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PREAUBLE

Hydraul ics Research Ltd.  are carry ing out  a  ser ies of

invest igat ions of  the per f r : rmance of  r iver  s t r r - rc tures.

This  research is  sponsored by the Min i$t r5r  61

Agr icu l ture F isher ies and Food (MAFF).  One of  these

invest igat ions concerns the per formance of  cu lver ts .

The stimulus for this investigation was the apparent

lack of information on the roughness values to be used

for  modern sect ional  pre-cast  concrete cu l -ver ts ,  The

prel- iminary stage to the investig.ation was a l i terature

search and colleetir>n of prototype evidence.

The l i terature search showed that there was an immense

body of work on the subject of eulverts but that mueh

of i-t  was fragmented- The available information on

culverts is therefore being collected. together in an

attempt to relate the varior:.s threads of research a.nd

ascertaj-n whether other questions arise on the

performance of culverts than the one originally posed.

This interim report review.s the general analysis of

cu lver ts  and some of  the research in to cu lver t  ent r ies.

A bi-bl iography is also included of reseach sources not

ye t  rev iewed .





1 .  I N T R O D U C T I O N

t lu lver ts  can be  descr ibed in  genera l  te rms as

re la t i ve ly  shor t  p ipes  r : . sed  to  pass  f lood  p l .a in  f lows

or  open water  courses  th rough obs t ruc t ions  such as  a

road or rai l  embankment.  Flow through a culvert  may be

free .surfaee or ful l  p i t re f low or may change from one

t i :  the , : ther v,r i th in the discharge ran€"e.

lhe type of f lo l+ depends on a number of factars

the  headwater  and ta i lwater  leve ls ,  the  length ,  the

slope, the roughness and the inlet  g;eometry.

Consequent ly ,  the  f low charaeter is t i -cs  can be  very

complex-  In  some cases ,  the  cu lver t  capac i ty  can be

ea leu la ted  accura te ly i  in  o thers ,  labora tory

invest igat ions may be necessary to determine the

stage,/discharge character ist ics .



TYPES OF CUTVERT FLOW

Besearch in t r :  cu lver t  f low has ident i f ied .s ix  pr inc ipa l

types , r f  f lor^r .  These are i l lust rated in  F ie 1.  The f low

types  a re  i den t i f i ed  by  the  fo l l ow ing  desc r ip t i ons .

Type 1 :  The in le t  i s  no t  submerged.  bed s lope is  s teep

enough to maint.ai-n sr.rpercr i t ical  f low throughout the

.:ulvert  length and tai- lwater j -s not hieh enough to

submerge the  ou t le t -  The cont ro l  sec t ion  is  then a t  the

in le t  o r  jus t  ins ide  the  in le t  where  c r i t i ca l  depth

occ t r . rs ,  assuming tha t  the  approach f lo t r  i s  subcr i t i ca l

( the  usua l  case) .  Equat ing  energy ,  leve ls  a t  the  cont ro l

sec t ion  and a  sec t i -on  in  the  approach,  a l low ing  fo r

head Losses  a t  the  cu lver t  en t ry ,  w i l l  g ive  the

headwater level.  This may be above the culvert  entry

soff i t  but research has .shown that with a corrvent ional

entry geometry,  the water .surface wi l l  nr: t  touch the

sof f i t  fo r  headwater  leve ls  up  to  L ,2  t imes the  he igh t

o f  the  cu lver t  en t ry  o r ,  in  some cases ,  up  to  1 .5  t imes

the  he igh t  o f  the  cu lver t  en t ry .

Type 2 :  For  th is  type  o f .  f1ow.  the  ta i lwater  leve l  a t

the  cu lver t  o r - r t le t  i s  be low the  c r i t i ca l  depth  l ine  bu t

the bed .slope i .s not c ireat enor;gh 1l :  sr: .stain cr i t ical

f low down the culvert  and the water sr:r faee is

there fore  above the  c r i t i ca l  depth  l ine .  The cont ro l

.sec t ion  is  there fore  a t  the  cu l . re r t  ou t le t  a t  the  po in t

o f  c r i t i ca l  depth .  Un l ike  Type 1 .  the  roughness  o f  the

culvert  becomes a. factor in deterrnining the headwater



l eveL t , :  d ischarge re la t ionsh ip

T y p e  3 :  T h i s  i s  a

t .a i lwater  i s  above

cont ro l  sec t ion  is

s imi lar  condi t ion to  Type 2 but  the

t i re  cr i t ica l  depth l ine and the

downstream of  the cu lver t  out le t .

T y p e  4 :  B o t h  i n l e t  a n d

cu1r , 'e r t  runs  fu l1 .  The

re la t ions i r ip  i s  con t ro l

,rut let  are submerged and t i re

headwater  t , :  d ischarge

1 e d  b y  t h e  t a i l w a t e r  1 e v e l .

Type 5 :  In  th is  tyFe t - f  f ] * r+  the  inLet  i s  submerged

wi r i l -e  ta i lwater  i s  be low the  c rown a f  the  ou t le t -  The

control  sect ion is at the inlet  where the f low pattern

is sj-mi lar to that dosrnstream of a sluiee gate and the

discharge is determi-ned by the upstream head 1evel

above the culvert  inLet and the area of the contracted

f low.  Whether  th is  f low cond i t ion  w i l }  pers is t  depends

on the slope, len€:th and roug,hness of the culvert .  As

the f low is retarded by the roughness i t  wi l l  expand at

a  ra te  i -n f luenced by  the  s1ope.  I f  the  water  sur face

touches the crorn of the culvert  before the out let  then

the  f low w i l l  ex t rac t  the  a i r  ups t ream o f  the  sea l  and

t h e  p i p e  w i l l  r u n  f u l l .

Type 6 :  Th is  type  o f  f low is  the  a l te rna t ive  to  Type 5 :

the  in le t  i s  submerg :ed  and the  ta i l rea ter  i s  be low the

croern  o f  the  ou t le t  bu t  t i re  p ipe  runs  fu l1 .  In  th is

condi- t ion the ,rperat ing: head is the height f rom the

headr,rater level to the tai l  of  the culvert  and the



d ischarge is  h igher  than fo r  Type 5  f low

Al thoueh th is  l i s t  cover .s  the  pr inc ipa l  t ypes  o f  f lo ra .

i t  i . s  no t  exhaust ive-  For  example ,  j - f  the  cu lver t  i s

steep and the taih.rater level hieh the i -nlet  may be

r rnsubmerged wh i le  the  lower  end o f  the  cu lver t  runs

{ r - r l l  o r .  a  var ia t ion  o f  Type 6  f lo r^ r .  the  water  sur face

may fal l  belor"r  the crown at a point upstream of the

out le t -  Fur ther  var ia t ions  occur  i f  the  cu lver t  has  a

break  in  s lope mj -dway a long i t s  leng th .



3.  CATCUTATION OF CULVERT FLOW

Fr : r  T I 'pe  I  f low.  c r i t i c .a l  depth  a t  the  en t ry  i s  a .s .sumed

a n d  t h e r e f a r e  m i n j - m u m  s p e c i f i c  e n e r g y .  A t  t h i s  p o i n t :

z 3
+t /s - A /A

where Q = dj- . :charge

g -  acce le ra t ion  due to  g r .av i tv

A  =  c r o s s - s e c t i o n a l  a r e a  o f  f l o w  a t  c r i t i c a l -

dePth

$ =  water  sur face  w id th  .a t  c r i t i ca l  depth

To relate the headwater level to discharg:e an energ:y

bal-ance is carr ied out between the entry of the culvert

and a sect ion in the approach:

2 Z
d " * Y . / 2 9 =  h + Y / 2 e  - h + - h .  { 2

where  d"=  c r i t i ca l  dePth

V.  =  c r i t i ca l  ve loc i ty

h -  upstream water surface level above culvert

invert

V - vel-oci ty in appro.ach sect ion

h.  =  f r i c t ion  head be tween approaeh sec t ion  and
f

entry

h- -  head loss .at  entrye.

These two equat rons  are  so l -ved by  success ive

approx imat ions .  Fr j -c t ion  head w i l l  normal ly  be  smal - l

and not easy to caleulate in this condi- t ion of rapidly

varying f  lovr and is therefore commonly i imit ted. In al l

T 1



c u l v e r t  c a l c u l a t i o n s

l o s s  c a n  b e  d i f f i c u l t

the  de terminat ion  o f  the  en t ry

.  T h i s  i s  r e f e r r e d  t o  l a t e r -

When Type 2  f low cceurs .  Equat j -on  1  s t i l l  app l ies  bu t

the  f r i c t ion  loss  a long the  cu lver t  has  to  be  lnc luded

in  Equa. t ion  2 .

In  e f fec t .  a  backwater  ca lcu la t ion  has  to  be  car r i -ed

out  a long the  c r : l ver t  f rom the  es t imated  c r i t i ca l  depth

aL the  ou t le t  to  es tab l i sh  the  depth  a t  the  cu lver t

in le t  and repeated  un t i l  the  eqr . ra t ions  are  sa t is f ied .

This is an extremely tedious proce.ss to carr l '  out by

hand br: t  is relat ively sirnple with the aid of a

mic rocomputer  o r  p roe f rammable  ca lcu la to r -  A  s imp l i f ied

m 6 t h o d  u s i n g  g r a p h i c a l  a i d s  i s  g i v e n  b y  C a r t e r  ( R e f . 2 ) .

Computat ion of Type 3 f low fol lows the same process as

that for Type 2 f low except that the est imated

d ischarge/ ta i lwater  leve l  re la t ionsh ip  in  the  la t te r  i s

de termined by  the  c r i t i ca l  f low cond i t ion  wh i le  in  the

former i t  is by a backwater calcul .at ion from a control

sec t ion  in  the  t .a i lwater  channe l .

For  Type 4  f low,  ca lcu la t ion  o f  the  headwater

leve l /d ischarge re la t i -onsh ip  i s  a  s t ra igh t fo rward

solut ion of the energy eguat ion between the headwater

a n d  t a i l w a t e r  s e c t i o n s .  I n  t h i s  c a s e .  h e a d  l o s s  d u e  t o

f r i c t ion  poses  no  prob lems s ince  the  c ross-sec t iona l

.area .and hydrarr l ic mean depth are constant-



I f  Type 5  f  low occurs .  ca lcu la t ion  c - r f  the  headwater

Ieve l  /d ischarge re l .a t ionsh ip  i s  apparent ly  a  s ing le

.s tep  app j - i ca t ion  o f  an  r : r i f i ce  equat lon .  However ,

occurence o f  th is  type  o f  f low depends Lrpon a  number  o f

fac to rs  tha t  a re  d i f f i cu l t  to  eva lua te .  Length .  s lope

and roughne.ss al l  play a part  and the inlet  geometry is

a  p . a r t i c u l a r l ' '  i n f l u e n t i a l  f a c t o r .  C a r t e r  ( R e f  . 2 )  h a s

prepared char ts  wh ich  ma) '  be  used to  d is t ingu ish

roughty between Type 5 and Type 6 f low for concrete or

corrugated metal-  culverts with str ict ly def ined entry

geometry.  The chart  for eonerete pipes is reproduced in

F ie  2 -

Fihen Type 5 f lor.r  is ident i f ied, the discharge is

calculated from the standard or i f i -ce equat ion:

Q=CA6e j t -

where C = Coeff ic ient of  diseharete

A -  Cross  sec t iona l  a rea  o f  in le t

g -  accelerat icn due to gravi ty

[  = upstream head

Discharge calculat ions for Type 6 f low are carr ied out

.as for Type 4 f low except that tai lwater level is t .aken

.3.s the crown of the out let  on the assr:mption that

c r i t i ca l  depth  is  a t  o r  c lose  to  the  c rown-  Th is  ma) .

no t  be  the  case.  however :  the  p ipe  may s t i l l  run  fu l l

even though the cr i t ical  depth is measurably below the

crown-  In  th is  s i tua t ion .  ta i - lwater  leve l  above the

{ 3



i nver t  can  be  approx imated as  ha l f  the  s r rm o f  c r i t i ca l

r lep th  and cu lver t  he igh t .



4.  ENTRY LOSSES AT CULVERTS

Ent ry  geomet ry  can have a  dramat ic  e f fec t  on  the

per fo rmance o f  .a  cu lver t :  a  more  e f f i c ien t  en t ry  des ign

may a l low the  use  r : f  a  cu lver t  o f  smal le r  a rea  w i th

s ign i f  i can t  co .s t  sav ings  -  Each des ign  o f  en t ry  must

however be laboratory or f ie ld te.sted to conf irrn i - ts

pxr fo rmanc* -  S ince  there  are  lnnumerab le  permuta t ions

* f  r les ign  fea tures  and becau.se  tes ts  a re  o f ten  car r ied

sut  fo r  a  spee i f i c  app l i ca t ion  1 t  i s  ex t remely

d i f f ie r : l t  to  genera l i se  on  the  sub jec t  o f  en t ry  losses-

Entry loss eoeff ic ients are commonly expressed in

two ways .  as  a  f rac t ion  o f  the  re fe rence ve loc i ty  head

(say  K)  o r  as  a  coef f i c ien t  o f  d ischar€ le  C app l ied  to

the energy equat ion in the form:

c, ) . -CxAreax. lm

The relation between the two forms i-s:

2
f { =L /C -1

For  the  s imp le  case o f  a  c l rcu la r  p ipe  se t  f lush  in to  a

ver t i ca l  wa l l  the  en t ry  loss  coef f i c ien t  w i l l  range

f r o m  0 . 1 5  w h e n  t h e  p i p e  i s  r u n n i n e i  h a l f  f u l l  t o  0 . 5

when on the point of  submereier lce. These values wi l l

ta l l  to hal- f  or less i - f  the entry i . :  rounded to a

radius of between 10 and i-5 percent of the entry

d iameter  -

The coeff j -c ient of  discharge for the equat ion for

{ 4

( q



T y p e  5  f l - o w  w i l l  v a r y  f r o m  0 . 4 5  t o  0  -  6  a s  h e a d  r i s e s  i f

the  head is  measured f rom the  inver t -  However .  fo r

relat ivel l '  l r :w heads i t  is Freferable to mea..sure the

head to  the  cent re  o f  the  or i f i ce  when the  coef f ie ien t

w i l l  remaj -n  v i r tua l l y  cons tan t  a t  0 .6  when the  en t ry

has  a  square  edge.  Ror :nd ing  the  edges o f  the  en t ry  w i l l

ra i -se  th i -s  va lue  to  0 .  ?5 .

More  de ta i led  in fo rmat ion  on  en t ry  losses  and

f r i c t ion  coef f i c ien t .s  can be  fo r :nd  in  re fe renees 1  to

B .



5. FIBLD DATA

Initial enqui-ries to l{ater Authorities on the subJect

of cu]-vert studies elicited a posi-tive response from

Yorkshire flater Authority wlro had set up a nater ]-evel

monitori.ng system on Batley Beck iu Dewsbury- This Beck

runs tbrougtr a heavily built-rirp area and llasses through

numertrus culverts, particularly under roads-

An ini-tial inspection of the culverts nas made a-nd a

loeation plan is shonn in Fig- 3- Photographs of all

culverts nithin a selected reach. are strosn i-n Plates 1

to 3O.

Not all. the cu1verts are suitabl-e for investigation- A

number nilI be selected and studied more fu1ly on the

basls of prototype data on head losses and. fl.ows -

A certain amount of water leve1 data bas alreadsr been

acquired and further data is awai-ted-

6 - LABORATORY TESTS

A laboratory i.avesti-gati-on speci-fically almed at

determining losses at culvert barrel steps and

di-scontinuities i-s at the planni.ng stage for

construction during 1989-
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