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ABSTRACT

It nag evldent from Water Authorlties Ln BrLtaln that there is a large
nr:mber of bridges whlch, because of theLr atructural deslgn' cauae
eubetantlal obstructLons to flow, thereby ralsing upatream rlver levela.

Often these br ldges are of medieval arch desl.gn Protected by preservat ion
rulings. Present day fornulae on brldge hydraullcs are intended to
represent modern day brtdge design practl.ce and are Lnapproprlate to anclent

arch atructurea. This Lnterim report detalls laboratory nodel teata on
varloue eemL-cl.rcular arch brldges wlth equare edged pl.ers. Interpretation
of results showed a conprehenslve relatlon between non-dimenslonal sets of

hydraulle parametere whl.ch has been repreoented graphl.cally. An eugineer
may uee the graph by an Lteratlve procedure to obtaLn afflux values for the

tyle of bridges tested frou knom dorynstrea,m rlver condl.tLone. The report

also lndlcatea future tests deelgned to extend the appltcatlon of the
eupirl.cal formula.
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Layou t  o f  node l

Mode l  b r i dge  des igns

3 l la te r  sur face  pro f i les ,  tes t
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5  W a t e r  s u r f a c e  p r o f i l e s ,  t e s t

6  Water  sur face  pro f i les ,  tes t

7  Water  sur face  pro f i les ,  tes t

8 l {ater surface prof i les, test

9  Water  sur face  pro f i les ,  tes t

10  lJa ter  sur face  pro f i les ,  tes t

11  l {a te r  sur face  pro f i les ,  tes t

12  Water  sur face  pro f i les ,  tes t
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22 I ' Iater surface prof i les, test
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2 5  W a t e r  s u r f a c e  p r o f i l e s ,  t e s t

26  l . {a te r  sur face  pro f i les ,  tes t

27  l la te r  sur face  pro f i les ,  tes t

28  Water  sur face  pro f i les ,  tes t

29  Water  sur face  pro f i les , -  tes t

30  Water  sur face  pro f l les ,  tes t

31  Mid  depth  ve loc i tLes ,  tes ts

32 Mid  depth  ve loc i t ies ,  tes ts

33 Mid  depth  ve loc i t ies ,  tes ts

34 Mid  depth  ve loc i t ies ,  tes ts

3 5  M i d  d e p t h  v e l o c i t i e s ,  t e s t s

36 Mid  depth  ve loc i t ies ,  tes ts

2 ,  d i s c h a r g e

3 ,  d i s c h a r g e

4 ,  d i s c h a r g e

5 ,  d i s c h a r g e

6,  d ischarge
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0 . 0 8  n 3 / s

O . o 9  m 3 / s

0 . 0 1 1  n 3 / s
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SYMBOLS

B Width of  channel

d1 normal  depth of  f low upstream

d3 normal  depth of  f low downstream

CD coe f f i c i en t  o f  d rag

mass  dens i t y  o f  l r a te r

V1  mean  ve loc i t y  o f  f l ow  a t  See t i on  1

V3  mean  ve loc i t y  o f  f l ow  a t  Sec t i on  3

g accelerat ion due to grav i ty

F Froude number = V/ gd

a d ischarge

J Blockage area/area of f low in absence of br idge

h a f f lux ,  (d t  -  d : )

h'  af f lux, def ined to contain no fr ict ion loss term
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INTRODUCTION
The fLows on oost  r ivers are af fected by uran made

s t rucEures  w l - r i ch  have  o f  Een  unusua l  o r  non  s tanda rd

des iSns .  Th i s  i s  pa r t i cu la r l y  t he  case  i n  t he  UK

where  sone  med ieva l  b r i dges  s t i l l  ex i s t '  Such

structures i rnpede the f l -ow but  are of ten scheduled

nistor ic  monuments and eannot  be removed.  s tandard

empir ica l  formuLae have not  been val idat .ed for  such

structures s ince the fornnulae are inEended to

rePresent  modern design Pract ice and not  ancient

custom. The engineer is  faced wi th the problen of

adequate ly  rePresent ing the ef fects of  such

id iosyncrat ic  s t ructures when examining r iver

improvement  works.  Hydraul ics Research L imi ted have

developed a sui te of  programs cal led FLUCOIP which are

designed to s imulate and predict  f l -ow condi t ions

wi t ,h in r iver  channels and on f lood p la ins '  FLUCOMP

uses a design method der ived by USPBR (Ref  1)  to

predict  af f lux,  the increase in rdater  level  caused by

a structure which iopedes or blocks flow'

old nultiple arched bridges can block uP to 502 of the

flow area of the river channel' This degree of

blockage is far beyond the scope of data used to

construc!  Lhe UsPBR design nethod,  which is  considered

to provide the best desi-gn guide for bridge afflux

calculat , ioos at  present .  Prototype and exper imenta l

data for  analys ing such cases are sparse '

T h e p u r p o s e o f t h i s s t u d y l i l a s , b y m e a n s o f l a b o r a t o r y
model  tests,  to  re late th is  increase in water  level  or

afflux caused by various designs of arch bridges to

determinable hydraulic parameters. such relations

would be validated with prototype data and presented

in the forn of an engineering desigo guide which would

enable an engineer to obtain afflux values from known

b r i d g e g e o m e t r y a n d p r e d e t e r m i n e d f l o w c o n d i t i o n s i n
t h e a b s e n c e o f a b r i d g e . T h e r e l a t i o n s h i p s w o u l d b e
lncluded as a refinement to the FLUCOMP mathematical

model .

As an init ial approach to the study, physleal model

Eests rdere carr ied out  on semi-c i rcu lar  arch br idges '

r::ill,F ::, ::i:.?:ik.it.: :F:il::":: :;::11n,.,.",
formulae.

PROTOTYPE DATA
Let ters were sent  to  55 regional  Water  Author i t ies in

England,  Wales and Scot land to expla in the proposed

researih progranme and enquire whether they could make

avai lable deta i ls  of  br idges wi- th in rhei r  area which

created large afflux. The response was very

enEhusiastic and showed a genuine inEerest in the



MODEL TESTS

study and wi l l ingness to par t ic ipate in  the
invest , igaEion.

Table 1,  which l is ts  the large number of  br idges
idenci f ied by uhe ' r ' Ia ter  Author i t ies as creat ing large
af f lux whlch of ten led to f looding problems,  c lear ly
confirrns the need to understand bet.ter the flow
behaviour  at  these st ructures.

Fol lowing our  approach,  sone Author i t ies have
inscal led f lood level  gauges aE selected br idge s i t ,es
to ooni t ,or  waEer levels  e i ther  s ide of  Ehe st ructure
dur ing per iods of  h igh f low.  Table I  shows the large
nuuber of  br idge s iLes for  which a l l  the data requi red
for  comparat ive analys is  E,o the physical  nodel  tesE,s
has been made avai lable,  ie  $/ater  levels  upsEreaa and
downst . ream of  the br id6e,  d ischarge and br idge
geometry and conf igurat,ion.

Much of t,he data recorded by the Water Authorit ies in
previous years has yet to be colleeted and assessed
and the very dry summer of 1984 produced 1ow river
flows which were not suffi.cient t,o t.rigger the flood
level  recorders.  There is ,  therefore,  insuf f ie ient
field data to make an analysis at chis time but an
init ial appraisal wil l be made in the near future when
al l  avai lable data is  processed.

Model  tests rdere carr ied out  in  a 2.4 n wide by 15 rn
long flume. Flow was fed inuo the flume from a
0.17 n3/"  pn*p and d ischarged over  a B.S hal f  90"
V-noteh at lor{ to nedium flows and over a B.S
rectangular notch at high flows. Dordnstream water
levels were controlled wich a horizonLal hinged
tailgate. The layout of the flume is shown in Fig I
and Plat ,e l .

The nodel bridges were designed with a semi-circular
arch and construct,ed from wood. They were contained
between the side of the flume and an adjustable right
bank ver t ica l  wal1 of  suf f ic ient  length to ensure
uni form approach f low.

A set  of  d inensionless parameters,  re lat ing the br idge
dinensions of  length,  width and height  c .o p ier  width
were obta ined f rora analys is  of  prototype data.  These
parameters were reproduced on Lhe rnodel to give
p rac t i ca l  wo rk ing  l im i t s  f o r  Ees t i ng .  Fu r the r  l i n i t s
irnposed erere tirac flow was noE allowed Eo overE.op or
bypass  the  b r i dge .

The oodel  r iver  bed was construcEed of  painted wood to
be smoot .h and hor izont .a l  .  Vary ing roughness and s lope
fac to rs  cou ld  be  i nE , roduced  aE  a  l a te r  s tage  i f  lE
became appa ren t .  t ha t  t t r ey  i n f l uenced  resu l t s .  The



channel  banks,  a lso of  wood'  i tere CesiSned to be

ve r t i ca l  and  smoo th  and  pos i c i oned  a t  a  ha l f  p i e r

w idEh  e j . t . t r e r  s i de  o f  t he  b r i dge  to  de f i ne  a

rec tangu la r  channe l .

The  resu l t s  f r om t , he  tes t s  w i l l  app l y  Eo  any  s i ze

b r i dge  by  eons ide r i ng  changes  i n  sca le .  A11  ana l yses

would consider  d imensionless parameters

Stat ic  head water  levels  were neasured f rorn s ide

tappings on the le f t  wal l  o f  the f lune at  several

locat ions e i ther  s ide of  Ehe br idge.  iJater  levels

were read d i rect ly  wi th n icrometer  screw point  gauges

reading to an accuracy of  0.00003 n.  F ig I  shows Ehe
posi - t ions of  the tapping points a long the f lume.

Water  levels  a long the centre l ine of  the channel  were

measured d i rect ly  us ing an e lect ronic  water  sensi t ive

polnt  gauge.  Veloc i t ies were neasured wi th a

miniature propel ler  current  IDeEer at  0.6 depth on

sect ions e i ther  s ide of  the br idge'  aqtay f rom i ts

immediat ,e in f  luence (Plate 2) .

The test ing procedure was to measure '  a!  constant  low

discharge and tailwater Ievel, the side and centre

channel water surface profi les along the flume and

also veloc i t ies at  sect ions upstream and downstream of

the br idge.  lJh i ls t  mainLain ing the d ischarge,  the
t.ailwater level was increased and the series of
rleasurements repeated unti l the upstrearu waler level
was c lose to the top of  the br idge.  The d ischarge was

then increased and the procedure repeated. Various

condi t ions were photographed.

The init ial model tested in this lday ldas a basic
semi-eircular arched bridge shown in Fig 2 (Ptate 3).

Tests 2a Eo 5b cover the range of f low conditions

observed with this structure. Resultant water surface

prof i les are reproduced in F igs 3 to 6 and veloc i t ies
prof i les shown in F igs 31 and 32.

The second serles of tests were with bridge length in

the d i rect ion of  f low increased by 2OO"A, (F ig 2 '

P la te  4 ) .  Resu l t s  o f  t hese  tes t s ,  6a  t o  9b ,  a re
p lo t t ed  on  F igs  7  t o  10 ,  and  F igs  33  to  34 .

Blockage rat io  is  def ined in th is  reporr  as Ehe tota l

area of  sEructure beneath the water  sur face which

impedes or  obstructs f low div ided by the Eota l

avai lable f low area in the absence of  a s t ructure.

The ef fect ive b lockage capaci ty  or  area of  the br idge
whieh funpeded f low was subsequent ly  increased in two

stages tn Tests lOa to 20a by a symmetr ica l  increase

ln  p ie r  w ld ths ,  (F ig  2 ,  P la te  5 ) .  Th i s  ex tens ion  was

carrled to the full height of the bridge and increased

Ehe blockage to flow by L2"A and 352 respectively.



DATA EXTRACTION
AND AI{ALYSIS

Water sur face prof i les f ron the tests r . r i th  Che br idge
widened to 0.38 n are g iven in F igs l l  to  14 and
ve loc i t y  p ro f i l es  i n  F igs  35  and  36 .  S i rn i l a r  p ro f i l es
for  the br idge widened co 0.46 rn are sho{rn on Figs 15
Eo  21  and  F igs  36  to  39 .

The set  of  tests ,  ZLa co 29b was wi th three basic
br idge uni ts  combined widrhways across t ,he f lune to
forrn a nul t , ip le arch st ructure er iE,h t .eo cenEral  p iers
o f  f u l l  w i -d t , h ,  (F ig  2 ,  P1ace  6 ) .  Long i t ud ina l  wa r ,e r
sur face prof i les were taken a long t ,he cenEre of  the
channel  through the centre arch and are snown in
Figs 22 to 30.  Veloc i ty  t raverses were ta i<en upstrean
and downstream of  t .he br idge across the fu l l  channel
widc i r  and are shown on Figs 39 to 42.

The  p locs  o f  t , he  wa te r  su r face  p ro f i l es  t aken  a long
centre and s ide channels show a re lat ive ly  c lear
p ic ture of  condi t ions in  the f lume dur ing each t ,est .
l4easurement of waEer level in t,he do{dnstream channel
was of ten d i f f icu l t  in  the Eests involv ing h igh f low
and low tailwater owi.ng to the highly turbulent, and
of ten supercr i t ica l  f low.  In these tests the p lot ted
prof i les only  reproduce an instantaneous condi t ion of
an irregular water surface. It was appreci.ated that
these condi t ions are rare in  the prototype but  the
tesCs were designed to give a comprehensive coverage
of all f low conditi.orrs. Conditions can be fu11y
appreeiated f rom Plates 7 and 8.

The n id depth veloc i ty  prof i les,  F igs 31 to 42,  show
flow was evenly distributed in the approach channel
throughout  x tost  of  the tests.  Downst , ream of  the three
arched br idge inter fer ing f low emergi .ng f ron the
arches caused a maximr:m veloci.ty core to wauder down
the f lume.

Shal low interu i t t ,ed vor t ices or  sur face d inples
frequent ly  occurred at  h igh f lows immediate ly  upstrean
of  the br idge p iers and cenrra l  arch,  (Plare 9) .
Under surcharged condi t ions an osci l la t ing sur face
layer of slack water overlay the main flow which
plunged through Ehe br idge arch.  Plate l0  shows th is
over ly ing layer  as a ser ies of  sur face r ipples.

As previously  d iscussed,  the increase in water  level
upstream of  a s t rucEure over  t , i ra t  leve1 which would
have occurred in  the absence of  a s l ructure i .s  terrned
the af f lux.  Af f lux is  more general ly  regarded as the
di f ference in wat ,er  level  upstrean and downstream of  a
s t rucEure  buE  d i f f i cu l r i es  a r i se  i n  de f i n i ng  the
pos iE ions  o f  wa te r  l eve l  measu remen t .



For  t he  pu rpose  o f  t h i s  s tudy  a f f l ux  was  ca l cu la ted

using two methods.  Af f lux rnay be def ined as being

inc t rus i ve  o f  a  channe l  f r i c t i on  l oss  as  we l l  as  an

eue rdy  l oss  due  to  t he  p resence  o f  t t r e  b r i dge ,

| l e t . hod  l ,  o r  may  be  de f i ned  w i t i r ou t  t he  f r i c t i on  t e rm '

l l e thod  2 .  i l o th  ne thods  a re  d i scussed  i n  t h i s  repo r t

and  resu l t anE  a f f l ux  va lues  used  i n  t he  ana l ys i s '  The

f i r sc  ne thod  i nvo l ved  ca l cu la t i ng  t he  d i f f e rence
beErteen st ,aEic water  levels  measured at  tapping points

1 and 12,  fur thest  f rom the br idge,  and away f rom i ts

imnediate in f luence.  The second neEhod was based on

thaE used to calculat .e Cota l  energy losses at

surcharged nanholes,  (Ref  2) .  The hydraul ic  gradi -ent

between taPping points 12 and 9 upstream r{ ras pro jected

to  i nEe rsec t  t he  f r on t  f ace  o f  t he  b r i dge  fo r  each

test .  Apply ing t .he sarne hydraul ic  gradient  to  the

rdaLer level at the downstrean taPPing point I and

project ing back to the br idge enabled tota l  energy

10ss to be determined as the ver t ica l  d is tance between

the two pro jected gradients at  thei r  in tersect ion wi th

the bridge. Defining head loss in this way removed

the natura l  f r ic t ion loss of  t .he f lune f ron

consideration and allowed energy losses caused by the

presence of  the br idge,  in  the forn of  turbulence,  to

be dominant .  I t  was regarded as unreal is t ic  to  apply

the same hydraulic gradient to both upstream and

downstream of the bridge in the extreBe cases of

supercr i t ica l  condi t ions downstrean.  In  these

instances the data have not been considered. Table 2

lists values of afflux calculated by the two methods

deta i led above.

Direct oeasurements of velocity taken at each test

gave an indication of the flow distribution in the

approaches to the bridge and in the downstream channel

beyond the inmediate influence of the bridge. Mean

veloc i t ies r rere ealculated for  the sect ions at  which

afflux was determined, tappings I and 12, and these

values vere used in the calculation of Froude numbers'

Bloekage ratio was defined earlier as the area of

obstruct ion to f low div ided by f low area.  F ig 43

i l lust rates the calculat ion of  b lockage rat io  for  the

semi-circular arched bridge. The uaximum value of

b lockage rat io  for  the semi-c i rcu lar  arched br idge is

i  -  (  R2 /2 ) /Ya ,  whe re  B  i s  t he  channe l  w id th ,  d  i s

depEh of  f low and R is  radius of  the arch.

Table 3 l is ts  the hydraul ic  paraoeters of  d ischarge,

upstream and downstream water  levels ,  b lockage rat io

and Froude number which were either measured or

calculated for  each test  condi t ion.



5 DETER}IINATION
OF AI'FLUX IN
FLUCOMP

5 .1  Compar i son
bet.ween FLUCOI1P
pred i cE ions  and
phys i ca l  node l
resu l  t . s

The FLUCOTYP package is l inited t,o t,reaEi.ng subcrit ical
f low through br idges and ln the absence of  any f low
bypassing the st rucEure Ehe af f lux caused by the
bridge is glven by

lh = K Href

where Href  is  a refererrce vetoc i ty  head and K is  the
bacicwater  coef f ic ienc.  The value of  the coef f ic ient  K
is  bui l t .  up f ron the equat ions in  the USPBR manual .
The pr inc ip le ef fects of  the geornetry of  Ehe br idge
siEe are conta i -ned in the coef f ic ient  K and these are
de f l ned  as  Kb ,  wh i ch  depends  on  consc r i cc ion  to  f l ow
by erqbanknenEs,  Kp dependanE on p ier  b lockage and
shape,  Ke and Ks dependant  on eccentr ic i ty  and skew of
Ehe br idge crossing.  The USPBR manual  def ines K by
K = Kb *  Kp f  Ke *  Ks.  Each of  the sub-coef f ic ients
cau be deternnined frou a series of curves derived by
USPBR and reproduced in the manual (Ref 1). The
reference velocity head l{ref ls defined as the
velocicy head that would occur if all the flow were to
pass in  the constr ic ted sect ion beEween br idge
abutmenEs at  the undisturbed water  level  wi thout  any
pi.ers. I lref is nodified by an energy coefficienc
which the USPBR rnanual iuplies is applicable over the
live st,rean rather than the eomplete wetted cross
sect ion.  Relat ionships between the energy coef f ie ient
at  a reference sect ion and a seet i .on upstream of  the
bridge are given in figures in the USPBR rnanual. The
energy coefficienE i.s further nodified by the blockage
rat io  which is  def ined as the raEio of  f low which can
pass unimpeded through the bridge to the total f low of
the r iver .  This  tern d i f fers by def in i t ion f rom thaE.
used in the present  analys is .

The water  level  at  the br idge is  obta ined in FLUCOMP
by eonput ing a steady f low backwat ,er  prof i le  beE,ween
trdo cross sect ions e i ther  s ide of  the br idge and
assuuing that Ehe \rater surface varies l inearly
between the tr.Jo. Thi.s water level is used to obtain
t.he blocKage ratio and flow area of the bridge and Ehe
computed reference ve1-ociEy head is  then adjusted by a
tota l  backwater  c .oef f ic ient .  When consider ing extreure
f lood condi t , i -ons when Ehe arches of  a br idge becorues
surcharged, FLUCOI'IP calculaEes Ehe afflux froro an
o r i f i ce  f l ow  equaE ion .

Ti re abi l i ty  of  Ehe FLUCO)IP rnaLhersat ica l  model  to
p red i c t  wa te r  l eve l  ups t ream o f  a  b r i dge  f ro ro



pre-detern ined downstrearn data was assessed using the
resu l t s  f r om Ehe  mode l  b r i dge  tes t s .

The  na themat i ca l  r aode l  cons ide red  a I I  d i nens ions  and
desc r i p t i ons  o f  t he  f l une  and  b r i dges  i n  p ro to t ype
te rms  us ing  a  sca le  f ac to r  o f  1 :100 .  The  b r i dge  was
assunued to be at  cross secE. ion 500 wi th t i re  f lume or
channel  being descr ibed by sect ions at .  180,  30( 'J ,  400,
480 ,  52O,  600 ,  700 ,  800 ,  900  and  1000  n .  A  f l ume
roughness value of  Ks = 0.0001 m was assurned ie 0.01 n
procotype for  the ear l ier  tesEs.  For  rnost  of  t .he
later  tests a lower roughness value of  Ks = 0.005 n
was adopted as being more real is t ic .  Resul tant  r { rat .er
levels,  however,  were not  very sensi t ive to these
changes .

In FLUCOMP the br idge cross sect ion was speci f ied as
consist ing of  a channel  and Ewo f lood p la ins.  The
ehannel  was assumed to star t  a t  the le f t  o f fset ,  or

.spr inging point ,  o f  the f i rs t  arch and end at  the
r ight  of fset  of  the f ina l  arch.  F loodpla ins were f low
areas outs ide these l in i ts .

The nodel bridges were treated as having the standard
descr ipt ion as above and a lso wi th the p iers/abulments
inc luded in the rc i tannel t .  This  second descr ipt ion
speci f ied two minute arches at  e i ther  end of  the
br idge wi th negl ig ib le f low areas.  The two
descr ipt ions g i .ve d i f ferent  b lockage rat ios.

Each tested bridge was trealed as aligned normal to
the flow direction and standard coefficients were
applied as derived fron USPBR merhod. The
manual gives a eonstant coefficient of discharge of
0.8 when consider ing surcharged f low,  based on the
common expression for sluice gate f1ow. However, a
di f ferent  ln terpretat ion of  the graph re lat ing depth
of  water  above br idge sof f i t  to  coef f ic ient  of
d ischarge (Ref  1,  p 43)  suggests a vary ing surcharged
coef f ic ient  is  more appropr iate.  This supposi t ion is
borne out by the comparison between nodel result,s and
FLUCOT'IP calculated results (Fig 44) where large
discrepancies oecur  at  surcharged f low.

The main coef f ic ient  for  descr ib ing the br idge is  t .he
pier  fact .or .  I t  is  dependant  upon b lockage rat io  as
def ined by USPBR as wel l  as actual  geonetry of  the
pier .  A p ier  factor  of  5 was used whi .ch appl ies to
square or  rectangular  p iers or  to  a br idge wi th no
piers and a non-rec langular  opening.  This was
therefore appl icable to both descr ipt ions of  the
br idge'  menEioned above.

Backwater  prof i les were calculated for  each type of
st ructure f ron the appropr iate d lscharge and
downstream water  level  (at  tapplng I )  obta ined f rora



6 . t

INTERPRETATION
OF EXPERIMENTAL
RESULTS

General

eacn roodel  tesL.  F ig 44 shows the conpar ison between
measured upst , reaB waE,er  level  (at  tapping 12)  and that ,
ca lculated us ing FLUCOMP. I t  ls  c lear  thaE FLUCOI, IP
overest iuates af f lux at  h lgh d ischarges and
part , icu lar ly  when the br idge is  surcharged.  The
si tuat , ion is  more severe than shown in the f igure
since flow was allowed over the Eop of ttre bridge ln
FLUCOIIP but  not  permi t ted ln  the nodel  t ,ests.  Af f lux
would have increased had th is  t road f lowr been
prevented.  Table 4 l is ts  Ehe neasured and calculaEed
upstream rdater  levels  for  each tesE.

On average FLUCOMP overest i rnaced af f lux by l0Z buE
vr i t ,h  c ,he lengthened br idge overest iuaLe e/as of  the
o rde r  o f  2O%.

Figs 46,  47 and 48 are p lots  of  the predet ,ermined
conditions of tailwater leve1 and discharge set for
each test. Each figure shows arry variation of afflux
from the single arch bridge caused by eitlrer
lengthening or widening the bridge or cornbining into a
t r ip le arch st ructure.

Conpared with the single arch bridge under the same
f low condi t ions,  tests 2a to 5b,  lengthening the
br idge by an addi t ionaL 2OO' l  in  the d i rect ion of  f low
caused a snal l  reduct ion in  af f lux.  This comparat ive
reduct ion increased wi th d ischarge and was of  the
order  of  3 'A at  the h ighest  f low.  The d i f ference was
discernable at  upstream levels c lose to br idge sof f i t
and above.

Fig 47 shows the comparison between upstreau levels of
the basic  uni t  arch br idge of  tocal  width 0.34n and
the br idge wi th both p iers widened by 0.06n,  to  g ive a
tota l  br idge width of  O.46rn,  under Ehe sane f low
condi t ions.  Widening the p iers reduced the ef fect ive
area of  the arch and increased the b lockage raEio.
The f igure shows af f lux values to be larger  at  the
wider  br idge.  This d i f ference becaine greater  as
d i scha rge  i nc reased .  The  352  i nc rease  i n  p ie r  w idEh
raised af f lux values by approxinate ly  l4Z at  h igh
f l ows .

The f low condi t ions aL Ehe three arch st ructure was
compared wi th Ehe s ingle arch basic  uni t  and resul ts
reproduced on Fig 4E.  The cr iEer ia benind Ehe
cornpar ison r^ /as t ,haE Ehe rnul t ip le arch st rucEure would
reproduce condi t ions through each of  E,he arches Ehac
were s imi lar  to  t t rose r reasured on Ehe s ingle arch
br idge.  l lowever F ig 48 c lear ly  shows Ehis is  noE E,he
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case ,  as  f o r  s i n i l a r  Ea i lwa te r  and  d i scha rge
pa rame te rs  t he  a f f l ux  caused  by  t he  mu l t i p l e  a rch
st . ruct .ure was larger  E.han that  measured orr  the s iugle
a reh  s t ruc tu re .  The  a f f ec t  was  appa ren t  ove r  t he
whole rantse of  test ,ed levels and var ied wi th
d i seha rge .  A t  t he  max imum su rcha rged  cond i t i on  a f f l ux
values had increased by 

'25/" .  
F low condi t ions at  a

nu l c i p l e  a rch  s t ruc tu re  canno t  be  assessed  accu ra te l y
f rou appraisal  of  one of  the arches.

6 . 2  T h e o r e t i c a l
app roach

The purpose of t,he analysis was to evolve
re lat ionships for  the e levat ion of  water  level  caused
by  cons t r i c t i on  t o  f l ow  th rough  an  a rched  b r i dge .
This af f lux upstrean of  a br idge and Ehe re lated
energy loss are both dependant  on the drag
character is t ics of  the br idge.  The fo l lowing analys is
follows a similar rnethod suggested by Ranga Raju et al
(Ref  3)  which assessed the b lockage ef fect ,  in  f low
past  smooEh c i rcu lar  cy l inders.  Thei r  s tudies were
carr ied out  under subcr i t ica l  f low condi t ions us ing
cylinders of various blockage ratios but of known drag
coe f f i c i en t s .

F ig 45 shows the ef fect  of  a channel  constr ic t ion on
the water  sur face prof i le .  In  th is  f igure,  B is  the
width of channel, b is the arch diameter, w is the
pier  width,  d I  is  the increased depth of  f low at
sect ion 1,  d,  is  the norual  depth of  f low.  &
represents the afflux caused by the presence of the
bridge. The figure shows two definit ions of afflux
considered in Chis repor t .

Applying momentum principle between sections I and 3

r#.  drB -  
" t  

.  d3B -  cop(Jr.dru)#

= df  * (vs-v i )

where

J ,  =  ups t rean  b lockage  ra t i o

= b lockage area of  br idge ac depth d r
area of  f low d 'B

( 1 )

p = mass densi ty  of  water

g = accelerat ion due to grav i ty



H e r e  r h e  c o e f f i c i e n r  o f  d r a 8  C ,  =  
* r 2 . { . 1  , . r a  r )

where Fp is^ t ,he drag force on lhe br idge
, "pY  

I ' i s  t he  k i ne t i c  ene rgy  o f  f l ow
J g l ld  t  is  the b lockage area of  the ur idge

V  ,  and  V ,  =  ruean  ve loc iEy  o f  f l ow  a t  sec t i ons  I  and  3
respec t i ve l y

F rom con t i nu i t y  p r i nc ip le

d IBV I  =  d f v3  .

and  us ing  (2 )

v,  =  9rVgt  d I

d tb  ds4  cn  A  .  d r r y  r '
p 6 - -  p o - -  

Y  r  ( d , J . , B ) _ _ _ r =
2  2  2  

'  '  
d r '

pvd38 (vs-fol i  (3)

Multiply by d r ro give

_ _ r  1 B _  ^ 6 - 2  , d . 4 a 2 =

dt ' fd r -  ds4s4 (4)

Divide uy eg!d:3 ro give

d13  d r  cDJ rv32  zv34 . t  2ys2
= -

d3 "  d3  gda  dsk  gds

# il -'u,,*+. rH- cr J,;d = o (s)

Subs t i t u t i ng  & r  -  d l  -  d3  and  t ,  =  h -  and  expand ing'  {Bda '

g ives

(fl) '*, kt),*, f l 
- z Frrfl - co rrFe2= o (6)

Ir)



Neglec t ing  the  (9 ) t  te rm s ince  i t  i s  very  smal t  the
' d  

3 '
a b o v e  e q u a t i o n  b e c o r n e s  a  q u a d r a t i c

dr
-=
d 3

( F s 2  -  t )  +  ( ( r r 2  -  L ) 2 +  3  C ,  J l  F 3 2 ) 1
( 7 )

t heo re t i ca l  app roacn  was  s i ro i l a r l y  app l i ed

downstrearn b lockage rat io  J  3 '

b lockage area of  br idge at  dePth d t= +
area of f low, d 38

The above

using the

where J 3

Cons ide r i ng  Eh i s  t e rm  t rans fo rned  equa t i on  6  i n to

f i l '* ,  G*) '*r*-21324- ,,tr,frco

= Q

and since dt = dr + d 3,  eguat ion 8 becomes

( 8 )

Ah

It nay be
A 6.p.r,4"
d3

The extreme case of long bridges where flow resembles

that through a culvert nay be considered using
standard culver t  foruulae (Ref  4) .

6.3 Af f lux funct ion

6 . 3 . 1  G r a p h i c a l
rePresen taE , i on

Fig 49 shows the d i ruensionless rat . io   n/d f  p lot ted

against  the downstream Froude number F,  and uPstream

blockage rat io  J  l .  Af f lux values were calculated,
us ing } le thod I  in  Sect ion 4,  to  be the d i f ference

beEween wat ,er  levels  at  tapping points 1 and 12 '

Blockage raEios were caleulated f rom gauged leve1s at

the most  upsEream sect ion and Froude numbers were

fi)'* ' r&rq )2+  z f r-  rr3'-d.-
d 3

z &r n  J " F . 2'o 
1 475;;-1

= Q  ( 9 )

seen from equations 6 and 9 that the ratio

on F 3, CO and either J t or J t.

1 1



6 .3 .2  l l a themat i ca l
representat ion

determined f ron gauged depths and mean veloc iEies at
t app ing  po in t  l ,  t he  f u r thesE  downs t reau  secE ion .
Dat ,a f ron a l l  the tests are p lot , ted on the f igure
lncluding surctrarged conditions and also the extreue
supercr i t . lca l  f low cases.

In i t ia l ly  the curves of  egual  b lockage raEio,  J  1,  were
f i tEed by eye.  These f i rced reasonably wel l  ex iepc ln
che reglon of  low Froude numbers and af f lux rat io .
This area of  rn in i rnal  f low and af f  lux is  probably of
least  inporEance for  an e ig lneer  concerned wi th f lood
con t ro l .

The graph may be used by means of  an l t .erat ive
procedure to obta in values of  af f lux caused by a
seni-c , i rcu lar  arched br idge f rorn predeE.errn ined
dowus t reau r  cond i t i ons .  As  p rev ious l y  C i scussed  the
Fluconp natheuat ica l  nodel  considers the problen of
bridge afflux by iniEially conputing normal f low
conditions in the absence of t.he bridge and then
apply ing a backwater  coef f ic ient .  The graphical
nethod requires an estioate to be nade of upstream
water level, and hence blockage ratio J 1.
Couputations of normal downstrean depLh and velocity
allow values of afflux trh and downstream Froude number
to be determined. From t,he curves an init ial value of
F t is found, compared wiEh the calculated value, and
the procedure repeated unt i l  the d i f ference between
calculated and graphically determined F. values is
tolerable. Alternatively since for snaafl changes in
F, Ehere may be large changes in lh it nay be more
realistic to iE.erate around the lf i Eerm ur:.t i l
d i f ferences are unt i l  an acceptable error .  Appendix I
gives an example calculation of afflux worked iu this
rray.

Although Fig 49 may be used directly and applies to
al l  types of  br idges tested to daEe,  nathenat ica l
representation would be more applicable to the Fluconp
method of 'analys is .  A nuuber of  nechods using
naLhemat,ical and computer E,echnlques were t.ried in
order  to more accurate ly  represenL the data f ron a l l
t h e  t e s E s .

A  v i sua l  f i c t i ng  o f  t . he  cu rves  i n  F ig  49 ,  i nd i caEed  a
polynonia l  of  Ehe forn &r /d 3 

= aF 32 + b F 3 *  c  ( f0)

This can be expanded to

l h / a ,  = ^  ( a I  J t 2  +  ^ 2  J  L +  a r )  F  1 2  *
( b i  J 1 2 +  b z i  t +  b ; )  F g  +  ( c r  i r 2  *  e 2 J t +  c )  ( r r , r

wi -En a,  b and c dependent  on and having a systenat ic
change  w ich  b lockage  ra t i o  J  l .  The  te rms  c  1 r  c  2  and

L2



c  a  cau  be  d i s rega rded  s ince  they  rep resen t  t he  ' no

f l bwr  case  and  a  3 ,  b  3  and  c  a  can  be  e l im ina ted  as  t hey
r e p r e s e n !  a  I n o  b r i d g e t  s i t u a t i o n .

Quadra t i c  equa t i ons  we re  ob ta ined  fo r  each  o f  Ehe

c u r v e s  o f  b l o c k a g e  r a t i o  0 . 2  t o  0 . 7  f r o m  a  o e s t  f i E

polynonia l  progran.  Resul tant  equaEions are tabulated
j .n Table 5.  In  order  Eo obta in a conprehensive

equa t i on  ( I 0 )  t o  f i t  a l l  t he  da ta ,  t he  coe f f i c i en t s  o f

t he  F  32  te rm (a )  and  the  F  3  t e rm  (b )  we re  p lo t t ed

separate ly  against  J  1.  This rsethod enabled a
nathemat ica l  expression for  a and b to be obta ined'

F ig 50 shows the l inear  regression re lat ion between a

a n d  J t  a s

a  =  1 .257  J ,  +  0 .0257
I

(r2)

with an associat ,ed corre lat ion coef f ic ient  of  0.98.

The intercept  va lue of  0.0257 was in i t ia l ly  thought

representat ive of  the f r ic t ion loss in  the f luue.  In

the absence of  a br idge

9 = o. o2s7 v?
< 1  3  g d 3

and for uni.form flow

rh- =
&(

Q 2
@

Ks

Evaluating friction loss at one seetlon where

d r = 0 . 1 r a n d x = 5 m

log- t (14.9A)
Ks

gives an ext.remely low roughness coefficient IG

unrepresentat ive of  the f lune.  I t  was eonsidered
therefore that  the in tercept  va lue was a resul t  o f

sca t te r  i n  t he  da ta  due  to  v i sua l  cu rve  f i t t i ng .

Consider ing now the b coef f ic ient  of  the F,  term in
equat , ion lO,  F igs 51,  52 and 53 show var ious

regression analyses on the var iables b and J 1.
Al though each p lot  shows a degree of  scat ter  the best

co r re la t i on  coe f f i c i en t  o f  0 .98  was  a t t ached  to  t he
re la t i on

b  =  l . 9  t r ' ' t  +  0 .024

t3

(13 )



The  fu l l  expans ion  o f  equa t i on  (10 )  f r om Ehe  above

mathernat ica l  in terpret .at ion became

f l  
= , t . '257 Jr  + u.oz57)  Fr2 * ( r . 9  J  12 ' 5  *  o .oz4 ) F 3

L 4 )

The present  mathenat ica l  method of  est inat ing af f lux

incorporated in to the,Flucorup rnodel  uEi l ises t i re

dordnsEream rdater  level ,  in  a region of  re-establ ished
uni forro f low,  to determine the amount  of  obstruct ion

to f low caused Dy a br idge.  I f  a  re lat ion eould be

establ ished which inc luded b lockage rat io  J  3
calculated from a known do\dnslrearn depth instead of

ups t rean  dep th  t hen  a  s i n i l a r  p l o t  o f  F ig  49  o r

resul tanE equat ion could be used d i rect ly  f ron knowu

downst . rean condi t ions.

Fig 54 shows a p lot  of   Fr /a t  against  F ,  wi th v isual ly

f i t ted contours of  downsLream blockage rat io  J  3
descr ibed.  There \Jas more scat ter  of  points wi th in
blockage ratio ranges than on Fig 49 and it was

di f f icu l t  to  achieve a best  f i t  fan i ly  of  eurves,  even

excluding those points for which flow was

supercr i t ica l .  However best  f i t  po lynonia ls  were

obta ined for  the curves of  o lockage rat io  f rom 0.2 to

0.6 and are l is ted l -n Table 6.  A s in i lar  analys is  to

that descrioed above to obcain the a and b
coef f ic ients in  the general  equat ion (10)

resul ted in

a  =  9 . 8 7  J 3  -  L . 5 2 4 ( ls  )

Although the corre lat ion coef f ic ient  of  0.919 for  th is

l inear  re lat ion indicated a good f i - t ,  Ehe standard

deviat ion in  the y d i reet ion,  Gyr  (coef f ic ient  of  the
F32  te rn )  had  a  l a rge  va lue  o f  1 .5 ;  q  was  0 .14 .

Applying a power regression analysis
coeff ic ients of the F32 term against
relationship of the form

a  =  2 . 1 9  J 3 1 ' 5 3 8

wi th  co r re laE ion  coe f f i c i en t  o f  0 ' 917  and  s tanda rd
dev iaE ion  i n  t he  y  d i rec t i on  much  l ower  a t  0 .65 ;  *
had  howeve r ,  i nc reased  to  0 .39 .

I t  proved to be an unsolvable task to determine the

coef f lc_ ient  b in  equat ion (1) ,  f ron the hand f i t ted

curves of  F ig 54.  I t  was t .herefore concluded Ehat
t ,here was no s inple re lat ion between af f lux rat io ,
downst.ream Froude number and blockage ratio based on

downstrean depth.  The of ten turbulent  condLt lons in

to the plot of
J3  gave a  be t te r

( 1 6 )

t 4



6 .4 Fr ic t ion  loss

the downstreau channel  and supercr i t ica l  f low wi th in

the br idge arch may have re lat ive ly  l i t t le  in f luence
an  ups t rea rn  l eve l s .

A conputer  graphics prograo was used to more
accurate ly  present  the curves on Fig 49 and produce

a  rep resen ta t i ve  equa t i on  f o r  t he  su r face .  Th i s  da ta
sooot .h ing technique a l lowed the generat ion of  a soooEh

surf  ace through the use of  representat . ive polynor :n ia ls .
The program generated polynonia l  coef f ic ients f ron t ,he

aata 
{ ,  

F ,  and J ,  and used the coef  f  ic ients to

produee a sur face gr id.  The nethod of  least ,  squares

was appl ied to obta in the sur faee equat ion"

F ig  55  shows  the  resu l t an t  ' smoo th  su r face  con tou rs r
generated by th is  method.  The progran is  obviously
extrenely sensiEive to the neighbourhood densi ty  of
points, lhe curve smoothing may be greatly influenced
by an iso lated point  produeing in f in i te  gradients
shich the program could not cope with" Also the
plot required all curves to originate at zeto. To

overcome these diff icult ies the parameters of f l, f a
and J I  \ rere p lot ted in  a d i f ferent  foru so that  

3the

progra-rn could more easi ly  f i t  curves.  F ig 56 shows
I

the pararneter T+ as a function of r, ana 
{.

The generated polynonial fron this surface plot was

;t'. = - 0.02 - 0.06s <-l*l + o.oL27 f.J+-l z' " r  -  " I

+  0 . 0 8 1 9  F 3  +  0 . 1 7 5  F 3 2  +  0 . 6 2 6  ( T * F )  F  3 ( r7)

As nentioned in Section 4 a second nethod of
calculating afflux ell-mLnated headloss due to frict, ion
of the channel by extrapolating hydraulic gradients to
the br idge face.  Table 2 l is ts  af f lux values
calculated in this way, and eompares with I ' lethod 1.

The table shows that in the cases of the single arch
bridge and lengthened bridge, reooval of the friction
term caused afflux to be lowered by between 102 and
2OY". i{owever as the channel was widened and
blockage rat io  increased causing d ischarge range to be
l i rn i ted,  as in  Tests 10-20,  t . l rere was v i r tual ly  no
fr ic t ion loss due to the channel .

I t  was ant ie ipated that  reduct . ion in  af f lux due to
f r ic t ion loss would be of  t ,he same degree wi th the
tr ip le arch br idge was wi th the s ingle arch uni t .
However re lat . ive ly  s teep water  sur faee s lopes of  the
nu l t i p l e  a rch  b r i dge  showed  l a rge  f r i c t i on  l osses .
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6 . 5 Drag
coef f ic ient

A f f l ux  ca l cu la t i on  by  i l e thod  2  was  ve ry  sens i t i ve  t o

s lope  measu remen t ,  i n  f ac t  a t  l ow  f l ows  w i th  t he  t h ree
a rch  b r i dge ,  a f  f  l ux  r l easu remen ts  l ^ I e re  nega t i ve -  S ince
a t  Ehe  h i3h  f l ows  on  the  th ree  a rch  b r i dge  f r i cc ion
losses  accoun ted  fo r  L0 -2O% o f  Ehe  Eo ta l  head loss ,  as

w i th  t he  s ing le  a rch  un iE ,  i t  was  be l i eved  tha t  Ehe
e r ro r  i n  Ehe  h ign  va lues  o f  f r i c r i on  l oss  ca l cu la ted
at  Ehe lower f lows were wi th in the to lerance of
exper imenta l  s lope measureoents.

Tota1 headloss measured throughout  the tests was

reduced by L0-2O% by losses due to c l tannel  f r ic t ion.
As the channel became wider, and discharges
accordingly  lower due to b lockage increase,  f r lc t ion
loss becarne negl ig ib le.

The reduced headloss values dh '  are p lot ted in  FLg 57

wi th af f lux rat lo  as a funct ion of  F 3 and J 1.  Table 2
shows higher than average frlction loss values
ueasured at low flows and these are reflected in the
amount of scat.ter in this area of the plot. Curves in
the f igure r rere v isual ly  f i t ted.  A s imi lar
mathemat ica l  technique to that  d iseussed ear l ier  to
represent the whole plot as a single comprehensive
equation was applied. I lowever there rtas more scatter
involved in Fig 57 and no siuple oathematical function
cou ld  be  f i t t ed .

The theoretical approach to an understanding the
behaviour of f low through arch bridges was based on
that developed by Ranga Raju et al (Ref 3). Their
experiments were with cylindrical cylinders placed in
open channels for which the drag coefficients % had
been predetermined.

Equation 7 showed the theoretical relationship between
afflux, downstream Froude number, blockage ratio and
drag coef f ic ient

dl
- =
d 3

(Fs2  -  1 )  +  ( (Fs2  -  L )2+  3  cD  F  32  J  i ' 5
(7 )

Tne plot  of  F i .g 49 re lat i .ng the paraneters indicated a
un ique  re la t i on  f o r  a l l  t he  t ypes  o f  b r i dges  tes ted .
This led to the proposic ion that  t t rere was a Cp
relat , ion which would apply to a l l  the tests,  s ince i t ,
would prinarlly depend on bridge shape and
conf igurat ion and hence b lockage rat , i .o .  I t  was
expectgd Ehat  Cp would vary wi th dramat ic 'changes in
br idge shape such as p ier  or  arch geonetr ies.

r6



Equat ion 7 was rearranged inEo the foru

t rP-Fs2+i12-  [ rs2-L ] 'o 2  J

"o=
( r8 )

SIJMMARY
RESULTS

OF

and  i n  o rde r  t o  assess  t i r e  i n f l uence  o f  b l ockage  to

f  low on the drag eoef  f  ic ient ,  Cp r ' ras p lot ted against

L / J  t ,  F ig  58 .  The  f  i g .u re  c l ea r l y  shows  tha t
.oe f f i c i . n t  o f  d rag  i nc reases  sEead i l y  t o  a  va lue  o f

approxinate ly  1.0 as the area avai lable to f low

becomes  p ropo r t i ona l l y  l ess  t end ing  to  J1  o f  0 ' 4 '

Above th is  value of  1.0 the coef f ic ient  of  drag

increases rapid ly  as b lockage is  increased and the

br idge arch acts as a submerged or i f ice or  undershot

s l u i c e .

The tests fa l l  on three curves.  For  a g iven b lockage

value below 0.4 an ef fect ive ly  wider  p ier  (Tests l0

to 20)  caused a h igher  drag coef f ic ient .  S in i lar ly '

an increase in the number of arches caused larger

coe f f i c i en t s .

The basic  theoret ica l  equat ion (1)

pc t+ d iB -  € 'F d3B -  coo (Jr  dr t )  #

= d:  d f  (va  -  v r ) ( 1 )

shows that as the constriction Ehrough the bridge

becomes sualler and contraction losses and expansion

losses larger ,  the large veloc i t ies actual ly  at  the

constricti.on are not wholly accounted for in Lhe
r t 2

CO p J f d fB !: tern by the uPstrean velocity and

therefore the Cp value has compensated by drauatic

increases.

It was found that lengthening a single

semi-c i rcu lar  arch br idge by up to 3 t imes i ts

or ig inal  length caused af f lux to be reduced as

cornpared wi t t r  the or ig inal  basic  br idge.  This

lower ing ef fect  increased wi th d isc l targe and

occurred when levels were c lose to or  above

b r i dge  so f f i t .

An increase in p ier  width,  or  an ef fect ive
-  reduct ion in  opening area avai lable 8o f low,

ra ised af f lux as compared wi th the basic  or ig inal

1 .

2 .
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3 .

\^ r id th br idge.  T l r is  ef fect  increase wi t t r

d i scha rge  ove r  f u1 l  r ange  o f  wa te r  l eve l s .

Behav iou r  o f  f l ow  th rou3h  a  s i ng le  a rch  un i t

canno t  oe  s i ru i l a r l y  a t t r i buEed  Eo  a  Eu l t i p l e  a rch

br idge rnade up of  combinat ions of  the s ingle

a rch .  Fo r  a  6 , i vdn  un i t  d i scha rge  and  ta i lwa te r

l eve l ,  a f f l ux  was  l a rge r  w iEh  the  th ree  a rch

br idge than the s ingle arch br idge.  This

increase var ied wl th f low and was aPparent  over

the fut l  tested range of  waEer levels .

IL was shown theoret ica l ly  that  af f lux caused by

an obstruct ion to f low was dependent  upon

do\ tnst ream Froude number F,  and b lockage rat io

J  ' .  Da ta  f r o ro  a l l  t he  b r i dges  tes ted  f i t t ed  we l l
- 

Ala

on a p lot  of  f l  
against  F,  and upstrean b lockage

rat io  J ,  and t t i is  set  of  curves may be used

i terat i r ie ly  to determine af f lux caused by a

semi-cireular arch fron known downstreau normal

f low condi t ions.

Mathemat ica l  representat ions of  the p lot  were

made using a technique to fit polynomials to

visually f itted curves and also a computer
program which produced a smooth surface grid to

the data points.  The f i rs t  technique was

suscept ib le to errors in  f i t t ing the curves

visually and Lhis was reflected in the degree of

scat ter  in  the mathemat ica l  re lat ions.

A method of determining afflux from the measured

data was used by extrapolating the normal f low

hydraulic gradient to either side of the bridge,

thereby eliminating the channel friction loss.

Channel friction loss accounted for between 102

atd 2O-A of the t,otal headloss.

For the same degree of blockage to flow the

coef f ic ient  of  drag was greater  for  a br idge wi th

wider  p iers or  uul t ip le arches.  Consider ing the

tests as a whole,  drag coef f ic ient  iacreased

uni forn ly  as b lockage to f low increased unt i l

b lockage reacned 402".  Beyond th is  value the

coef f ic ient  of  drag rapid ly  enlarged due to che

ef fect ive const . r ic t ion area becoln ing so smal l

t ,hat  f low characLer is t ics were s imi lar  to  an

undersrrot  s lu ice or  subnerged or i f ice.

For  the sane f low condi t ions,  the Flucomp

qathenat ica l  roodel  technique overesEimated br idge

al f lux by as much as 2OZ compared to the physical

nodel  tests,  in  Ehe region of  f lows above br ldge

4 .

5 .

6 .

7 .

8 .
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so f f i t .  3e1ow so f f i t  l eve l s  compu ted  and
' .ueasured levels agreed wel1.

9 .  A f f l ux  caused  by  a  se ra i - c i r cu la r  a rch  b r i dge  may
be  de te rm ined  f ron  a  se t  o f  cu rves  re la t i ng  on
a f f l ux /dep th  rac io  Eo  no rna l  depch  F roude  number

and  a  b lockage  ra t i o .  P rede te rn ined  pa rame te rs

of  d ischarge,  normal  depth of  f low and hence
Froude  nu rabe r ,  a l l ow  an  i n i c i a l  es t i na te  o f
af f lux to be nade f ron which a b loekage rat io  is
caleulaEed.  Using the curves a f ina l  va lue of

a f f l ux  i s  a r r i ved  a t  i t e ra t i ve l y .

8 FUTURE BESEARCE
It  is  in t .ended to conLinue exper imenta l  and f ie ld work

to  ex tend  the  se r i es  o f  t es t s  a l ready  ca r r i ed  ou t  t o
invest . igat ,e

( i )  the  e f fec t  o f  p ie r  shape,  cu twaters  eEe

( i i )  the  e f fec t  o f  d i f fe ren t  so f f i t  leve ls  fo r
nult ip le arched br idges

(i i i )  skewed and eccent,r ic arch br idges

(iv) the effect of  di f ferent arch shapes

(v) hydraulically long bridges

(vi) conpare experinental and field data

(vi i )  produce an engineering guide and associated
sof tware.
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APPENDIX

Calculation of afflux: a worked example using the

graphical  method

cons ide r  a  sem i - c i r cu la r  a rched  b r i dge  o f  a r ch  rad ius

R  o f  l 5n  i n  a  recEangu la r  c i r anne l  9 ' 2 ru  w ide '  The

piers or  abut .ments 1.6 mare wide and square edged'

The overal l  he ight  of  Ehe br idge is  5n '  Assuming

f l ood  d i scha rge  i s  47 -4 rn3 /s  and  no rma l  downsEream

dep th  i s  3 .55n ,  t he  assoc ia ted  F roude  number  F  3  
=

v  , /  / z d ,  i s  0 . 2 4 6 4 .

Le t  t he  f i r s t  es t i ua te  o f  uPs t reau  dep th  d ,  be  3 ' 8 rq '

The tota l  area of  br idge causing b lockage t -o f lows

above  so f f i t  l eve l  i . s

Blockage rat io  J I

=  0 . 5 9 5 9

From F igu re  49 ,

I t e ra t i ng  aga in ,
g ives

BA =Z|BR -  s in- l  I  r  R2l  + f (d  r -  R)  B ]  (see F ig 43)
2 35j0'"

2  14 .6  x  3 .0  -  0 .25  x  3 ,L42  x  9 .0  ] +  [ o .a  x  s . z ]

20.822m2

20.822=BA = -
- t o ta l  

a rea  o f  f l ow  
B 'd  r

Frorn F igure 49,  when F3 = 0.2464 or^ce J t  = 0.5959

& /d  s  
=  0 .155

e .  s i n c e  d r  =  d I  -  d S
d t  =  4 'o96rn

Using this new value of d, and repeating the
procedure

BA =  23  .52m2

J r  =  2 3 . 5 2  /  ( 9 . 2  x  4 . O g b )^  =  0 . 6 2 4 I

I  = O.rs
d 3

d  1  
=  4 ' 1 8 4 o

using Ehe new va lue  o f  d ,  above
.l



l

tsA. = 24.32s2

J  1 =  2 4 . 3 2  /  ( 9 . 2  x  4 . L 8 4  )
=  0 . 6 3 1 8

F r o m  F i g u r e  4 9 ,  P  =  0 . 1 9
o 3

d  ,  
=  4 . 2 2 m

I te ra t ing  fu r ther ,  BA =  24-68rn2

J 1 = 2 4 . 6 8 /  ( 9 . 2 x 4 . 2 2 )-  =  0 . 6 3 5 7

Frou F i .gure  49 ,  . {  =  O. f  fZ

d  t  
=  4 '226

The i terat ion closes around the value of uPstream
erater level of  4.23m.
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TASLE 1

F ie ld  DaEa  -  r esponse  f ro ro  l . I ace r  Au tho r iE ies

Wacer  Au t .ho r l t y

Wessex  Wate r
( A v o n  &  D o r s e t  D i v i s i o n )

W e l s h  W a E e r
( D e e  &  C l y w d  D i v i s i o n )

Wes sex I ' ia t .er
( B r i d g e w a c e r  )

4 - ^ l . ' ^ -  T 7 ^ F ^ -
6 1 1 5 ! r 4 l r  r r 4  L g  L

(Ound le  D i v i s i on )

Y o r k s h i r e  l ' l a E e r
( L e e d s  )

Thanes  i i a te r
( t r a s t e r a  D ! ' r i s i o n )

No  o f  b r i dges
w i th  h igh  a f f l ux

I O

A

De t , a i  1s

6  b r i dges  nowhere  max .  l eve l
r o n n r r l e r c

i l easu renen t . s  ava i l ab le  f o r
2  s i r e s

2  s i E , e s  E o  b e  m o n i t o r e d

Incom.p leEe  da ta  ava i l ab le

Tay  R ive r  Pu r i f i ca t i on  L2  2  s i ces  t o  be  mon i . t o red
B o a r d  ( P e r c h )

Yo rk ' sh i re  Wa te r  32  De ta i l s  ava i l ab le  f o r  32  s i t es
(Nor the rn  a rea )

Yo rksh i re  Wa t .e r  6  De ta i l s  ava i l ab le  f o r  2  s i t , es
( W e s t e r n  D i s t r i c t )

Sout ,hern I ' la ter  6 Incomplet ,e daLa avai lable
( I s l e  o f  W i g h t )

severn Trent  L iaLer  1 Deta i ls  avai lable for  I  s i te
(Lower  T ren t  D i v i s i on )

Northumbr ian l la ter  4 rnconplete data avai lable
( T e e s  D i v i s i o n )

severn Trent  l . ia t .er  32 Deta i ls  avai lable for  32 s iE.es
(Avon  D iv i s i on )

Nor thunb r j . an  WaE.e r  6  Deca iLs  ava i l - ab le  f o r  4  s i t es
(Tyne  &  i l ea r  D i v i s i on )

i . Jessex  i r ' a t€ r  3  I nconp le  Ce  daC.a  ava i l ab le
( B r i s c o l  A v o n  D i v i s i o n )

Ang l i an  i ' l a te r  9  I ncomp le t . e  daca  ava i l ab le
( C o l c h e s t e r  D i v i s i o n )

Numerous  Incens i ve  cove rage  o f  t sac ley
B e c k  w i c h  l e v e l  r e c o r d e r s .
R i v e r  h a s  n a n y  b r i d g e s  a n d
c u l - v e r t s .  6  b r i d g e  s i c e s  o n
R i v e r  S p e n
a l s o  L n o n i t o r e C

l l  L i n i t e d  d e c a i l s  a v a i l a b i ' :  f o r
2  s r r e s



TABLE I  (Conc 'd )

Wate r  Au t .ho r i t y

l Je l sh  WaEer
( T a f f  D i v i s i o n )

SouEhern  waE.e r
( K e n c  D i v i s i o n )

i {or th 'v ies t .  I ' la ter
( R i v e r s  D i v i s i o n )

No  o f  b r i dges
w i th  h igh  a f f l ux

' 1 1

l 5

8

Deca i l s

Inco rop le te  daca  ava i l ab le

Daca -  ava i l ab le  f o r  2  s i t es

D e t a i l s  a v a i l a b l e  f o r  4  s i t e s



TABLE 2

Comparlson of headlosses calculat,ed by Methods I  and 2.

= af f lux calculated between tappings I  and 12 (Method 1 )
= af f lux calculated at  br idge f ron extrapolated hydraul ic  gradients

(l, lethod 2)

&t
&tt

TEST NO

2a
b
c
d
e
f.

3a
b
c
d
e

4a
b
c
d

5 a
b

6a
b
c
d
e
f,

7 a
b
c
d
e

8a
b
c
d

9 a
b

lh (n)

0 .0049
0 .  003  I
0 .0020
0 .00 r9
0 .0026
0 .0031
0 .0344
o .oL72
0 .0 r44
0 .  0  r 82
0 .0204
0 .0613
0 .0353
0 .  0345
0 .0406
0 .1392
o .o792
0 .  0054
o .oo27
o.oo22
0 .0023
0 .0032
0 .0037
0.0329
0 .0118
0 .0115
0 .0 r53
o .0216
0 .0640
0 .0383
o .oz92
0 .0366
0 .1400
0 .0618

&I '  (n )

0 . 0 0 4 9

0 . 0 0 1 3
0 . 0 0 5 5
0.  0040
o.0262
0 . 0 1 1 3
0 . 0 1 0 3
0 . 0 0 6 5
0 . 0 2 0 9
0 . 0 5 3 7
0 . 0 2 5 3
0 . 0 2 9 8
0 . 0 3 7  1
0 .  1 3 3 9
0 . 0 7 5 r
0 . 0 0 3 0
0 . 0 0 1 8
0 . 0 0 1 3
0 . 0 0 2 3
0 . 0 0 2 9
0.0022
0 . 0 2 5 6
0 . 0 0 7 7
0 . 0 0 8 8
0 . 0 1 2 6
0 . 0 1 9 8
0 . 0 5 3 7
0 . 0 3 0 7
0 . 0 2 3 3
0 . 0 3 3 7
0 . 1 3 4 4
0 .  0 5 6 8

TEST NO

o

[5a
b
c
d

L7a
b

lh (m)

0 . 0 0 8 0
0 . 0 0 4 0
0 . 0 0 3 6
0 . 0 0 3 7
0 . 0 0 4 2
0 . 0 0 4 6
0 . 0 4 3 9
0 . 0 2 5 r
0 . 0 1 9 1
0 . 0 2 1 3
o .0273
0 .0895
0 .046 r
0 .0440
0.0497
0 .1641
0 .0121
0 .0067
0 .0050
0 .0047
0 .005  I
0 .0058
0  .006  I
0 .05  70
0 .0406
0 .0321
0 .0303
o .0342
0 .0374
0 .03  78
0 .o7  26
0 .045  I
0 .0394
0 .  0378
0 .0409
0 .  0432
0 .1092
0 .0635
0 .06 r5
0 .  060  2
0 .0589
o .L27  6
o .o7  67
o .o7  25
o .o7  29

Itrr '  ( t)

0 .  005  6
0 .  003  7
0 .0030
0 .0034
0 .0039
0 .0046
0 .0392
0 .0213
0 .0162
0 .0192
0.0249
0 .0857
0 .0414
0 .0387
o .047  6
0 .1603
0 .0118
0 .0069
0 .0053

0 .0057
0 .0067
0 .0067
0 .056 r
0 .0397
0 .0315
0 .0306
0 .0345
o .o377
0 .0378
o .o7L7
0 .0436
0 .039 r
o .o372
0 .0403
0 .  0439
0 .1162
0 .0623
0 .0609
0 .0599
0 .0589
0 .  l 26 l
0 .0758
a .0725
0 .0708

l0a
b

d

t
l 1 ^
I  r d

b
c
d
e

L2a
b
c
d

l3a
L4a

b
c
d
e
f

e
t
c

l 6 a
b
c
d
e
f

d
e

l 8 a
c
d
e



TABLE 2  (Cont 'd )

Conparison of headlosses calculated by a n d  2  ( C o n t ' d )

TEST NO

l9a
b
c

2Oa
25a

b
c
d
e

26a
b
c
d

27a
b
c

28a
b

29a
b

& (n)

0 .  1333
0 .0834
0 .0856
0 .1458
0 .0081
0 .  006  r
0 .  007  3
0  .0095
0.  0 r_09
0 .014 r
0 .0133
0 .  0  182
0 .0202
0 .0270
o .0272
0 .0338
0 .0381
0 .0393
o .o792
0 .0549

Methods 1

l f i ' ( n )

0 .  1 4 0 9
0 . 0 8 6 9
0 . 0 8 4 4
o . L 4 3 7 '
o.oo22
0 . 0 0 1  I
0 . 0 0 2 9
0 . 0 0 4 8
0 . 0 0 6 5
0 . 0 0 5 6
0 . 0 0 6 3
0.0r -20
0 .0146
0 .0  r88
o.0204
0,a270
0 .0302
0.0322
0 .0704
0 .0844



TABLE 3

Data frou I'lodel Tests

TEST d 3d l J t F 3J 3

. 1 5 0 6  . 5 0 9 2

. L 7 0 7  . 3 6 2 2

.2254 .2239

.3000 .L669

. 4 3 7 8  . 1 1 8 1

. 5 0 6 2  . 0 9 7 2

. 1 6 6 8  . 9 5 5 7

. 2 2 0 3  . 5 7 7 7

. 2 8 0 9  . 4 3 5 5

. 4 2 4 7  . 3 0 5 6

.522L .23L4

. 1 9 0 1  r . 0 2 0 9

.26L4 .6553

. 3 8 7 8  . 4 6 9 7

. 4 6 8 8  . 3 7 9 6

. L 7 6 5  1 . 4 8 3 r

. 3 3 1 9  . 6 7 3 2

. 1 5 2 1  . 4 8 3 4

.2060 .2498

.2799 .L7L2

.3723 .L42L

. 4 6 9 9  .  l l 0 3

. 5 s 3 s  . 0 8 5 3

.1696 .9L22

.2488 .4847

. 3 5 5 5  . 3 5 5 1

.4482 .2847

. 5 2 7 7  . 2 2 7 3

.  1 8 8 7  1 . 0 3 4 7

. 2 4 6 2  . 7 0 L 2

. 3 4 4 6  . 5 2 0 3

. 4 7 8 4  . 3 6 9 4

. L 7 2 3  L . 5 6 L 4

. 4 0 0 5  . 5 7 2 2
,24L5 .46L4
. 2 8 5 8  . 2 4 5 2
. 3 4 4 L  . L 7 3 7
. 4 3 8 0  . 1 2 8 5
.5240 .O973
. 5 9 0 6  . 0 7  7  5
. 2 5 4 2  . 8 5 4 7
. 2 9 2 4  . 5 5 2 9
. 3 4 8 7  . 4 0 1 8
. 4 4 9 0  . 3 0 0 4
.5602 .2L34
. 2 5 9 9  r .  l 0 3 B
. 3 5  l l  . 5 5 7 2
. 4 6 0 8  . 4 L O 4
. 5 3 L 2  . 3 3 1  8
. 2 4 3 4  r . 8 0 8 9

Depth MODEL
AI G9 DESCRIPTION

(n)

.0747 SINGLE ARCH BRIDGE

.0890 WIDTH 0 .34n

.L220

.  1 4 8 5

. 1 8 8 5

.2L39

. 1 1 6 r

. 1 3 3 4

. 1 5 5 7

.L949

. 2 3 8 1

. 1 5 9 9

. L 6 7 9

.2027

.235L

.2293

.2334

.0759 SINGLE ARCH BRIDGE

.1131 LENGTH 0 .06n

.L443

. L 6 7 9

. r992

.2360

. 1  1 7 1

. 1 4 1 5

.L7L9

.2028

. 2 4 L L

.  r608

.L657

. 1 8 5 8

.2349

. 2 2 6 9

.2335

.0787 SINGLE ARCII BRIDGE

.LL22 WIDTI I  0 .38rn

. L 4 L 4

. 1 6 9 1

.  r995

.23L8

.L266

. L 3 6 2

. L 5 7  9

. 1 8 9 4

. 2 3 8 0

. L 7 7 4

. L 8 5 2

.2L47
', /, 

'f 
/,

. Z J O J

(u 3/s )

2 A  . 0 1
2 8  . 0 1
2 C  . 0 1
2 D  . 0 1
2 E  . 0 1
2 F  . 0 1
3 A  . 0 2 5
3 8  . 0 2 5
3 C  . O Z 5
3D .O25
3E .025
4L .035
48 .035
4 C  . 0 3 5
4D .035
5A .A44
58 .044
6A .0098
68 .0098
6C .0098
6 D  . 0 1 0 2
6 E  . 0 1 0 2
6 F  . 0 1 0 2
7A .0248
7B .0245
7C .0245
7D .0248
7E .025
8A .03s
8 8  . 0 3 5
8 C  . 0 3 5
8 D  . 0 3 5
9A .O44
98 .O44

r 0 A  . 0 1 0 5
1 0 B  . 0 1 0 4
l 0 c  . 0 1 0 6
l O D  . 0 1 0 3
1 0 8  . 0 I
1 0 F  . 0 1
l  rA  .4249
1 1 8  . 0 2 4 8
I r c  . 0 2 5
l l D  . 0 2 4 8
l l E  . 0 2 4 7
LzA .035
l 2 8  . 0 3 5
L z C  . 0 3 5
r 2 D  . 0 3 4 9
1 3 . \  . 0 4  2 9

( n )  ( n )

. 0 7 4 7  . 0 6 9 8

.0907 .0876
.L227 .L207
.L487 .L468
. 1 8 7 5  . 1 8 4 9
. 2 L 3 6  . 2 1 0 5
.  1 1 8 9  . 0 8 4 5
. 1 3 5 4  .  r  1 8 2
,L57L .L427
. 1 9 8 9  . 1 8 0 7
.2379 .2L75
. L 6 2 5  . 1 0 1 2
. 1 7 1 3  . 1 3 6 0
.2043 .1698
.2363 .L9s7
. 2 3 1 1  . 0 9 1 9
.2348 .1556
. 0 7 6 7  . 0 7 1 3
. 1 1 3 4  . 1 1 0 7
.L446 .L424
. L 6 7 9  . L 6 5 6
. 1 9 9 3  . 1 9 6 1
.2365 .2328
. 1 1 9 6  . 0 8 6 7
. L 4 2 9  . 1 3 1 1
. r 7 2 8  . 1 6 1 3
.2037 .1884
.24L7 .220t
. L 6 4 3  . 1 0 0 3
. 1 6 8 3  . 1 3 0 0
. 1 8 7 8  . 1 5 8 6
. 2 3 5 9  . 1 9 9 3
.2288 .0888
.2352 .L734
. 0 7 9 5  . 0 7 1 5
. 1 1 2 3  . 1 0 8 3
. L 4 L 6  . 1 3 8 0
. L 6 9 2  .  r 6 5 5
. 1 9 9 6  .  r 9 5 4
. 2 3 1 8  . 2 2 7 2
. 1 2 8 2  . 0 8 4 3
.  r 3 7 5  . t L 2 4
. 1 5 8 9  .  1 3 9 8
.  r 9 0 l  .  r 6 8 8
. 2 3 8 8  . 2 r 1 5
. L 7 8 7  . 0 8 9 2
. 1 8 6 8  . 1 4 0 7
. 2 L 6 5  . L 7  2 5
. ' 2 4 8 t  . 1 9 8 4
. 2 3 7 6  . 0 7 3 5

. 1 5 5 6

. 1 7 4 8

.2295

.30 r6

. 4 4 5 6

.5 r33

.22L7

.2598

.3383

.477  4

.5630

.3603

.3932

.49L2

.5601

.5502

.5573

.1578

.2110

.2869

.3809

.4784

.5605

.223L

.2815

.3984

.4897

.5699

.3673

.3823

.4465

.5593

.5457

.5580

.2492

.2922

.3535

.4503

.5340

.5987

.32L7

.3429

.4L47

. 5 r_07

.6 r05

.47  95

.5021

.5704

.6251

.6085



TABLE 3  (Con t rd )

Dat,a fron l, lodel Tests

TEST A

(n 3/s )

1 4 A  . 0 1 1 0
l 4 8  . 0 1 0 5
1 4 C  . 0 1 0 4
1 4 D  . 0 1 0 2
t 4 E  . 0 1 0 4
r 4 F  . 0 1 0 4
l 4 c  . 0 1 0 3
l 5 A  . 0 2 5 8
r58 .0262
1 5 C  . 0 2 6 0
15D .026L
158 .0265
15F .0264
l 5 c  . 0 2 6 2
r6A .0290
168 .0285
16C .0288
l6D .0285
168 .0290
16F .0285
1 7 A  . 0 3 6 0
1 7 8  . 0 3 5 5
L 7 C  . 0 3 5 2
L7D .0350
L7E .0347
18A .03B5
1 8 C  . 0 3 7 8
l 8 D  . 0 3 7 3
188 .0380
19A .0398
1 9 8  . 0 3 9 4
19C .0400
20A .O4L2
zLL .0038
zLB .0029
z L C  . 0 0 2 8
2 l D  . 0 0 2 9
zLE .0029
22A .0099
228 .0099
2 2 C  . 0 1 0 0
22D .0102
228 .0100
23L .0254
238 .0256
2 3 C  . 0 2 5 3
23D .0257
24L .0347
2 4 8  . 0 3 4 3

( m )  ( u )

. 0 8 3 8  . 0 7 1 7  . 3 8 3 5

. 1 0 3 9  . 0 9 7 2  . 4 0 4 6

.1304 .L254 .4435

. r 5 7 6  . L 5 2 9  . 5 L 2 5

. L 8 4 7  . 1 7 9 6  . 5 8 4 0

.2L92 .2L34 .6495

. 2 4 4 7  . 2 3 8 6  . 6 8 6 0

. L 4 0 2  . 0 8 3 2  . 4 6 2 8

.  r 4 3 9  . 1 0 3 3  . 4 7 L 3

.L62r  .1300 .5260

. 1 8 8 9  . 1 s 8 6  . 5 9 3 3

. 2 1 1 5  . L 7 7 3  . 6 3 6 7

.2362 .  1988 .6747

. 2 4 8 3  . 2 1 0 5  . 6 9 0 6

.L529 .0803 .4975

. 1 5 3 7  . 1 0 8 6  . 5 0 0 1

. 1 7 1 3  . 1 3 1 9  . 5 5 1 5

.  1 9 3 6  . 1 5 5 8  . 6 0 3 1

.2203 .L794 .65L2

.2482 .2050 .6904

. 1 9 3 6  . 0 8 4 4  . 6 0 3 1

.L943 .  1308 .6046

. 2 L 2 0  . 1 5 0 5  . 6 3 7 6

. 2 2 7 6  . 1 6 7 4  . 6 6 2 4

.2465 .L876 .6883

. 2 L 4 L  . 0 8 6 5  . 6 4 1 1

. 2 1 0 1  . 1 3 3 4  . 6 3 4 3

. 2 2 7 5  . 1 5 5 0  . 6 6 2 3

. 2 3 8 5  . L 6 5 6  . 6 7 7 8

. 2 2 3 6  . 0 9 0 3  . 6 5 6 4

. 2 2 2 9  . 1 3 9 5  . 6 5 5 0

. 2 4 6 7  . 1 6 1  1  . 6 8 8 s

.2392 .0934 .6788

. 0 6 3 6  . 0 6 r 9  . 1 4 4 8

. 1 0 7 3  . r c 6 2  . 2 0 0 r

. L 5 7 2  . 1 5 6 1  . 3 3 8 7

. 2 0 2 2  . 2 0 r 1  . 4 8 5 9

. 2 4 4 9  . 2 4 4 4  . 5 7 5 s

. 0 7 4 3  . 0 7 2 6  . L 5 5 2

. 1 1 3 8  . L L Z 9  . 2 L L 7

. L 5 2 7  . 1 5 1 3  . 3 1 9 2

. 1 9 9 5  . L 9 7 7  . 4 7 8 9

. 2 4 0 3  . 2 3 8 7  . s 6 7 4

. 0 9 3 5  . 0 8 9 2  . L 7 8 7

. L 4 0 2  . 1 3 7 3  . 2 7 3 3

. L 9 4 2  .  r 9 0 6  . 4 6 4 7
,2333 .2289 .5544
. 1 0 2 r  . 0 9 6 6  . 1 9 r 5
. L 4 8 4  . L 4 4 5  . 3 0 0 4

. 3 7 3 6  . 3 9 7 7

. 3 9 6 9  . 2 4 0 5

.4349 .L625

. 4 9 7 5  . 1 1 8 4

. 5 7 2 2  . 0 9 4 8

.6399 .O732

. 6 7 8 0  . 0 6 1 3

. 3 8 3 0  . 7 4 6 2

. 4 0 3 9  . 5 4 7 7

.4428 .3850

. 5 1 5 5  . 2 8 6 8

. 5 6 6 6  . 2 4 6 4

.6135 .2067

. 6 3 5 0  . 1 8 8 3

. 3 8 0 5  . 8 8 4 5

.4LO4 .5527

. 4 4 6 3  . 4 L 7 3

.5068 .3217

.57L7 .2649

.6252 .2L3L

. 3 8 4 1  1 . 0 r 9 0

. 4 4 4 3  . 5 2 0 9

.4895 .4L84

. 5 3 3 5  . 3 5 4 7

.5904 .2964

. 3 8 6 0  1 . 0 5 0 4

. 4 4 9 L  . 5 3 8 5

. 5 0 4 3  . 4 2 4 2

. 5 3 6 0  . 3 9 1 4

. 3 8 9 7  1 . 0 1 8 0

.46L3 .5248

.523L .4294

. 3 9 2 8  1 . 0 0 1 8

. L 4 3 4  . 0 7 6 8

.  1982 .0262

. 3 3 4 1  . 0 1 4 5

. 4 8 3 1  . 0 1 0 1

. 5 7 4 7  . 0 0 7 5

. 1 5 3 4  . 1 5 8 4

. 2 1 0 1  . 0 8 r 7

.3L29 .0532

. 4 7  4 ' 2  . 0 3 6 5

. 5 6 4 5  . A 2 6 8

. L 7  2 8  . 2 9 8 4

. 2 6 5 0  . L 5 7 5

. 4 5 4 6  . O 9 5 2

. 5 4 5 9  . o 7 3 4

.  r83 r  .36 r8

. 2 8 b 6  . L 9 5 4

F 3J 3J ld 3d l DepEh !10DEL
at G9 DESCRIPTION

( n )

.0837 SINGLE ARCH BRIDGE

. 1 0 4 0  W I D T H  0 . 4 6 n

.  1305

. L 5 6 7

. 1 8 4 9

.2r95

.2449

.1399

.L436

.1619

.1890

.2LL6

.2363 "

.2483

.T526

.1532

.L7L2

.L934

.220L

.2483

.1960

.1939

.21 r8

.2275

.2465

.2L36

.2098

.2275

.2378

.2262

.2230

.2463

.2385

.0622 THREE ARCH BRIDGE

. 1060 WIDTI1 J. .02n

.1558

.2009

.242L

.07  22
,LL26
.  l 515
. r97  6
.2388
.09 r5
.1388
.L929
.23L3
.1005
.L468



TABLE 3  (Con t rd )

DaEa f rou l ' lodel  Tests

TEST A

( o  3 / s )

24C .0350
24D .0340
24E .0358
25A. .0445
258 .0442
25C .0443
25D .O44L
258 .0441
2 6 L  . 0 6 1 1
268 .06L2
26C .06L7
26D .0608
2 7 A . 0 8 0 0
278 .O795
27C .O792
28A .0930
288 .0900
79L .1100
z9B ,1100

( n )  ( m )

.  r 8 6 3  .  r 8 1 3

.22L8 .2152

.2494 .24L7

. 1 1 1 7  . 1 0 3 6

. 1 4 3 9  . 1 3 7 8

. 1 7 6 8  .  r 6 9 5

.2L43 .2048

.2453 .2344

. 1 3 0 8  . L L 6 7

. 1 7 1 9  .  r 5 8 6

. 2 1 1 5  . 1 9 3 3

.24L3 .ZZLL

. 1 5 5 8  .  1 2 8 8

.L97 6  .L704

.239r .2053

. L 7 4 L  . 1 3 6 0

.2325 .L932

.2L99 .L407

.2270 .L7ZL

F3 Depth
at G9

(n)

. 1 4 1 9  -  . 1 8 4 8

. 1 0 6 6  . 2 L 9 9

.0943 .2866

.4L77 .L097

.2705 .L422

. t987 .L753

. 1489 .2L27

. L 2 L 6  . 2 4 3 8

.4797 .1279

. 3 0 3 3  . 1 6 9 5

.2272 .2094

. 1 8 3 0  . 2 3 9 4

.54L7 .1530

. 3 5 3 8  . 1 9 5 3

.2665 .2368

. 5 8 0 4  . L 7 L 4

. 3 3 1 7  . 2 3 0 1

.6524 .2L69

.4823 .2248

MODEL
DESCRIPTION

J 3J 1d 3d 1

.4420

.5313

.5832

.2079

.2847

.4L20

.5  149

.57  62

.2481

.3953

.5085

.5692

.3328

.4739

.5652

.4029

.5529

.5273

.542L

. 4 2 6 6

.5 r70

. 5699

.  L939

.2664

.3867

.4924

.5565

.2L73

.3446

.4622

.5298

.2433

.3900

.4937

.26L4

.46L9

.27  47

.3960



TASLE 4

conparison between Flucomp and physical Model Results

TEST NO DOT"INSTREAM UPSTREAM UPSTR-EAI,{
WATER LEVEL WATER LEVEL WATER LEVEL

PHYSICAL FLUCOIIP
}lODEL

(n )  (n )  ( rn )

2a
b
e
d

f
3a

b
c
d
e

4a
b
c
d

5 a
b

6a
b
c
d
e
f

7a
b
c
d
e

8a
b
c
A

9a
b

L4a
b

0 .  0 6  9 8
. 0 8  7 6
.L207
.  1 4 6 8
. 1 8 4 9
. 2 1 0 5
. 0 8 4 5
. 1 1 8 2
.L427
. 1 8 0 7
.2L75
. 1 0 1 2
. 1 3 6 0
. 1 6 9 8
.L957
. 0 9 1  9
. 1 5 5 6
. 0 7  1 3
. 1 1 0 7
.L424
. 1 6 5 6
. 1 9 6 r
,2328
.o867
. 1 3 1 1
.  r613
.  1884
.220L
. 1 0 0 3
. 1 3 0 0
. 1 5 8 6
. 1 9 9 3
. 0 8 8 8
. t 7  3 4
. o 7  L 7
. o 9 7 2
.L254
.L529
. L 7  9 6
. 2 L 3 4
.2386
. 0 8 3 2
.  r 0 3 3
. 1 3 0 u
. 1 5 8 6
. L 7 7  3
. t_ 988
. 2 1 0 5

o .o7  47
.090  7
.L227
.L487
.  r 875
.2L36
.1189
.1354
.1571
.1989
.2379
.L625
.L7L3
.2043
.2363
.23LL
.2348
.07  67
.1 r34
.L446
.L67 9
.1993
.2365
.1 r96
.L429
.L728
.2037
.24L7
.L643
.1683
.  1878
.2359
.2288
.2352
.0838
.1039
.1304
.L57  6
. L847
.2L92
.2447
.L402
.  r 439
.L6 '2L
,  r889
.2115
,2362
.2482

.077  L

.092L

.L236

.L524

.  l 9 r5

.2L70

.  t t 83

.1368

.L696

.22L6

.2580

.L52L

.1689

.250 r

.2753

.1833

.284L

.o77  5

.  1 r36

.1459

.L725

.2029

.2386

.1 r67

.L537

.2008

.2284

.2587

.1507

.2L36

.239L

.2705

.26L8

.2818

.0848

.1043

.1302

.L597

.1866

.2L97

.2433

.L346

. L437

.L7  45

.2028

.2224

.2437

.25  r8

c
d
e
t
c

l 5 a
b
c
)u
e
f
a
o



TABLE 4  (Cont 'd )

Cocnparison belween Flucorup and Physical  Model Results

TEST NO DOWNSTREAM UPSTREAM UPSTREAI'I
WATER LEVEL WATER LEVEL WATIiR LEVEL

PHYSICAL FLUCOMP
I'TODEL

(n )  ( ro )  (n )

L6a
b

d
e
f

L 7 a
b
c
d
e

18a

0 . 0 8 0 3
. 1 0 8 6
. 1 3 1 9
. 1 5 5 8
. L 7 9 4
. 2 0 5 0
. 0 8 4 4
.  1308
. 1 5 0 5
.L67 4
.  r 8 7 6
.0865
.  r334
.1550
.  1656
.0903
.1395
.  t 6 l l
. 0934
.06  19
.L062
.  l 56 l
. 2011
.2444
.o726
.TL29
.  l 513
.L977
.2387
.0892
.  r373
.1906
.2289
.0966
.L445
.1813
.2t52
.24L7
.  1036
. r378
.  1695
.2048
.2344
.Lr67
.  r586
.1933

t t l  I

0 .  1 5 2 9
.  r537
. 1713
. t 936
.2203
.2482
.  r936
.1943
.2L20
.2276
.2465
.2L4L
.2 lo l
. 2275
.2385
.2236
.2229
.2467
.2392
.0636
.1073
.L572
.2022
.2449
.o7  43
.1138
.t527
.L995
.2403
.2333
.L402
.1942
.0935
.1021
.L484
.1863
.22L8
.2494
.1117
.1439
.L7  68
.2L43
.2453
.1308
.L7  L9
.ZLL5
.24L3

0 .  146  1
.1582
.L864
.2086
.2329
.2555
.  r857
.2L37
.2310
.2447
.2590
.2022
.227L
.2449
.2547
.2  105
.2404
.2598
.2198
.062L
.L062
.  l 5b1
.20L2
.2444
.o734
.1  132
.  1520
.1985
.2393
.2332
.L392
.L952
.0926
.1021
.  r506
.1902
.2234
.2492
. .1 I  17
.1435
.  rB38
.2188
.2466
.L297
.  r86 r
.2208
.2469

c
d
e

L9a
b
c

2Oa
2Ia

b
c
d
e

22a
b
c
d
e

23a
b
c
d

24a
b
c
d
e

25a
b
c
d
e

2 6 a
b
c
d



TABLE 4  (Con t ' d )

Compar ison between Fluconp and Physlcal  Mode1 Resul ts

TEST NO DOWNSTREAI,I
WATER LEVEL

( n )

0 . 1 2 8 8
. L 7 0 4
. 2 0 5 3
.  r 3 6 0
. L 9 3 2
.L407
. L 7  2 L

0 .  r 5 5 8
. L 9 7  6
.239L
. t 7  4 L
.2325
.2L99
.2270

0 .  1 5 0 7
.2L64
.2487
. 1 9 6 8
.2506
. 2 3 0 8
. 2 5 7  3

UPSTREAM UPSTREAM
WATER LEVEL WATER LEVEL
PHYSICAL FLUCOMP
MODEL

( m )  ( n )

27a
b
c

28a
b

29a
b



TABLE 5

Quadrat lc equat lons for J I  curves fron Fig 49

J I

0 .2

0 .3

0 .4

0 .5

0 .6

o .7

EquaElons

A h / a  3  
=  0 - 3 2 4  F s 2  t  0 . 1 0 0  F 3  -  0 . 0 2 1

d , / d a  =  0 . 4 1 0  F a 2  *  0 . 1 1 2  F 3  -  0 . 0 - 1 4

I h / d 3  =  o . 4 6 2  F r 2  +  0 . 2 3 9  F 3  -  0 . 0 2 8

I h / d 3  =  0 . 6 3 9  F 1 2  *  0 . 2 5 2  F 3  -  0 . 0 0 8

l h / d 3  =  0 . 7 5 0  F a 2  *  0 . 5 8 7  F 3  -  0 . 0 2 6

l h / d 3  =  0 . 9 6 4  F a 2 *  0 . 8 2 4  F 3  -  0 . 0 0 6



TABLE 6

Quadratic

J .
J

o .2

0 .3

0 .4

0 .5

0 .6

equaEions for J 3 cuf,ves fron Fig 54

Equat ions

A h / a ,  =  Q . 9 4 4  F g 2  -  0 . 4 3 2  F 3  +  0 . 0 7 1

l h / d 3  =  1 . 1 3 4  F a 2  -  0 . 3 1 9  F 3  +  0 . 0 5 8

t h / d 3  =  t . 5 o o  F a 2  -  0 . 0 6 9  F 3  +  0 . 0 6 0 r

& r / d 3  =  4 . 1 9 3  F s 2  -  0 . 9 3 1  F 3  +  o . o g 2

a h / a ,  =  4 . 3 5 0  F  t 2  
-  o . z z s  F 3  +  0 . 0 2 1
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Fig 2 Model bridge designs 
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Fig 4 W a t e r  sur face  p r o f i l e s  , t e s t  3 ,  discharge 0 0 2 5  m3/s 
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