂdc line levcl hy at tiu outlet.

The equivalent laydr-ullc grade line h, 18 taken to

"be the greater of (d_. + D)/2 and TV, nlth a maximum
value of hg

i D '!%h is bmsed on the assumption

. that tho squ nlnnt hvdunuc grade line continues

(uoL) -
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to fall. :1inearly after the water surface leaves the
culvert crown, and .this has beéen verified. by back-

water c-lcnhtlou- w s. n-pnrtunt of ‘rransportnt-

‘ion, 1088).



. HW,

1f BW < D + (1 + kg)v3/2g the hydraulic grade line

inside the culvert entrance lles below the crown,

and part full flow occurs throughout the barrel.
“In this case the previoue methods are accurate only
for HW > 0.76D. For lower valuea, more accurate

- ‘pesults can be obtained from backwater calculations

- or from reference {18).

. Az for inlet control, the HW level rafera to the
snergy line in the headwater pond and will be equal
to the headwater depth it the approach velocity
vl/2¢ ia negligible.

] PERSONAL COMPUTER PROGRAMS FOR CULVERT
DISCHARGES

" Two computer programs utilizing the generalised
- aquations have bean written and are available from
the author, Department of civil and Mining
‘Engineering, Univeraity of Wollongong, P.0O. Box
“1144, Wollongong, 2500, -

Progrem CULVERT.HW is interactive and calculates
the headwater level HW for any diacharge in box or
pipe culverts of any size, The ‘program digtin-
guishes between inlet control and outlet control
and is based on the flow chart of Figure 1.

CULVERT.Q calculates dipcharges Q corres-
to a range of specified headwater levels
for any combination of culvert size, type end
nusber, - plus an overflow spillway placed at any
* level relative to the culverts. '

,Procfnn
ponding

ki CONCLUSIONS

Gepnéralised equations, bagsed on the U.S. Department
of Transportation method have been developed for
box and ciroular pipe culverts subject to inlet and
. -outlet control,

“with inlet control and equatlons 10 refer to
circular ‘pipe culverts with inlet  control.
Equations 11 and 12 refer ‘to both box and pipe
culverts with outlet control. Critical depth in
 box and pipé culverts are given by equations 1 and
© -4 respectively. . :
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