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H Y D R A U L IC S  O F  B O X  C U L V E R T S

I n t r o d u c t i o n

T h ree  decades ago Yarnell, N agler, and  W oodw ard  published  as Bulletin  

1 of this series [1] a description of th e ir  experiments on “T h e  F low  of 

W a te r  th ro u g h  C ulverts .” Based upon more th a n  3000 large-scale tests on 

horizontal pipe an d  box culverts of various m ateria ls and  shapes, th e  report 

dealt in detail w ith  factors th a t  were found to influence th e  culvert dis­

charge capacity an d  w ith  practical m eans of ob ta in ing  the  m axim um  capac­

ity  at m in im um  cost. So great was the  dem and for this bu lle tin  th a t  it was 

out of p rin t w ith in  a decade.

In the  in tervening  years, no t only  has the  inform ation  presented in  this 

initia l w ork become too lim ited in  scope for p resen t-day  requirem ents, b u t 

m ethods of experim entation, in terpre ta tion , and  application of results have 

been considerably advanced. Additional culvert studies have hence been 

conducted in  m any  laboratories, sponsored in  large p a r t by State and  F ed ­

eral organizations. Some of these have dealt w ith  th e  li te ra tu re  on  the  
subject [2 ] ,  some w ith  hydrologic requirem ents, and  m an y  w ith  detailed 

aspects of culvert perform ance. T h e  m ost recent publication  of research 

results is the  culvert design m an u a l of the B ureau  of Public Roads [3], 

w hich  embodies a reduction of experim ental inform ation to a series of rules 

for ob ta in ing  safely and  economically the  required  flow capacity.

For a large organization th a t  is able to s tandard ize its product, p rep a ra ­

tion of such a design m anual can  effect a vast saving in  time and  cost, as 

well as a great reduction  of failures resulting  from the  choice of im proper 

flow characteristics. Its use by sm aller organizations m ay well ensure the 

same advantages. O n  th e  o the r  hand , conditions are often encountered  th a t  

do no t duplicate those for w hich  s tandard  design rules apply, an d  th e  d e ­

signer m ust th e n  depend  upon  his ow n knowledge of hydraulics to m eet the 

s ituation. Even in th e  rou tine  use of the  design m anual,  moreover, it w ould  

be desirable to check th e  indicated results against e lem entary  hydrau lic  

principles. H owever, n o t all engineers have been able to re ta in  th ro u g h  

practice the ir  university  g rounding in  hydraulics, an d  m an y  engineering  

draftsm en ac tua lly  engaged in  design have never h a d  such  train ing .

In order to  ob ta in  m ateria l for an  up - to -d a te  publication on  culverts th a t  

w ould  effectively replace Bulletin  1, a co-operative investigation was o rg an ­

ized in 1952 betw een th e  Iowa H ighw ay  Research Board, th e  B ureau  of 

Public Roads of the  U.S. D ep a rtm en t of Commerce, an d  the Iowa Institu te
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of H ydrau lic  Research. Em phasis given elsewhere to pipe culverts led the 

Iowa experiments to be restricted to culverts of the  box type. Similarly, the 

decision by the Bureau of Public Roads to publish  a m an u a l of culvert de ­

sign logically guided the present effort in the  direction of an  explanatory  

text on culvert hydraulics, in w hich  the  “w h y ” ra th e r  th a n  the  “w h a t,” 

“how ,” or “how  m u c h ” would be stressed.

As w ith  any engineering  structure , how ever complex its design m ay be, 

one can control the capacity of a culvert far more accurately th a n  one can 

estim ate the  capacity th a t  it will even tually  need  to have. H ydrau lic  m eas­

urem ents can be m ade to w ith in  1% in the  laboratory  an d  perhaps 5%  in 

the field, and  a scatter of 10% either side of an  em pirical m odel-proto typc 

curve is considered large for most types of flow prediction. H ydrologic esti­

mates, on the  o ther hand , involve uncertain ties of ano ther  o rder of m a g n i­

tude, and  errors of as m uch  as 200%  in required capacity m ust sometimes 

be expected. For this reason it is pointless to seek undue  precision in culvert 

design. R ather, the designer should understand  from a relative po in t of 

view the  advantages or disadvantages of various construction details, so th a t  

n o t only  will the  estim ated capacity be realized a t m in im um  expenditure 

bu t reasonably  satisfactory perform ance will be assured even u n d e r  over­
load conditions.

T o  accomplish this end, the  following pages take th e  form of a refresher 

(o r even beginn ing) course in culvert hydraulics, the  experim ental data  

being used to illustrate  and  substan tia te  the  discussion ra th e r  th a n  forming 

the principal exhibit as in the  custom ary report. Even before speaking of 

culverts themselves, th e  w riters have hence inserted basic m ateria l on the 

various flow phenom ena involved in culvert operation, so th a t  th e  subse­

quent trea tm en t will no t presum e more th a n  the reader already has in 

m ind. In  this connection simple use is m ade of the  very convenient non- 

dim ensional no ta tion  th a t  typifies presen t-day  hydraulics. A lthough  the va ri­

ous graphs of experim ental evidence are based en tirely  on box-culvert c h a r ­

acteristics, th e  generality  of the  approach  makes m uch  of w h a t is said 

applicable at least qualitatively to pipe culverts as well.

E l e m e n t a r y  P r i n c i p l e s  o f  H y d r a u l i c s  

Equations of C on tinu ity  and  Energy.

T h e  simplest type of hydrau lic  analysis is based upon  the  o ne-d im en ­

sional approxim ation  of w hat are actually  th ree-d im ensional conditions. 

H erein  the  flow is considered to occur in a single gross filam ent such th a t 

average values of velocity, pressure, and  elevation can be considered to 

represent the  flow at any  cross section. T h e  principle of continu ity  for 

steady conditions thus states th a t  the  product of m ean  velocity V  (in  feet 

per second) and  cross-sectional area A  ( in  square feet) m ust indicate the
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same ra te  of discharge Q  ( in  cubic feet per second) a t all successive cross 

sections:

V A  =  V 2A.. =  Q ( 1)

T his relationship  is an  exact one, bu t its one-dim ensional aspects some­

times become ra th e r  far-fetched. T h a t  is, w hereas in a uniform  pipe or even 

a som ew hat n o n -un ifo rm  stream  the concept is easily visualized as such, 

flow at the junctu re  between two branches of a ditch and  a culvert can  be­

come decidedly th ree-dim ensional. Nevertheless, the  principle of continuity  

m ust still apply, in th a t  the sum  of the  contributions of the two branches 

m ust equal the  discharge th rough  the culvert (plus or m inus local pondage 

[4] if the  flow is uns teady ).

T h e  principle of energy (o r Bernoulli equation) for steady o ne-d im en ­

sional conditions states th a t  the  total head  H  consisting of the  sum  of veloc­

ity head  V 2/2g ,  pressure head  p /y ,  and  elevation z, a t any  section m ust 
equal th a t  a t any  successive section plus the  in tervening  losses H L:

Y l + p 
2g

+  Zl =  r,
y 2g

+  * + * . H , (2)

H erein  g is the  acceleration of gravity ( in  feet per second squared ), p  is the 

pressure ( in  pounds per square foo t), an d  y the  u n it  w eight ( in  pounds per 

cubic fo o t) . E ach  term  thus has the  dim ension of length , or head.

T h e  energy rela tionship  is particu ­

larly  significant w hen  plotted on a p ro ­

file diagram  of the  flow system (see 
Fig. 1), for z represents the  elevation 

of any  point u n d er  consideration, p / y  

is the  heigh t above th a t  po in t to w hich  

w ate r  w ould  rise in a glass m anom eter 

colum n connected to a longitudinal 

tube w ith  a side opening at the point, 

an d  V 2/2 g  is th e  additional distance 

th a t  w ate r  w ould  rise if the m anom eter 

colum n were connected instead to  a 

tube w ith  open end  pointed  upstream .

A line having the elevation H  above 

the  same da tum  as z w ould  thus show 

the sum of the  th ree  heads, and  its fall w ith  distance along the  flow w ould 

show the  m agn itude of the in tervening losses.

As in th e  case of the  continu ity  principle, the  energy principle for one­

dim ensional flow represents a very great (a n d  very convenien t) simplifica­

tion. Even if the  flow is uniform , the  velocity will generally  vary  from

F ig .  1. G r a p h i c a l  R e p r e s e n t a t io n  

o f  V e l o c i t y  H e a d , P r e s s u r e  H e a d , 

a n d  E l e v a t i o n .
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point to po in t across the  section. It is well know n, however, th a t  th e  square 

of th e  m ean  does no t equal th e  m ean  of the  squares, so th a t  use of V,  already 

a m ean, to com pute th e  m ean  velocity head  m ust in troduce some error. 

Moreover, th e  derivation of th e  energy equation  actually  proceeds on  the  

basis of th e  pow er flux o r ra te  a t  w hich  energy is carried past a section by 

th e  flow, Q V 2/2 g  =  A V 3/ 2g. As a result, a num erica l correction factor a 
of the  form

" I f f i ? ) "  (3)

m ust be used as a m ultip lier of the  velocity head  V 2/2 g  to com pensate for 

th e  varia tion  of th e  local velocity v across the  section. If the  velocity does 

no t vary, this factor is unity . For norm al tu rb u le n t flow in rough  conduits 

a can  be as h ig h  as 1.1. In  zones of reverse flow w ith  s tand ing  eddies, h o w ­

ever, it can  increase w ithou t limit.

A gain for uniform  flow, the  pressure head  is d istributed  hydrostatically  

over the  cross section just as in  still w ater; th a t  is, th e  sum  p / y  +  z equals 

h, a constan t know n as th e  piezometric head. T h is  evidently  corresponds to 

th e  level of w ate r  in th e  m anom eter colum n connected to a side opening in 
either  a tube  (as in Fig. 1) or th e  w all of the  conduit. If th e  flow is no t 

u n d e r  pressure, as in  a pipe, b u t  has a free surface, h will represent th e  ele ­
vation of this surface. U n fo rtuna te ly , if the  flow is n o t uniform , the  

pressure distribution will n o t be hydrostatic. Extrem e non-un ifo rm ity  is illus­

tra ted  by  rap id  curva ture of th e  flow lines, an d  it is know n th a t  the  pres­

sure m ust always be h igher a t th e  outside of the  curve an d  lower a t the  

inside— as, for example, a t  a pipe bend. Needless to say, use of th e  B er­

noulli equation  for one-dim ensional flow in  zones w here  th e  flow is m a rk ­

edly tw o- o r  even th ree-d im ensional can  lead to considerable error. In  this 

event it is custom ary to com pare sections in essentially un iform  zones u p ­

s tream  a n d  dow nstream  from th e  non-un ifo rm ity  u n d e r  consideration— for 

instance, some distance e ither side of a partia lly  open valve o r gate.

Flow T h ro u g h  Orifices and  Nozzles

Orifice flow is probably  th e  simplest to analyze, w hich  no doub t accounts 

for th e  fact th a t  it was historically  th e  first to be understood. T h e  ra te  of 

flow th ro u g h  an  orifice of d iam eter d u n d e r  a differential head  h is usually  

w ritten  in  term s of a  discharge coefficient as follows:

Q  =  C d ^  y  2gh  (4)

T h e  coefficient w as once accepted as a som ew hat m ysterious correction fac­

to r  in troduced  to com pensate for one’s lack of exact know ledge of the  

phenom enon. Actually , such a coefficient is sim ply a symbol for th e  non-
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dim ensional ratio of the  d im ensional terms involved in the  equation. T hus,

-------- =  C d (5 )y4 ir d2y  2g/i

It  is specifically this d im ensional equivalence of nu m era to r  and  denom inato r 

w hich  prescribes th a t— o th e r  th ings rem ain ing  the  same— Q  m ust vary as 

th e  V2 pow er of h.
T h e  ac tua l m agn itude  of th e  discharge ratio, represented in  sh o rthand  

form by th e  d ischarge coefficient, depends upon  a series of geom etric and  

dynam ic characteristics of boundary  an d  fluid. I t  w ill vary  if th e  orifice is 

changed  in  form, if the  approach  is confined or obstructed, and  if th e  orifice 

size o r  th e  h ea d  is very sm all or the  fluid is very viscous. For the  present, 

only  geom etric effects a t large scale need be considered

H ow  th e  discharge ratio  and  the  ra tio  of th e  areas of th e  jet cross section 

an d  th e  ou tlet (ind icated  by the  contraction coefficient C c) vary  w ith  the  

ratio  of th e  ou tle t d iam eter to 

th e  d iam eter of th e  approach 

is show n in  Fig. 2 for a sharp- 

edged orifice a t th e  cen ter of a 

no rm al end  plate. T h e  con ­

trac tion  ratio  e v i d e n t l y  

changes from a m in im um  of 

abou t 0.6 to a m axim um  of 

u n ity  as th e  discharge ratio  

ranges from  the  same m in i­

m um  to a m axim um  of infinity 

( th e  only  lim it com patible 

w ith  a zero en d  constriction 

and  a zero pressure d r o p ) . For 

the  lim iting condition of a re l­
atively large approach  section, 

the  identical discharge and 

contraction  ratios vary  as ind i­

cated in th e  schem atic plot of 

Fig. 3. I t is seen th a t  w h a t is 

know n as a ree n tra n t  outlet 

produces a m axim um  reduction in jet cross-sectional area and  hence a m in i­

m um  discharge ratio, w hereas the opposite form of ou tlet— practically  a 

nozzle— yields no contraction and  a discharge ratio  of unity . Actually, re la ­

tively little round ing  is necessary, for even the free jet from a no rm al sharp- 

edged orifice p late is only  20%  sm aller in d iam eter th a n  the orifice. As a 

result, simply cham fering  the  inside edge of the  orifice p la te  will produce a 

considerable increase in bo th  contraction  and  discharge ratios.

d_
D

F ig .  2 .  V a r i a t i o n  o p  D is c h a r g e  a n d  

C o n t r a c t i o n  C o e f f i c i e n t s  w i t h  R a t io  

o f  O r i f i c e  a n d  P i p e  D i a m e t e r s .
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Fig. 3. V a r ia t io n  o f  D is c h a r g e  C o e f f i c i e n t  

w i t h  S h a p e  o f  O p e n i n g .

orifice (in  accordance w ith  the  Bernoulli 
equation) to th e  po in t a t w hich  vapor 

cavities form and  disrupt the flow. O n  

the  o ther hand , even a tube of constant 

d iam eter used in  conjunction w ith  a 

sharp-edged  orifice of th e  same diam eter 

(Fig. 5) will increase th e  discharge co­

efficient to abou t 0.8, provided th a t  the  

tube  is long enough  for the  jet to expand 

and  fill it beyond the contracted  section. 

However, tu rbu lence is generated  a t the 

zone of contact between the  contracted  

jet and  the  su rround ing  eddy, and  this 

leads to a loss of head  H,, equal to about 

half  the velocity head:

H l

V 2/2 g

If round ing  the  orifice can 

raise th e  coefficient as h igh  as 

unity , one wonders w hy  it 

w ould  no t be possible to in ­

crease its m agnitude still fu r ­

th e r  by flaring the  outlet. As 

a m a tte r  of fact, even if a well- 

rounded  orifice is followed by a 

divergent tube (Fig. 4 ) ,  the 

free jet can be m ade to expand 

only slightly beyond the  final 

outlet. Based upon  the  area of 

the  orifice itself, however, the 

only  limit to th e  increase in 

discharge thus produced is the  

reduction of pressure at the

/ I

Fig. 4. E f f l u x  f r o m  a 

D iv e r g e n t  T u b e  w i t h  

R o u n d e d  I n l e t .

= Ci =  0.5 (6)

Pipe Resistance

Increasing the  length  of the  uniform  tube completes the  transition  from 

orifice flow to pipe flow. If the  head  on the  system is still m easured  to the  

centerline of the  orifice, then  the pipe can be used like a siphon to increase 

or decrease th e  discharge coefficient by low ering or raising th e  ou tle t end. 

If, on the contrary , h  represents the differential head  between in let and
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outlet, the sole effect of the  pipe is to increase the  

resistance to flow as com pared to th a t  of a rounded 

outlet of the same diam eter bu t negligible length. 

This resistance gives rise to a relative loss in head  

which, per d iam eter of pipe length, is indicated  by 

a coefficient com m only given the symbol f:

H l D

V 2/2 g  L
f (7)

T
0.7h

F ig .  5 . E f f l u x  f r o m  a 

U n i f o r m  T u b e  w i t h  

S h a r p - E dg ed  I n l e t .

T h e  loss ratio  represented  by the  coefficient f varies 

w ith  the  relative viscosity of the  fluid, the  relative 

roughness of the  pipe surface, and  th e  relative 

leng th  (a n d  shape) of the  conduit. In  fact, so 

complex is this variation, and  so small is the  influ ­

ence of surface resistance in most culverts, th a t  it 

will suffice simply to assume the coefficient to lie 

between 0.015 and  0.06. the  form er m agnitude 

applying to the  sm ooth and  the la tte r  to the rougher surfaces.

T h e  end  of such a pipe could conceivably be contracted  or en larged  rela 

tive to its uniform  in term ediate 

diameter, w ith  an  accom panying 

reduction or increase in the  re la ­

tive discharge. Now, however, 

the  effect w ill be less th a n  before, 

because the  ou tle t represents a 

p roportionate ly  sm aller pa rt of 

the  system. If the  ou tlet is su b ­

merged, no t on ly  m ust the  effec­

tive differential head  be m eas­

ured betw een th e  two surfaces 

(see Fig. 6) b u t an  ou tlet loss 

equal to the  en tire  velocity head 

m ust be assum ed to occur as the 

kinetic energy of the  efflux stream  

is dissipated:

H l

F ig .  6. G r a p h i c a l  R e p r e s e n t a t i o n  o f  I n l e t , 

P i p e , a n d  O u t l e t  L osses.

v*/2g
=  C ,  =. 1 (8)

T h e  discharge for the  w hole system can be represented  by the  sum  of the  

individual coefficients:

h h

Q 2/2 g  A 2 V 2/2 g
¡ i  + c. (9)
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Flow over W eirs

D ischarge over a w eir (Fig. 7) 

differs from th a t  th rough  an  orifice 

prim arily  in th a t  the  increase in  dif­

ferential head  (m easured  w ith  re ­

spect to  the  crest) results in  an  in ­

crease in both  th e  velocity an d  the  

dep th  of the  flow section. T h e re ­

fore, the  discharge ratio  involves h 

to th e  3 /2  pow er ra th e r  th a n  th e  

1 /2  power:

_Q
\ / 2g L h 3/2

H ere in  th e  leng th  L  is th a t  of th e  w eir crest. T h e  ratio  represen ted  by the  

discharge coefficient of a weir, like th a t  of a large orifice, varies prim arily  

w ith  th e  geom etry of th e  overflow section. F o r a very wide, horizontal, 

sharp-crested  w eir of considerable height, it will have the  m agn itude of 
about 0.4. For a  n a rrow  vertical slot extending to th e  floor of th e  approach  

channel this ratio  will also obtain. Sm aller values will characterize weirs of 

rec tangu lar proportions w ith  bo th  side an d  bottom  contractions. T r ia n g u ­

lar, circular, an d  o th e r  shapes will require reform ulation  of th e  discharge 

coefficient, because th e  w id th  as well as th e  d ep th  of th e  flow section varies 

w ith  the  head.

A w eir can readily  be sloped o r  rounded  in  profile to produce changes in 

discharge coefficient sim ilar to those of the  orifice. T h e  extrem e case of 

round ing  is th a t  of the  ogee spillway, th e  crest of w h ich  is in  fact based in 

form  upon  th a t  of the  w eir nappe. T h e  no rm al spillw ay discharge coeffi­

cient is about 0.5, b u t this can be increased by accentua ting  th e  cu rva tu re  

of th e  crest. T h e  coun terpart of the  short tube  of un iform  section is illus­

tra ted  by w h a t is called the  broad-crested  weir, th e  discharge over w hich  is 

said to be  a t  critical stage— i.e., a m axim um  for th e  given to tal head. U n d e r  

conditions of uniform  critical flow, th e  velocity head  is equal to  half  the 

depth , so th a t

0 5 =  V^ 2S = Q2/2gL2dc2 =  Q2
do dc 2g L 2( % h ) 3

and

F ig .  7 . P r o f i l e  o f  F l o w  o v e r  a  S h a r p - 

C r e s t e d  W e i r .

------ = C d =  0.27
V 2 g  L h 3/2

( I D
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Fig. 8. P r o f il e s  o f  F l o w  o v e r  B r o a d - 

C r e st e d  W f.ir s .

A lthough this situation is a fair 

approxim ation to  such flow, in  

ac tua lity  un iform  conditions are 

never fully realized. If th e  u p ­

stream  edge is n o t rounded , sepa­

ra tion  will occur, an d  th e  flow 

will pass over th e  eddy (Fig. 8a) 

as though  it w ere a low spillway, 

the dep th  dow nstream  th e n  being 

less th a n  the  critical an d  th e  dis­

charge coefficient less th a n  0.27.

If th e  upstream  edge is rounded  

(Fig. 8 b ) , flow over th e  crest will 

be characterized by the  series of 

waves th a t  appear w henever the  

dep th  is slightly greater th a n  the  

critical; the  discharge coefficient 

will again be som ew hat less th a n  
0.27.

As any  type of w eir becomes p a r ­
tially subm erged by the  pool d ow n ­

stream  (Fig. 9 ) ,  it w ill begin to be ­

have— as a rough  approxim ation—  

in part  as a w eir an d  in  p a r t  as an 

orifice. T h is  m eans th a t  th e  com ­

bined discharge coefficient will in ­

volve a pow er of th e  differential 

head som ewhere betw een 3 /2  and  

1 /2  depending upon  th e  ratio  b e ­

tw een the  differential head  and  the  dep th  of subm ergence. In  the  case of 

the  broad-crested weir, it should  be noted, th e  surface of th e  dow nstream  

pool can rise a distance above the  crest about equal to the  critical dep th  

before the  subm ergence effect becomes apparen t.

U niform  and Critical O p en -C h a n n e l  Flow

T h e  coun terpart of th e  pipe as an  extension of the  orifice an d  sho rt tube 

is found in  a sm ooth continuation  of the  broad-crested  w eir as th e  floor of 

an  open channel. Like the  pipe, of course, the  channel m ust eventually  

reach an  end. B u t un like  pipe flow, w hich  generally  occurs u n d e r  pressure, 

open -channe l flow is invariab ly  characterized by a free surface w h ich  can 
vary  in elevation an d  configuration. W h a t  form th e  surface profile will 

actually  have depends upon  m any  factors: th e  geom etry of th e  channel 

profile, cross section, and  boundary  roughness; the  ra te  of flow; and  the

F ig .  9 . P r o f i l e  o f  F l o w  o v e r  a 

S u b m e r c e d  W e i r .
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dep th  imposed at one end  or the other. However, unless the  geom etry is 

more complex th a n  usual, knowledge of th e  dep th  a t any  control section 

an d  of th e  depths a t w hich  the  given flow in th e  given channel w ou ld  be 

uniform  and  critical, respectively, will perm it th e  surface profile to be de te r ­

m ined, as described in the following paragraphs.

A relationship  for the  uniform  dep th  of flow in a channel of any  cross- 

sectional form can be w ritten  as

draulic radius R  is the  ratio of the  cross-sectional area A  to th e  w etted  

perim eter P, and  S is the channel slope. U n like  the resistance coefficient f, 

the  Chezy discharge coefficient C  is no t non-d im ensional, for it is seen to 

involve the  square root of g. However, it is ra th e r  sim ply eva lua ted  in 

terms of the  M ann ing  roughness factor n, w hich  can be considered to  vary 

from about 0.012 for sm ooth concrete to about 0.025 for rough  m asonry  and  

corrugated  metal. Knowledge of the  channel geom etry and  ra te  of flow thus 
permits the  corresponding hydrau lic  radius to  be com puted, from w hich  the 

centerline dep th  of uniform  flow can readily  be ascertained.
W h e th e r  th e  dep th  of flow in a channel of arb itra ry  cross section is 

greater or less th a n  th e  critical depends upon  the  m agn itude of a ratio 

know n as the  Froude num ber:

H erein  W  is the  w id th  of the  free surface. If this ratio  is sm aller th a n  unity, 

the velocity of flow is less th a n  th a t  of a small wave, and  th e  flow is said to 

be subcritical; the  m ean  dep th  A / W  is then  grea ter th a n  the  critical. If the 

ratio  is greater th a n  unity , th e  velocity is greater th a n  th a t  of a wave, an d  

th e  flow is called supercritical; the  m ean  dep th  is then  less th a n  th e  critical. 

K nowledge of th e  cross-sectional geom etry permits e ither the  average depth  

or th e  actual centerline dep th  for critical conditions to be calculated. If the 
section is rectangular, the  F roude nu m b er  of u n ity  will be found  to cor­

respond to a velocity head  equal to half  the depth , as previously sta ted  to be 

true  for critical flow.

If th e  centerline depth  y is plotted against the  elevation H  — z„ of the 

line of to tal head  above the  channel bottom  for a constan t value of Q, 

according to the  following form of the definition equation  for to tal head.

(12)

w hich  corresponds to w h a t is called the  Chezy form ula. H erein  th e  hy-

http://ir.uiowa.edu/uisie/38



the result will be as show n in Fig. 10. T h e  

curve is seen to have tw o branches, w hich 

m eet a t the  com m on m in im um  value of H  — 

z0 for the  critical stage just discussed. T h e  

upper b ranch  corresponds to F roude n u m ­

bers less th a n  1 and  th e  low er b ranch  to 

those grea ter th a n  1. W h a t  is im portan t 

about this d iagram  is th a t  it shows w hether  

the  dep th  of flow will increase o r decrease 

as the  line of to ta l head  and  th e  channel 

bottom  converge o r  diverge (i.e., as H  -  z0 

decreases o r  increases) for any  reason. O ne 

reason m igh t be a local rise or fall in c h a n ­

nel bottom, as a t a low w eir or sill. (A la t ­

eral contraction  or enlargem ent, it should  be 

noted, w ould produce th e  same change.) A no ther  reason could be the  loss 

of head  due to surface resistance, as will be discussed directly.

N o n -U n i fo rm  O p e n -C h a n n e l  Flow

Several classes of channel an d  stages of flow rem ain  to be distinguished. 

If the  channel slope is less th a n  th a t  at w hich  the  given discharge w ould  be 
both uniform  a n d  critical (i.e., if th e  com puted uniform  d ep th  is greater 

th a n  the  com puted critical d e p th ) ,  th e  channel is classed as m ild  (M ).  If 

the  slope is greater th a n  th a t  a t w h ich  th e  given discharge w ould  be u n i ­

form  and  critical (i.e., if the  com puted uniform  dep th  is less th a n  th e  com ­

pu ted  critica l), th e n  th e  channel is classed as steep (S ) . In  e ither  case, the  

flow can take place (1 ) a t a dep th  greater th a n  both  the com puted norm al 

and  critical depths, (2 ) at a dep th  between the norm al and  critical, and  (3) 

a t a dep th  less th a n  bo th  th e  norm al and  critical.

Consider, for example, flow of the  M 2 category. T h e  dep th  is less an d  the 

velocity hence greater th a n  for un iform  flow, and  the  line of to ta l h e a d  (the  

slope of w hich  is proportional to the  ra te  of loss of h ead ) m ust therefore be 

steeper th a n  the  channel itself. T h e  q u an tity  H  — z(1 thus decreases in the 

direction of flow, and  reference to the upper b ranch  of the  curve in  Fig. 10 

will show  th a t  th e  dep th  has to decrease accordingly. In  fact, th e  free su r ­

face m ust slope even more steeply th a n  the  line  of to ta l head, so th a t  the  

velocity head  w ill properly increase as th e  d ep th  decreases. T h e  general 

form of the  free surface will be as sketched in Fig. 11a. If, on  th e  o ther 

h and , the  flow is of the  S2 category, the  line of total head  will slope less 

steeply th a n  th e  channel, yet the depth  will again decrease in  th e  direction 

of flow— now  in accordance w ith  the  trend  of the  lower b ranch  of the  curve 

in Fig. 10. T h e  general result is indicated in Fig. l i b .
Com parison of the  two profiles in Fig. 11 will indicate th a t  each a p ­

F ig .  10. D ia g r a m  o f  D e p t h  
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F ig .  11. V a r ia t io n  i n  T o t a l  H ead  

a n d  D e p t h  o f  F l o w  w i t h  R e l a t io n  

t o  L i n e s  o f  U n i f o r m  a n d  

C r it ic a l  D e p t h .

proaches (a lbe it in opposite directions) 

the line of com puted norm al depth  

asym ptotically, w hereas each a p ­

proaches th e  line of com puted critical 

dep th  a t an  ever-increasing angle. T h e  

limit of th e  la tte r  trend  is 90°, bu t then  

the tw o-dim ensional curvilinearity  of 

the  flow is so great th a t  the  assumed 

one-d im ensionality  is no  longer app li­

cable an d  th e  indicated lim it is m e a n ­

ingless. H owever, if th e  same simplified 

reasoning is applied to conditions of 

the  M l ,  M3, S I, and  S3 categories, the 

schem atic indications com bined in Fig.

12 will be obtained. T h e  special cases 

of horizontal and  critical slopes can be 

visualized therefrom.

Several characteristics of these curves 

m ust be emphasized. First, the ir  h o r i ­

zontal scale is greatly  foreshortened,

particu larly  in the  upper stages, for backw ater curves in canals and  rivers 

sometimes display m easurab le  variations in  dep th  over distances of m an y  

thousands of feet. Second, tho u g h  

for present purposes only  th e  gen ­

eral proportions of th e  curves are 

significant, the ir  coordinates can  be 

com puted by step processes w ith  

satisfactory approxim ation. T h ird , 

w hereas any  of these curves is d e ­

fined over its entire leng th  by the  

two reference depths, only  a portion  

of it will apply to a given situation.

T h is  is determ ined by the  actual 

channel length , and  by the  dep th  at 

w h a t is know n as th e  control sec­

tion. Since a t depths greater th a n  

the  critical even the  sm allest waves 

can travel upstream , the  controls for 

subcritical flow m ust lie a t the

dow nstream  end  of th e  channel— for example, forebays, gates, weirs, and  

overfalls. A t depths less th a n  th e  critical, however, th e  velocity of flow is 

so great th a t  elem entary  waves can travel only  dow nstream , w hence for

F ig .  12. C o m p o s i t e  D ia g r a m  o f  S u r f a c e  
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supercritical flow the  controls in ­

variably lie upstream — such, for in ­

stance, as sluices an d  spillways or 

the inlets to steep channels. In  some 

instances controls exist at bo th  ends 

(i.e., a steep channel th a t  is p a r t ia l ­

ly subm erged by backw ater from  a 

dow nstream  pool), in w h ich  in ­

stance a hydrau lic  jum p from super- Sc h e m a t i c  R e p r e s e n t a t io n  o f

H ydraulic  Similarity

W hereas th e  tests described in B ulletin  1 were perform ed a t  as nearly  full 

scale as possible, it is m odern practice to conduct laboratory  investigations 

w ith  considerable scale reduction. T h is  is no t because sm all-scale tests are 

more accurate, bu t because the  cost in  m ateria ls and  labor varies approxi­

m ately  as the  cube of the  scale. For th e  same outlay, therefore, m a n y  more 

conditions can be investigated a t sm all scale th a n  a t large. H owever, to 

ensure th a t  th e  small-scale occurrence correctly sim ulates its prototype, cer­
ta in  principles of sim ilitude m ust be followed.

If two states of flow are to be sim ilar to  each other, it is necessary first of 

all th a t  the  corresponding linear dim ensions of the  solid boundaries bear a 

constan t ratio  to  each o ther— in o ther  words, th e  boundaries m ust be geo­

m etrically  sim ilar. Sometimes this is n o t feasible (sm all-scale river models, 

for example, m ight become excessively sha llow ), and  the  vertical and  h o r i ­

zontal scales are reduced in different ratios— i.e., the model is distorted. 

Perfect sim ilarity  can  then  no longer be realized, tho u g h  extrem e departu re  

in one regard  m ay well have been avoided by in troducing  a lesser degree of 

departu re  in another.

Even tho u g h  geometric sim ilarity of the  boundaries prevails, dynam ic 

sim ilarity  of th e  flows can obtain  only  if corresponding forces in  the  two 

systems also bear a constan t ratio to each other. W h e n  th e  forces involved 

are those of inertia  and  gravity, this condition will be fulfilled if th e  F roude 

n u m b er  already introduced,

F l o w  w i t h  U p s t r e a m  a n d  D o w n ­

s t r e a m  C o n t r o l s .

V g  L
(15)

in w hich  L is some characteristic length, has the  same m agn itude  for both  

systems. T h is  criterion evidently requires th a t  the  velocities of flow vary  

w ith  th e  1 /2 -pow er of th e  scale ratio; since rates of flow are p roportional to
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velocities times cross-sectional areas, such rates should  vary  w ith  the  5 /2 -  

power of the  scale ratio. W h e n  the  forces involved are those of inertia  and  

viscosity, on the  o the r  hand , sim ilarity  of th e  flow requires instead  th a t  a 

quan tity  know n as th e  Reynolds n u m b er be the  same for the  tw o systems:

R  =  —  (16)
V

the factor v is the  k inem atic viscosity in square feet per second. Likewise, 

w hen  inertial and  capillary forces prevail, it is the  W eb er n u m b e r  th a t  m ust 

be constan t:

V
w  =  (1 7 >V <r/pL

herein  or is the  surface tension, in pounds per foot, and  p the  mass density, 

in slugs per cubic foot.

C om parison of these three sim ilarity  param eters will reveal the  fact th a t  

each requires a different varia tion  in  velocity as the  scale is changed. As a 

result, it is very difficult to produce flow in a model th a t  is dynam ically  

sim ilar to the  flow in the prototype if more th a n  one sim ilarity  criterion is 

involved. O n  the  o ther  hand , one effect o r  ano ther  will generally  predom i­

na te  to the  extent th a t  one param eter  can be used to determ ine th e  cor­

responding rates of flow, and  the effect of the others can  then  be approxi­

m ated  by a different procedure. Flow w ith  a free surface is thus prim arily  

gravitational if the  scale is sufficiently large, for viscous an d  capillary  action 

is o rd inarily  involved only a t small scales or low velocities. However, both  

types of action, small as they  m ay be, are sometimes sufficient to  play a 

determ ining role under certain  critical conditions. In  this event it m ust be 

rem em bered th a t full sim ilarity  between model and  pro to type does no t 

obtain.

M ethods of Application

N um erous as the foregoing principles of hydraulics m ay  be, they  are still 

so lim ited in  both  accuracy an d  completeness th a t  they  will perm it the so lu ­

tion  of none but the simplest problems. Even th e  m ethod  of model s im ula ­

tion is seen to have  its lim itations, how ever great the  confidence th a t  is now  

placed in this once-belittled laboratory  tool. Nevertheless, in th e  in tro d u c ­

tion the  fact was stressed th a t  the  h ighw ay  engineer does n o t need  the  

ability  to design a specific structure w ith  precision so m u ch  as a general 

un d ers tand ing  of culvert perform ance. As will be show n in  the  following 

pages, th e  principles discussed are quite adequate for this purpose.

For the m ost complex cases, a model s tudy  is definitely a sound invest­

ment. Impossible as it m ay  be to reproduce every detail of th e  flow p re ­
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cisely, the overall p icture is readily  b rough t to light, an d  various com bina ­

tions of extremes can be reproduced rapidly  and  instructively. A model of 

every installation , however, w ould  be ne ith e r  economically sound n o r  even 

necessary. O n  the  contrary, most culvert types have already been tested 

experim entally  to such an  extent th a t  the ir  basic characteristics are well 

understood; in fact, some of these experiments have provided m ateria l for 

the  foregoing discussion of elem entary  flow principles. I t  is hence no w  in  

o rder to utilize th e  principles, singly and  in com bination, to assess th e  effect 

of each essential culvert fea ture u n d e r  various conditions of operation.

T h e  most logical means of organizing the following analysis is prim arily  

on th e  basis of the  barrel slope and  secondarily on  th e  basis of upstream  

depth. T h e  simplest (a n d  least effective) case of barrels on  a m ild  slope is 
thus considered first, followed by th a t  of barrels on  a steep slope, th e  se­

quence cu lm inating  in the  recom m ended com pound type of profile. E ach  

aspect of the  resulting flow is discussed in terms of the elem entary  principles 

already presented and, w here  desirable, is illustrated  by experim ental data  

taken from special laboratory  tests conducted  on models w ith  barrels of 

square cross section. For purposes of generality, all linear  dim ensions are 

referred to the  barrel dim ension, an d  rates of flow are m ade non -d im en- 

sional th ro u g h  the  fu rthe r  incorporation  of th e  grav itational acceleration. 

T h e  num erica l values— w hile by no  m eans precise— are sufficiently rep re ­

sentative of quantita tive  behavior to serve for general design purposes.

C u l v e r t s  w i t h  B a r r e l s  o f  M i l d  S l o p e  

Flow w i th  In le t Unsubmerged

W h e th e r  th e  slope of a culvert barrel is classed as m ild or steep depends 

upon  w h e th e r  the  dep th  just before the  culvert begins to  flow full is g rea ter 

or less th a n  th e  critical. A culvert th a t  does n o t flow full, of course, differs 

little from any  open channel. If the  barrel slope is mild, the  section th a t  

controls th e  flow will lie at the  dow nstream  end— either in  th e  form of the  

free overfall a t critical depth, if th e  ou tlet is unsubm erged, o r  as th e  beg in ­

n ing  of a backw ater curve if th e  ta ilw ater is of sufficient depth.

To say th a t  the  discharge control is located dow nstream  does n o t signify
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th a t  no  o ther  factors have any  influence upon  th e  discharge. In  actuality, 

flow in such a culvert depends to some degree upon  each of the  following: 

(a )  in let head; (b )  in let shape; (c) shape of barrel cross section; (d )  barrel 

roughness; (e) barrel length ; (f) ou tlet shape; (g ) ou tlet depth. For a 

given set of conditions, th e  surface profile could be evaluated  in  m uch  the 

same m a n n er  as any  backw ater curve: if th e  flow were know n, by step com ­

pu ta tion ; if not, by assum ing successive flow rates, carrying ou t the  step 

com putations, and  in terpo la ting  for the profile th a t  agreed w ith  th e  given 

inlet depth.

As has previously been indicated, such complexities are n o t often  w a r ­

ran te d  in culvert design, partly  for lack of even approxim ate knowledge of 

probable requirem ents, and  partly  because the  final proportions are seldom 

based upon the  conditions encountered before the inlet has become su b ­

merged. A sufficient degree of accuracy is hence ob ta inab le  by assuming 

uniform  flow to take place th rough  the  barrel a t a slope equal to th e  aver­

age between th a t  of the  barrel and  th a t  indicated by th e  in let and  outlet 

depths adjusted for inlet loss and  velocity head.

Even a rough calculation such as this would show th a t  there  is little to 

gain  a t this stage from stream lin ing  th e  in le t unless th e  barrel is very short. 

Similarly, the  expense of reducing roughness w ould  n o t be justified unless 

the  barrel w ere very long. In  fact, the  few variables over w h ich  th e  designer 
has control seldom affect the  culvert perform ance appreciably in  this range 

of operation. Model tests, moreover, m ust be regarded as yielding relative 

ra th e r  th a n  absolute indications, since grav itational an d  viscous effects of 

com parable m agnitude are involved a t small scale. H ence  th e  p lo t of m eas­

u red  da ta  show n in  Fig. 15 m erely dem onstrates the  lack a t model scale of 

a n y  appreciable effect of doubling e ither th e  barrel leng th  or the  barrel 

resistance. G enerally  notew orthy, however, is the  type of discharge function 

th a t  is representative of this range:

V g  b
(18)

in  w hich  K  varies w ith  the  factors already itemized— including to some 

degree th e  ratio h / b  itself. ( In  this and  subsequent pages, it should  be 

noted , h  represents th e  depth  of the  inlet pool above th e  barre l invert, and  

b the  vertical or horizontal dim ension of the  square cross section, as shown 

in the  definition sketch of Fig. 14.)

Flow w i th  Partially Effective In let Submergence

O nce th e  h eadw ate r  dep th  exceeds th e  he igh t of the  in let by  m ore th a n  

the  in let loss and  velocity head, the  flow can no longer be considered w holly  

like th a t  of an  open channel. However, ne ith e r  can the  barrel be presum ed
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I n l e t  U n s u b m e r g e d .

to function  like a pipe flowing full, for there  will continue to be a free w ater 

surface over pa rt of its length  for at least pa rt of the  time un til th e  h e a d ­

w ate r  rises to a level considerably above the  inlet. T h is  is the  range of in ­

determ inate operation. N o t on ly  is it difficult to predict the  behavior of a 

given design, b u t it is often impossible to ob ta in  consistent laboratory  ind i­

cations on a specific structure.

T h e  factors th a t  are involved in determ in ing  w h e th e r  or no t a culvert 

barrel will flow full are m any  and  varied. P rincipal am ong these are the 

depths of the  inlet and  ou tlet pools, and  th e  form  of the  inlet; a t model 

scale, moreover, such extraneous influences as viscosity and  surface tension 

can w holly change the flow regime. Since the  problem  does n o t become 

acu te till the  barrel slope exceeds th e  critical, its detailed discussion will be 

reserved for the  next section, and  present com ments will concern solely 

those aspects associated w ith  m ild slopes.

If the  in let is sharp-edged, heads th a t  a re  n o t m uch  grea ter th a n  the  

barrel he igh t will be m arked by inflow very sim ilar to discharge from  a gate. 

A free surface will exist beyond the  po in t of contact, and  th e  flow will be 

supercritical. If th e  barrel is sufficiently short and  th e  ou tle t is u n su b ­

merged, the  inlet will be the sole control and  the  flow will reach the  outlet 

still in a supercritical state. Barrels of m oderate length , however, will p ro b ­

ably display an o th e r  control at the  outlet, and  a jum p m ust th e n  form  at 

some in term ed iate  section. A t such low F roude num bers th e  jum p will be 

of the  u n d u la r  type, and  in all probability  the  surface waves w ill in te rm it­

ten tly  touch  the  top of th e  barrel, thereupon  causing th e  culvert to tend  to
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flow full. So long as th e  head  is small, th e  irregu larity  will n o t  be serious; 

and  as the  head  is increased, the  tendency  to fill w ill become steadily 

greater.

If, on the o ther  hand , the  in let is sufficiently well rounded, the  con trac ­

tion (a n d  hence separation) tendency will n o t exist locally, an d  the  barrel 

will flow full— at least a t its upstream  end. H ow  far dow nstream  separation 

occurs will depend upon  the  headw ate r  an d  ta ilw ater  depths and  th e  barrel 

slope. T h e  greater the tw o depths, th e  far ther  dow nstream  it will be; the 

g reater th e  slope, the  fa r th e r  upstream . Because viscous a n d  capillary  ef­

fects increase as the  scale is reduced, th e  po in t of separation  ca n n o t be d e ­

te rm ined  by model test. F ortunate ly , this m atters little in barrels of mild 

slope, an d  for general purposes a barrel w ith  rounded  in le t can  be  assumed 

to flow full w h en  h /d '> \ .2 ,  and  a barrel w ith  square-edged in le t w hen  
h / d >  1.5.

Flow w ith  Fully  Effective In le t Submergence

W h e n  the  inlet dep th  is sufficiently great to m ake th e  culvert barrel flow 

full, the  discharge rela tionship  can be com puted w ith  fair accuracy by w r i t ­

ing the  energy equation between the  upstream  pool an d  the  outlet. T h e  

result is expressible in  th e  form

Q  _ =  K f h  +  A h \ *

V g

in w hich  A h  is the  fu rth e r  change in head  over the  leng th  of the  barrel, 

and

1
K

] / y i [ > +  c , + i k + c -)

W h a t head  to assume at the  ou tlet depends in p a r t upon the  F roude n u m ­

ber and  in  pa rt on  the  ta ilw ater  elevation. If th e  ou tlet is com pletely u n ­

submerged, the  line of piezometric head  a t  th e  ou tle t section m ay be con ­

sidered to lie slightly below th e  cen terline for h igh  Froude num bers, g ra d u ­

ally increasing to a level about half w ay betw een centerline and  top of 

barrel for a F roude nu m b er  approaching  unity . (T h e  exact elevation d e ­

pends n o t only  on the  F roude n u m b e r  b u t also u p o n  th e  resistance, and  th e  

in terdependence is no t yet fully understood.) If, on th e  o the r  h and , the  

level of the  ou tlet pool is greater th a n  th a t  of free outflow, the  piezometric 

head  will be controlled accordingly.

Remarks m ade in  the  foregoing pages as to th e  relative effects of in le t 

form, resistance, and  leng th  of barrel continue to be applicable in this a d ­

vanced stage. T ypical experim ental results ob ta ined  a t model scale are
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P a r t i a l i .y  a n d  C o m p l e t e l y  S u b m e r g e d .

show n in Fig. 16. Since th e  barrel surface was smooth, round ing  of the  in let 

p layed a considerable role for flow th rough  th e  shorter barrel. T h e  abso­

lu te  effect of ro u nd ing  is, of course, of a dual natu re , for it reduces b o th  th e  

en trance  loss an d  the  tendency  tow ard  part-fu ll flow. T h e  frequent belief 

th a t  in le t and  ou tlet should  be of sim ilar shape is obviously w ith o u t h y ­

draulic justification.

Figure 16 is seen to com bine in one plot th e  th ree  stages of in le t s u b ­

mergence for unsubm erged  outlet. I t is possible to include curves for the 

subm erged ou tle t in  th e  same diagram  if one th e n  let th e  abscissa scale 

represent th e  differential head  h +  A h  betw een headw ate r  and  ta ilw ater 

( A h ,  of course, w ill become negative w ith  sufficient ou tlet subm ergence). 

As indicated  by th e  broken lines in the  figure, these curves approach  the  

o thers asym ptotically  w ith  increasing head, b u t un like  th e  others they  fol­

low the  rela tionship  Q  <x ( h  +  A h ) ' /2 from the  outset.

W h ich  of the  several stages to use for design purposes is a m oot question. 

However, th e  fact th a t  th e  discharge increases only  as th e  square root of the  

head  once the final stage is reached does n o t m ake culverts w ith  barrels on
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mild slopes particu larly  appropriate  for conditions in w hich  severe overload 

can occur. P robably  th e  proper design stage should  be th a t  for w hich  the 

pool level is about at the  top of the  barrel; conditions of incom plete and  

com plete inlet subm ergence are thus held  in reserve for such factor of safety 
as they  can offer.

C u l v e r t s  w i t h  B a r r e l s  o f  S t e e p  S l o p e  

Flow w ith  In let U nsubm erged

So long as b o th  inlet and  ou tle t of a culvert barrel on  a steep slope re ­

m ain  unsubm erged, the  control section will lie a t  the  upstream  end  an d  the  

flow over the en tire  leng th  will be supercritical. In  accordance w ith  the 

critical-flow rela tionsh ip  given under elem entary  principles, th e  dep th  just 

w ith in  th e  inlet can be taken as tw o-th irds the dep th  of the  upstream  pool 

and  the  corresponding velocity head  as half  the  critical depth . T h e  ra te  of 

discharge will th e n  depend upon  these two values in  com bination  w ith  the  

effective w id th  of the flow section, and  the  factor K  in Eq. (18) is de te r ­

m ined accordingly.

If the in let is sharp-edged, the  flow section just w ith in  the  barrel can be 

taken  as about 20%  less th a n  the  barrel w id th  because of separation  and  

lateral contraction. If the  in le t is well rounded, th e  critical-flow section 

will have the  full w id th  of the  barrel. T o  extend this line of reasoning, it 

w ould seem possible to increase the  ra te  of flow by fu rthe r  w idening the 

inlet. T h is  is in fact perfectly feasible, provided only th a t  the  rem ainder of 

the barrel can carry th e  increased flow. In  o ther words, w hereas the  control 

section of a uniform  barrel w ould  lie a t the  inlet, th a t  of a convergent barrel 

m ight lie a t any  in term ediate  section, depending upon  ra te  of taper, length, 

slope, roughness, and  in let head. As a simple check on  its location, the  

varia tion  in depth  can be approxim ated by ignoring resistance an d  solving 

the  open-channel form of the one-dim ensional energy equation  (m uch  as 

was done in determ ining th e  specific-head d iagram  of Fig. 11). T h e  influ ­

ence of boundary  resistance w ould  be to accentuate som ew hat th e  effect of 

the  convergence, the extent of w hich  could be ascertained by giving the  line 

of to tal head  a reasonable slope ra th e r  th a n  assum ing it horizontal.

Since gravitational action predom inates in the  neighborhood of an  u p ­

stream  control, model studies can th e n  be expected to sim ulate  prototype 

perform ance w ith  good approxim ation. Barrels of 4-inch, 6-inch, an d  12- 

inch section an d  lengths from 10b to 40b thus gave identical perform ance 

curves, as show n in  Fig. 17. Identical results w ere also ob ta ined  regardless 

of w h e th e r  the  bottom  slope was continuous or displayed a break in  grade 

a t th e  inlet. O n  the  o ther hand , the  difference betw een sharp-edged  and  

rounded  inlet is seen to be appreciable.
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Flow w ith  Partially Effective In le t Submergence

Sharp-edged inlets only slightly subm erged are also readily  studied  at 

model scale, since— as for those on m ild slope— the in let functions like a 
gate, and  the  steep slope now  m ain ta ins  th e  flow in its supercritical state 

un til th e  ou tle t— or th e  backw ater from th e  ou tle t pool— is reached. As a 

m atte r  of fact, the  on ly  w ay to m ake a culvert w ith  a steep barre l a n d  a 

sharp-edged in le t flow full is by raising the  level of the  ou tle t pool suffi­

ciently far to shift the  control from the upstream  to the  dow nstream  end. 

However, th e  perform ance is then  still poor com pared to th a t  for o ther  co n ­

ditions of flow.

R ounded  inlets only slightly subm erged represent those for w h ich  the  

perform ance is least susceptible to model sim ulation, since the ir  effect upon  

th e  discharge varies no t only  w ith  th e  scale b u t w ith  m an y  extraneous fac­

tors. Basically, the  flow tends to follow th e  sam e type of S2 curve as in  the  

foregoing case. However, the  initia l cause of separation  has been elim i­

nated , an d  the  separation po in t hence moves dow nstream  along th e  top  of 

the  condu it an  indeterm inate  distance. A surface irregu larity  like an  expan ­

sion jo in t m igh t be th e  factor th a t  controls its location, or th e  degree of 

tu rbu lence of th e  incom ing flow. In  the  model it can  be shifted e ither  u p ­

stream  or dow nstream  by the  application of either grease or a w etting  

agent, respectively, to th e  barrel surface. For any  given culvert, moreover, 

it will vary  w ith  th e  ra te  of flow.
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Even assum ing th a t  a culvert is so constructed as to begin flowing full a t 

relatively small in let subm ergence, th e  ra te  of flow w ill th e n  increase be ­

cause of th e  increase in effective head, th e  upstream  pool level will drop, 

partial ven tila tion  will occur, and  th e  cycle will begin again. Increased 

subm ergence m ay  eventually  prevent a fall in  pool level below  th e  top  of 

the inlet, b u t then  the  vortex th a t  invariab ly  forms in such regions will 

p robably  grow to th e  extent th a t  it introduces air  a t an  appreciable rate. 

In  any  event this will reduce the  ra te  of flow because of th e  reduction  in 

flow section. However, if th e  barrel flows full only  by virtue of capillary 

or sim ilar effects, th e  vortex will very likely cause in te rm itten t separation 

a n d  ventilation. In  the  la tte r  event, the discharge function  will d isplay a 

severe d iscontinuity  (Fig. 18), and  its m ean  form  and  tem poral deviation 

therefrom  will be impossible to predict.
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F ig .  18. P e r f o r m a n c e  C u r v e s  o f  B o x  C u l v e r t s  o n  S t e e p  S l o p e s  u n d e r  

V a r i o u s  C o n d i t i o n s  o f  F l o w .

V arious m ethods have been devised to prevent such a vortex from  fo rm ­

ing— or a t least from developing an  air-filled core. Sometimes rafts are 

floated a t the  w ate r surface over the  in let to inh ib it ventilation , b u t  this 

w ould  no t be a very realistic solution in  the  case of a culvert. Splitter walls 

w ould  serve to prevent the  circulation  from  beginning  or becoming very
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intense, b u t  these are always debris collectors. U se of a ree n tra n t pipe 

sim ply cu t off a t  45°, as in Fig. 19, has proved effective, a lthough  it is su b ­

ject to considerable capillary bias a t small scale Extension of th e  top of the  

barrel to m eet a vertical ra th e r  th a n  backw ard-sloping headw all is p refer­

able. Still better is the com bination of a  vertical headw all w ith  a la tera l 

en largem ent of the in le t to perhaps twice the  w id th  of the  barre l (Fig. 2 0 ) , 

so th a t  the  velocity of flow in the  in le t vicinity will n o t  be sufficiently great 

to produce m ore th a n  desultory circulation an d  vortex form ation. Such an

Fig. 20. P l a n  a n d  E l e v a t i o n  o f  L a t e r a l l y  C o n v e r g e n t  I n l e t .
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inlet form could well be designed to  satisfy th e  requirem ents of b o th  free 

inflow a t  critical dep th  an d  initia l in le t submergence.

Flow w ith  Fully  Effective In le t Submergence

Full flow of a culvert barrel w ith  steep slope is m uch  m ore im portan t 

th a n  th a t  of a barrel w ith  m ild  slope for two reasons: first, for a m ild  slope 

the  control section is usually  already a t th e  dow nstream  end; second, for a 

steep slope th e  difference in  elevation betw een in le t an d  ou tle t is appreci­

ably greater. In  o ther  words, w h en  a steep barrel begins to flow full, the re  

is no t only  a change in the  discharge function from Eq. (18) to Eq. (19) 

b u t also a com paratively great initia l increase in  the  discharge itself. T h is  

is evidenced in the discharge-head diagram  of Fig. 18 by a curve th a t  a b ­

rup tly  becomes very steep an d  then  gradually  flattens out. N o te  shou ld  be 

m ade of the  fact th a t  it is th e  steep portion  of w h ich  particu la r  advantage 

m ust be taken, because th e  subsequent varia tion  of the  discharge w ith  th e  

square root of the head, as in all closed-conduit flow, requires a n  ever- 

increasing change in head  to produce a given change in  discharge.

As has already been emphasized, the  head  a t  w h ich  such  a culvert will 

continuously  flow full depends upon  so m a n y  factors as to be ra th e r  u n p re ­

dictable. P robably  the  only  certain  criterion for full flow is th e  com bination  

of a rounded  in let w ith  such conditions beyond it th a t  th e  com puted no rm al 

dep th  is equal to  a t least 90%  of the  barrel height. T h e  free-surface p a r t  of 

th e  flow w ould  then  tend  to follow an  S2 curve, w h ich  is everyw here above 

its asym ptotic lim it of uniform ity. Since th e  ac tua l w ate r  surface is seldom 

smooth, waves touching the  top slab of the  barre l serve to m a in ta in  full 

flow from th e  in let on, even tho u g h  th e  barre l h e igh t is ac tually  greater 

th a n  th e  norm al depth. A lthough  model studies produced full flow below 

this stage by m eans of w etting  agents, a t  and  above this stage th e  use of an  

an ti-w e tting  agent w ould  no  longer result in  ven tila tion . T h e  fact should  

be emphasized, however, th a t  these rem arks apply only  to w ell-rounded , 

separation-free inlets.

C u lvert barrels on steep slopes can also be m ade to  flow full, of course, 

by  subm erging the  outlet to a sufficient depth. T h e  sam e discharge diagram  

(Fig. 17) can still be used for such conditions if it is recalled th a t  th e  sum  

h  +  A h  represents the  differential betw een head w ate r  and  ta ilw ater  pools 

(i.e., th e  vertex of th e  parabola lies the  distance - A h  from  th e  o rig in ) .  A 

curve of this n a tu re  is show n as a  b roken line in  Fig. 18. Lest th e  reader 

assume th a t  th e  asym ptotic approach  to the  o ther  curve indicates com par­

able perform ance, it m ust be rem arked  th a t  the  degree of subm ergence of a 

steep-barre l ou tle t necessary to provide full flow m ust usually  be so great as 

to restrict th e  differential head  to a small fraction of th a t  for free outflow. 

For conditions of ou tle t subm ergence the re  is evidently  little difference in 

perform ance between barrels of m ild and  steep slope.
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C u l v e r t s  w i t h  B a r r e l s  o f  D i s c o n t i n u o u s  S l o p e  

Design Characteristics

At least two disadvantages of culverts w ith  un ifo rm  barrels on  e ither  m ild 

or steep slopes should  be appa ren t from th e  foregoing discussion. If th e  

barrel is on  a m ild slope, the  full differential head  betw een h eadw ate r  and  

ta ilw ater  pools is seldom utilized; an d  even if it is on  a steep slope, ad v a n ­

tage can be taken  of the  available differential head  only  after th e re  is suffi­

cient in let subm ergence to m ake th e  barrel flow full.
T w o possible remedies suggest themselves. O n e  w ould  be to ta p e r  the 

barrel over its en tire  leng th  and  place it on  a steep slope. T ap e rin g  (co n ­

vergent in  the  dow nstream  direction) w ould  yield a large enough  in le t to 

produce critical inflow at low in let heads an d  freedom from serious vortex 

form ation  a t m oderate to  h igh  heads. T h e  com pensating effects of taper 

an d  slope w ould  perm it optim um  utilization  of th e  differential head. A 

som ew hat different solution is found  in  th e  d rop-in le t type of structu re : a 

short vertical shaft a t th e  bottom  of th e  upstream  channel connecting  w ith  

a horizontal barrel a t  the  level of the  ou tle t channel. T h is  w ould  likewise 

prom ote critical inflow— very likely to  a considerably h igher in le t head—  

and  th e  ab ru p t drop w ould  have m uch  the  same effect as th e  steep slope. 

However, the  tapered  barrel w ould  be less economical of construction  th a n  

th e  uniform  type, and  th e  in let a t g round  level w ould  in  addition  a t trac t the  

accum ulation  of debris.

A type of culvert th a t  seems to com bine the  advantages of all discussed, 

and  a t th e  same time to elim inate m any  of th e ir  disadvantages, is th e  fo l­

lowing. As indicated  in  Fig. 21, the  inlet proper is placed in  th e  face of a

Square cross section  
from  B dow nstream

F ig .  2 1 .  E l e v a t i o n  D e t a il s  o f  I n l e t  t o  B r o k e n - B a c k  T y p e  o f  C u l v e r t .
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slab or r ip rap  hav ing  the  same slope as th e  em bankm ent. T h e  opening  is 

flared la tera lly  to perhaps twice th e  w id th  of th e  subsequent barrel. A con ­

vergent passage leads dow nw ard  a t an  angle of about 30° to th e  horizontal, 

connecting— at a level several barrel heights below the  inlet— w ith  the  u n i ­

form part of the  barrel, w hich  can be set on  a m ild or even zero slope. T h e  

junc tu re  betw een the  two parts  of the  barrel should  be rounded  (o r  broken 

in profile in to  a series of chords) both  top and  bottom  on a radius of the 

same order as the  barrel height. I t  is desirable th a t  the  ju nc tu re  between 

the  sloping face of the  em bankm en t and  th e  top slab of the  in le t passage be 

rounded  as show n on a radius of about 0.2 h, an d  th a t  the  inclined edges be 

rounded  or cham fered; however, these features are n o t m andatory .

Characteristics of Operation

O pera tion  of such a culvert w ith  discontinuous barrel slope— sometimes 

called the  broken-back type— can be discussed effectively in  term s of th e  

same three stages as those w ith  continuous and  uniform  barrels: u n su b ­

m erged inlet, partia lly  effective in let submergence, and  fully effective inlet 

subm ergence. However, th e  d ischarge-head rela tionsh ip  now  displays a 

smooth, ra th e r  th a n  unpred ic tab ly  discontinuous, transition  from  each  stage 

to the  next. T h e  ra te  of flow, moreover, can  be sim ply com puted w ith  ac ­

ceptable approxim ation.

So long as the  in let is unsubm erged, the flow will pass th ro u g h  th e  criti­

cal stage at the  inlet brink. If the side edges are no t rounded  or chamfered, 

some allow ance m ay  be m ade for la tera l contraction  of th e  inflow, b u t this 

is actually  an  unnecessary refinem ent because of the  in itia l w idening  of the  

opening. In  fact, as the head  increases, inflow over the  sides m ore th a n  

com pensates for the  reduction in  w id th  due to separation . Even th o u g h  the  

subsequent 2:1 reduction in the  w id th  of th e  convergent passage in itself 

tends to obstruct the flow, the  accom panying 30° dow nw ard  slope com ­

pletely  offsets this. In  addition, the  obstruction  resu lting  from th e  break in 

grade at the junctu re  w ith  the  un iform  barrel— already reduced in  com pari­

son w ith  the  90° d rop-in le t type of structure— is fu rth e r  m inim ized by 

rounding. As a result, the  control rem ains a t th e  in let section and  th e  d is­

charge follows Eq. (18) so long as both  inlet and  ou tlet are unsubm erged.

Partia l subm ergence of the  in let begins as the  level of the  pool rises above 

the  top of the  opening. L ittle change th e n  occurs in th e  discharge function, 

however, for inflow simply takes place over all edges of th e  opening, w ith  a 

residual zone of ventila tion  som ew hat above center. T h e  influx of a ir  w ith  

the w ate r  does n o t d isturb the flow, since the  control is still in  the  vicinity 

of the inlet. In  fact, the com bination  of convergence, initia l steepness, and  

break in grade is such as to effect a g radual shift in  control section from  the  

in let tow ard  th e  break  as the head  increases, even tho u g h  continued— or 

even irregular— ventila tion  occurs. M easurem ents on scale models (see Fig.
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22) indicate th a t  the  discharge-head curve, w hile  no t so sim ply com putable 

as th a t  for th e  initial stage, still follows th e  rela tionship  Q  oc /i3/ 2.

Because of the  m ild  slope of the  un iform  barrel, th e  transition  to full- 

barrel flow occurs w ithou t ab rup t effect upon  the  ra te  of flow; in  o the r  

words, the  slope and  resistance of the  barrel are self-com pensating, so th a t  

the  discharge is ne ither  augm ented n o r  re ta rded  as the  barrel fills. O nce 

full-flow conditions are realized, the culvert behaves like any  o ther  closed 

conduit (see Fig. 22) and  the discharge is as readily  com putable th rough  

Eq. (1 9 ). It is hence in  the  first two stages th a t  the  advantages of the  

broken-back  type of culvert are to be found. Like o ther culverts, its b ehav ­

ior w ith  bo th  in let an d  ou tlet subm erged can be included on the  same dis­

charge d iagram  w ith  h  +  A h  representing the  differential h ea d  between 

inlet and  ou tlet pools; such a curve is show n in the  figure as a b roken line.

C o n c l u s i o n

In  the foregoing pages considerable use has been m ade of th e  elem entary
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principles of orifice, weir, pipe, an d  channel flow to clarify th e  various 

aspects of culvert hydraulics. Perform ance curves for th e  p rim ary  culvert 

forms an d  flow conditions have been exam ined in basic detail. C erta in  

practices in  design h av e  been  show n to be of dubious value and  others have 

been suggested in  the ir  place. L aborato ry  m easurem ents h av e  been p re ­

sented in illustration  of th e  sta tem ents m ade, b u t th e  fact h as  been  stressed 

th a t  model studies can  sometimes m islead if n o t properly  in terpreted . For 

purposes of em phasis, the  m ajo r points th a t  have been m ade are sum m arized 

in th e  concluding rem arks th a t  follow.

Orifice flow a n d  w eir flow differ p rim arily  in  th e  exponent of th e  dis- 

charge-head  relationship. T h e  discharge ra te  for orifice flow varies— like 

the  velocity itself— w ith  only the one-half  pow er of the  head, because the 

cross section rem ains constant. T h e  discharge ra te  for w eir flow, however, 

varies w ith  th e  three-halves pow er of th e  head, because th e  h ea d  controls 

b o th  th e  velocity and  th e  size of cross section. Orifice flow is th u s  on e  of 

d im in ish ing  returns, for th e  ratio  d Q /d h  (i.e., the  change in discharge for a 

given change in  h ead ) decreases as h increases; just th e  opposite is tru e  of 

w eir flow, and  hence a culvert w ith  th e  attribu tes of a w eir is— safety-wise 

— preferable to  one w ith  those of an  orifice.

W h e th e r  a culvert behaves like an  orifice or a pipe, on  the  one h and , or 

like a w eir o r open channel, on the  o ther, depends on a com bination  of fac­

tors such as relative length, roughness, slope, in le t form, a n d  degrees of 

in le t an d  ou tle t submergence. Barrels on  m ild  slopes generally  hav e  little 

to recom m end them ; suffice it to say th a t  th e  in le t shape is th e n  im portan t 

only  if th e  barrel is relatively short, an d  the  surface roughness only if the  

barrel is relatively long. Barrels on  steep slopes hav e  definite advantages, 

b u t  also definite drawbacks. W h e n  the ir  inlets are  unsubm erged, th e  con ­

tro l is necessarily a t the  upstream  end— i.e., they  function  like weirs. W h e n  

the ir  inlets are  sufficiently subm erged, moreover, th e  full effect of th e  drop 

in  level from inlet to ou tlet comes in to  play; a l th o u g h  th e  discharge th e n  

varies only  w ith  th e  square root of the  head, the  initia lly  rap id  increase in 

effective head  represents a n e t  gain of appreciable m agnitude. Flowever, the  

po in t a t w hich  the  in let subm ergence becomes sufficient to produce this 

condition  depends upon  so m a n y  factors as to be generally  indeterm inate , 

even from  model tests. In  fact, in m a n y  instances the  stage of partia l in let 

subm ergence m ay be one of m arked  instability , th e  flow a lterna te ly  filling 

the  barrel and  then  separating  and  ventilating . For this reason it is p res­

en tly  considered unwise to design a culvert for flow w ith  subm erged inlet; 

ra ther, the  possibility of increased effectiveness a t h ig h e r  in le t heads is re ­

garded  sim ply as an  additional safety factor.

U se  of a la tera lly  convergent inlet, toge ther w ith  a break in  the  vertical 

a lignm ent of the  barrel, tends to em phasize th e  w eir-type perform ance of a
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culvert w hen  the  in le t is unsubm erged, to elim inate the  uncerta in ty  of the  

interm ediate  range, an d  yet to sacrifice none of the u ltim a te  full-flow capac­

ity. For purposes of com parison, curves for th e  so-called “ s ta n d a rd ” type  of 

culvert w ith  vertical headw all, sharp-edged inlet, and  barrel on  a m ild slope 

( taken  from Fig. 16), for th e  steep barrel w ith  rounded  in le t (from  Fig. 

18), an d  for th e  broken-back  type (from  Fig. 22) a re  superposed in  Fig. 23.

h_
b

F ig .  2 3 .  C o m p a r i s o n  o f  P e r f o r m a n c e  C u r v e s  f o r  C u l v e r t s  w i t h  B ar r e l s  

o f  M il d , St e e p , a n d  D i s c o n t i n u o u s  S l o p e s .

T h e  relative advantages of th e  discontinuous barre l w ith  convergent in let 

are evident. N o t on ly  is its capacity a t  least twice th a t  of th e  s tan d ard  type 

w ith  in let unsubm erged, b u t its transition  from unsubm erged  to subm erged 

operation  is sm ooth  an d  predictable. P roblem s of in te rm itten t ven tila tion  

are thus elim inated.

Brief m ention  has been m ade of th e  custom  of repeating  th e  in le t shape 

at th e  outlet. H ydrau lically  this is of no  use w hatever, an d  it is doubtful 

w h e th e r  m ore th a n  a very  gentle  ou tlet flare w ould  effectively reduce th e
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erosive effect of the  outflow. N o th ing  has been said abou t th e  protection of 

the ou tlet against dam age due to scour, in  pa rt because this p roblem  is as 

m uch  structu ra l as hydraulic, and  in pa rt  because of th e  m a n y  factors 

(channel alignm ent, shape, m aterial, grade, and  degree of ou tle t subm er­

gence) th a t  are actually  involved. If the structure  is a large and  im portan t 

one, surely model studies of erosion control will be w arran ted . If it is small, 

p robably  the  best safeguard is the  protection of areas adjacent to th e  s truc ­

tu re  w ith  rubblew ork, or a t least w ith  rip rap  th a t  is coarse enough n o t to be 

dislodged by th e  flow. T o  be no ted  is the  fact th a t  it is n o t only the  m ain  

stream th a t  causes erosion dam age, bu t also the  secondary currents rep re ­

sented by the  rollers o r eddies w hich  th e  p rim ary  flow m ain ta ins  in m otion.
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SYMBOLS

A cross sectional area, ft2
a correction factor for non uniform velocity distribution
b height or width of square culvert, ft
y  specific weight, lb /ft3 
C Chezy discharge coefficient 
Cc contraction coefficient 
Cd discharge coefficient 
Cj inlet loss coefficient 
C„ outlet loss coefficient
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diameter of orifice, ft 
critical depth, ft 
diameter of circular pipe, ft 
pipe resistance coefficient 
Froude number 
acceleration of gravity, ft/sec2 
piezometric head p/y +  z, ft 
differential head, ft
difference in level of invert at entrance and effective tailwater level
total head, p/y +  z +  V 2/2g, ft
lost head, ft
proportionality factor
length of weir crest, ft
a characteristic length
length of barrel, ft
Manning roughness factor
kinematic viscosity, ft2/sec
pressure intensity, lb /ft2
wetted perimeter, ft
ratio: circumference of circle to diameter
discharge rate, ft3/sec
hydraulic radius, A /P
mass density, slugs/ft3
Reynolds number
surface tension, lb/ft
slope
velocity at a point, ft/sec 
mean velocity at section, ft/sec 
critical velocity, ft/sec 
width of free surface, ft 
Weber number 
depth at centerline, ft 
elevation, ft
elevation of channel bed
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