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rrvrncurTlcN
fhere are a large nurber of bridges in Britajn today
!ffiich, because of their structulal design, caue
substarrtiat bloclcage to river flow drring flood
events, and effectively raise q>sEream river levels.
Often in the design of a flood protecti.on schere
engj-neers discover that an innediately effective
nethod of redrcing flood lerrels would be to reilrc\re
obstnrctions to flow.

llowerrerr'many bridgre obstnrctions are of nediernl arctr
design afrd are protected by presenration nrlingrs. rf
the water lerrcl upsEream of a bri@e drring flood
errents could be acorrately pr,.,edicted then flood
protection sctrsnes could be designed accordingly.

Present day fornnrrae on bridge hydraulics are intended
to apply to rurdern designs of bri@es wittr regrular
sbaped piers and horizontal soffits virtualty spannfng
the rirrer. Clearly tbese forrnrlae ane inatrpropriate
to ancient arctr sL.nrctures.

In L985 a prograrrne of researctr vlas begrun to
invesLigate the hydraulic paraneters associated with
single and nnrltiple arctr bridges with the aim of
prodrcing an accrtrate retlrod of pnedicting the water
level Lpstr'eam of a bridge frcrn kno'n dovmstneam frow
conditions. The term afflr::< is used to defir€ the
difference in river lerre1 either side of a bri@e.

Itris is the final report of the inraestigation. It
sumarises early laboratory nlcdel tesEing of arctr
bri@es, already previously reporf.ed jrr debif in
interim ueport nos SR 60 and SR 115, and includes
later tests and fjlal analyses.

Results f,rom these rnodel tests al:e conpared with
actual field neasr:renents from selected bridge sites,
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!,rDEL mm[IguEs

and a corpretrensive rethod of affrtx predi.cEion is
presented

]]re purpose of this study vias to nelate the increase
in water lerrel, or afflu<, caused by arctr brtdges to
determinable hydraulic parareters, so that afflux rmy
be predicted frcm predcnrinatecl flow conditions
dor,tnscreiarn of a bri@e. Resultant nerations uould be
\ralidated wittr prototlpe data.

Hldraulics Researctr Ltd have developed a srrite of
cqrlput'er prograrns narcd FTrrcMp that is &sigrred to
sinnrlate and predicE flolr conditions wittrin river
dranners arrd floo&lains. Rerationstrips derirzed frrcnr
this study roould be incorporated into the EIdmMp
rnatlrenratical rcdet as a nefinenent

l4odel tesLing was ca:ried out in two flunes, one w:ittr
a fixed horizontal bed and the ottrer with the facility
to adjust the bed s1ope.

:
Ilre fixed bed flure, Z.M wide by 15m long by O.Sn
deep, is strown in plate j-. Flow was fed frcnr a
0.1-7rP/s trxnrp and discharged over a B.S. half 90
degree v-notctr at low to nedir-un flows and over a B.s.
recEangular notctr at higfr flows. Donnstrean water
levels were controlled with a horizontal hinged
tailgate.

the adjustable bed flune, 0.9m wide by 24.51n long by
0.9L5rn deep' is shov^ in prate 2. Bed srope could be
adjusted frqn horizontal to a maxirm-un of 1:60. Flow
hras rrEasured by a 90 degree v-notctr and dowrr-water
l-evel controlled with a vertical lift tailgate.

Static hg"d water l_evels were n€asured from side
tappings in the f}:ne side wall at several locations



ESf PRCRAIAG

4.L Single

serni-circular

archres

and connected to stilling-pots o-rtside the flure.
Water fevel was nead directly wittr micrqreter polnt,
gauges acctrmte to 0.00003m. Figs 1 and 2 shor{ t}e
l-ocations of the tapping points in both flunes.

Water leVels along the clranneL centre line wene
rcasured wittr an electronic water sensitive.point
gauge. A rniniatur"e propeller neter yns usd to
neasure water velocities at 0.6 @>th at positions
eittrer side of a bri@e away frorn its innediate
influence.

FIow corxlitions at eactr test were photographically
recorded.

the rcdel river bed was constnrcted of painted wood to
be srnooLtr and initially horizontal. Slope factors
were introdrced at a later sbage. Ctrannel banks,
constnrcted of wood, were desiqred to be vertical ani
snoottr. . Ihe side vnalls of the adjustable bed flure
were glass panelled for viewing ttrrough the flow
depEh. Ihe rodel bri@es were constnrcEed of either
paintecl rdood or plastic.

A practical range of paraneters, relating bri@e
dimensions of length, widLtr and height to pier widttr,
was obtained frcrn analysis of prototype arctr bridge
data. I{odel bridgre dinensions were wittrin tlris range.
The resul'Es frqn the tests appfy to arry size of bri@e
since all arnlyses are based on relationstrips betueen
dfuensionless trnrameters.

A silgle serni-circular arched bridge was the first to
be tested. The springing poixt of the arctr was set at



the flurne bed and tt,e arch ablrtrrents wene square arxl
flush wittr the face of the arch i.e. did not, protnde
into the florv. E.ig 3 and plate 3 strorrys the basic
ncdel.

lhe rcder ruas fitted into the horizontal bed flune arxt
the flure side walrs adju^sted so that the bridge was
confined between verticat banks for a disEane of
rpre ttnn 12 bridge vridths bottr rpstream arrl
downstr"eam. this ensured sufficient atrproactr length
to allow even flow distrilrution.

the tesE proced:re for nurdels in ttris f}-une was to
introd:ce a low disctrarye into the ctrannel arxl w:lttr no
downstr^ean level control, to reasure cenbre arxt sl&
danner longritudinal vrater level profires. v{hitst
naintaining the disctrarge, tailwater contnol was
furposed in increnents and tlre reasurenrent proce&.rre
repeated- A series of flow corditions rrere tesEed in
ttris way. Thls procedrre was used on all the rcdel
bridges.

verocity profiles were neasured at sections rpsE:rean
and domstream of the bridge. Orrcrtcpping of ttre
bridge was not pesdtted.

A furftrer series of tesEs was perforned on
rrcdifications to this basic semi-ci_rcular arctred
bridge.

Ilre bridgre lengEh in the direction of flow was
increased by 200 percent, arxi then tlre piers widened
slnnetrically in two stages lrtdch effecbively
incrreased the bridgre sEmcEural ar"ea by L2 percent arut
35 percent. Fig 3 and plates 4 ard 5 strow tlre
mcdified bridges.



4.2 Singte elliptical

arches

4.3 Mrltiple

ssni-circular

arctes

lhe effect of ardr strape on the hldraulic performance
was irnrestigated on an elliptical arctred rncdel
bri@e.

the sectional area of the effi$ica1 arch roas made
identical to the senri-cirqflar arctr. Fig 4 gives the
dfurensions of the rcdel. Ttris rxdel was tested in the
rrariable bed slope flune.

AIt ncdels in this flrme were tested under the sane
flow conditions. t{ormal depth conditions were
reprodrced in the fh-rne in the absence of a.rodel
bri@e for a set of correspondiry disctrarges arxt bed
slopes, $,:ith and witlrout a tailgate corrtnol. Ihe
bridges were instalted in fte flune and teasr:renrents
taken follovdng the proed:re of the earlier tests.
Plates 6 ard 7 strow the elliptical anch rxl&l urder
rrarious operating conditions

three single serni-circular arctred bri@es were
connecEed widthroays into a nnrltiple arctr stnrcture
with two fulI width central piers and troo end half
width piers.

Ttris a:rangerent was used to deterrnine whether
relationstrips between hldraulic paraileters defined for
a single seni-circr:Iar ardr bri@re could be directly
applied to a rnrltiple arctr stmcture.

Fig 3 and Plate 8 strow the nrodel arrangenent and
Plate 9 shows the nrodel under test conclitions in tlre
horizontal bed fh-rre.



4.4 !6.r1tiple

send-circular

arches wittr

different soffit
leveIs

PrcIUIYPE DA:XA

Ilre hydraulic performance of rnrltiple arcfies $rlth
different soffit levels was inrrestigated on a tf!ree
sqrdcircular arctred stnrcBure stror,n on Fig 5. this
nlcdel was tested jJr the rrariable slope flune. As wittr
earlier nodels, piers were squal€ in secEi.on wittr no
extension upstream of the bri@e face. Ihe three
arches had equal radii and were separated by tr.ro full
width central piers and two end half widttr piers.
Plates L0 and 11 sfiow ttris nucdel in various rp&s of
operation

The ncdel snas also used to study eccentricity effects.
Individral arches were bfocked in sequence' ttrereby
forcing flow ttrnor;gh two arctres only. this sinnrlated
the irnegrular flou tlrnough eccerrtric bri@es, !{here
the main flow stnearn is deflecEed frcm central.
Plates L2 and L3 strow the ftow distribuEion urder
eccentri-c arch corulitions.

otrcr 50 regional Water Auttror.ities were contacted to
enquire $fiether data was arrailable for arctr bri@es in
their area which could be included in the researctr
progranne to validate the laboratory rezults. A total
of L92 bri@es were reported as causing afflul
problems.

This enphasised ttre need for a better nettrod of afflux
prediction. ttre fdtl nesponse frqn the Water
Authorities is given in Table L. plate 14 strows flood
conditions at two bridge sites.

Data required was in the form of corresponcli_ng
upstream and downstneam water level-s neasured at a



bridge site d;rirg a flood everrt and scrne neans of
relating these levels to a dlsctrarge. Bri@es vrere,
of recessity, close to gauging stations. plans anC
sectional drawings of eactr bridge were used to e:<tract
dirensions and aspect.

althon$r ttre water Ar.rEtrorities reported a substantial
nrnrber of arctr sEnrctunes with h:igtr afffux, tlrey were
able to supply only lirnited data for nrany of t}le
bri@e sites. lrbst ccnnronly, nelated r-pstream arxi
downstr.eam water level records rrene absent or
incorplete e:<cept $fiere the bridge was being
specifically nonitored in connection wittr a flood
problern. Itre Severn Trent, Wessex and yorl<strire Water
.Arthorities had special intqresLs in pa*icular bridge
sites and as parf, of their flood tonitoring procedre
offered to install rnaxinnun water level necorders at
seled.ed sites.

Elserruhere, nurerous problens arose in gathering the
data. Often, an Ar:ttrority had r:ndergone
reorganisation and the rvtrereabouts of data rryas
unknown. l4any bri@e drawings roere filed in Council
Planning offices and nnrctr effort vras put into locating
and sifting ardrive r:econds,. OfEen the only lrrown
drawings were on nicrofilm that frequerrtly garre
distorted irnages. OEher drawings roere without
reference spot Ievels, dimensions or scale.

In many cases, the river bed section stroi"n on the
bri@re d::awing had not been updated and vras not
repnesentative of present day conctitions. Ifigh water
Ievels werie occasionalty above river barik leve1 and
across the floo@lajn but drawings d.id not include
floo@lain details. l4any recorded flow events wene
historic and suspect water level readings could not be
checlced as the recorders had long since been rernoved.
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In nnny cases no irdication of the location of the
water level neasurenent relative to the bri@e ynas
given. the inportance of this is stror,'rr in the two
o<alrples in plate 15 where the gauge board is fixed on
a pier and dravldoun at the gauge is evident.

Dischargre values supplied by the Water Author.ities
with ttre water lerrel information was asswned to have
been taken at the sane tjne of day. Realisticalty
ttris was a peak daily flow. In tte instances $jhere
discharges wer€ cbtained separately frcrn Water
Resources DeparLnents, peak daify flow rralues r€re
extracEed.

In scrne insEances, ttrere wene tributarj.es between a
gaugirg sc,ation and a bri@e for vltiictr no disctrarge
necords were arrailable.

In the light of ttre inconplete or suspect data frcnr
nnny of the sltes, effort was concentrated into
collecEing ftill sets of information frcnr the thr€e
larrgre Water Arthorities nentioned above. Ihe selected
bridge sites frcrn these Auttrorities together with the
raw data frcrn rrarious flood events are listed ln Table
2. Plates L6 to 36 strow eactr bridge and Figrs 6 to 36
give cross-section and stnrctural dinerrsions.

Ttte theoretical approactr adopted ch:ring this researctr
follovrcd an analogical nethod sugEested by Ranga Raju
(Ref 3) for assessing the blockage to flow effect, of
srnooth circular cylinders. this theory was based on
the principle that affLux and related energy loss are
dependent on ttre drag ctraracLeristics of the

cylinders.



Ihe rethod and its application to arctr bri@es is

discussed in detail in Ref L. New interpretation and
develcprnent of the tlreory led to two basic aplicable
equations:-

(dh/D3)3 + 3(dh/D3)2 + 2&r/D3 - 2(F3)2 dh/D3 -

cD*J l* (F3)z = g .  , . .  (1)

(dh/D3)3 + 3(dh/D3) 2 + 26xr/D3 - 2(F3)2 dh/D3 -

( ( cp * . :B * (F3121  /  ( dh /D3+1 ) )  =Q  . . . . ( 2 , t

where

dh = afflut term (D1--D3) rttre difference between

upstream and do$rnstream water levels reasured

away frcrn innediate influence of bri@re

D1 = r:5>stnean depth of flow

D2 = dovnstream depth of flow

F3 = Eror:de nurdcer 16/ (g*D3) 05 reasured at depth D3

r^rhere rrean velocity is \R

Jl = rpstream blockage. ratio, (area of blockagre of

bridgre at dep'th DL') / anea of flow

.f3 = dounstneam blockage ratio, (area of bloc*age of

bridge at depth D3)/a::ea of flow

CD = coefficient of drag
= Wl (0. 5*p\n2*J1*B*D1)

vfiere FD = drag force on bridge

0.5*p)kvl2 = kinetic energy of flow

.fl*B*DL : blockagre area of bridge

Equations 1 and 2 show the dependence of dh/D3 on F3,
CD and either Jl or ,J3.
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7.t Iaboratory data

7.2 Prototlpe data

Based on the theory described above the data frcrn
rcdet tests was processed into dimensionless
paraneters of dh,/D3, F3, ,I1 and ;|3.

Ilre afflur term r,vas calculated as tlle diffenence
betroeen the rpsEream and downsb:earn gaugred heads
reasured firthest fron the bridgre. rongitudi-rEt ilater
surface profiles were seasured d:ring all the
Iaboratory tesEs to give a fr:II pictu:re of hldraulic
perfomance. Velocity profiles neasured drring the
serni-circular arch tests are presented in Ref 1.

Btockage te:rrs roere Oef:ireA as the r:atio betueen the
a:rea of sEnrcEural brockage to flow and the total flovl
area at depths DL and D3.

the hyd::aulic data is presented in Tables 3 to 6.

Prototlpe data was processed into the sane fo:rn as the
laboratory data. Ihe afflux telm vras taken as the
diffenence between rpstrean and downsErream gauged

heads regardress of the neasur€lrent position nelative
to the bri@re.

l4ean depth was obtained frcrn ttre cross-section
drawings, usually an r.pstream elevation, and the
correq>onding bed lerre1 applied to both sides of tle
bridge. Ebotrde nun0cers wene calcurlated fncrn rean
velocities based on rrean depths, ctrannel widttrs ard
recorded daily pe-ak disctrarges.

Individual cross-sectional drawings were d.igitised
below the water level to obtain the areas of blockagre.
Ihe hydraulic data is tabulated on Table ?.

10



RESUINS

8.1 Single arctr

bri@es

the nesults were initiatly considered as two separ:ate
gmol4>Sr single axches and mrltiple arctres. In eacfr
case' tlre ratio of afftu< to dor,snstre-an depth (dh/D3l
was plotted agairrst ttre dordnstnean Froude l&rr0cer (F3)
for eactr of a range of blockage ratios. T.wo plots
were 6tained, one using lpstream blockage ratio (.r1)
and the other using dovmstream blockage ratio (J3).

E'ig 37 shows the plot of afflur ratio against Froude
nurber related to rpsLream bloclcage ratio .Tl.
Porlmonial equations roene calcr:lated for eactr blockage
ratio currre ard ane stro'cn in Tabre B. rhe data frcrn
both laboratory and pnototlpe single arctr bridges lie
within a relativery rnrr:or band. rn order to quanttfy
the data fit, standard &viations taere calculated for
each data set and for the total data population.

Table 9 girzes the percentage standard deviation of the
data frqn the ccnputed currres of blockagre ratio.

Standard deviation for the whole data seL was
approximately 1O frcent. Ilre laboratory data fomed
the brilk of the data set and the standard deviation
for thLs part of ttre set therrcfore matched the orzeratl
deviation. Ttrene vras no significant differrence
between the senri-circular arch and the elliptical arch.
As eryected, the prototlpe data strovled nore scatter
tttan the laboratory data; the stardard deviation of
ttris part. of ttre data set vns alproximately 14
percent.

lhis plot can be used to deternine the afflux at a
singre arctr stnrcture frcrn pre-deterrnined dovmsuream
conditions using an iterative procedr:re. A worked
exanple of this nethod is given in Appendix 1.

L1_



8.2 Mrltiple arctr
bri@es

the sane affh-rx-ratio/Froude nunhr plot is stror,m on
Fig 38 related to dosmstneam blockagre ratio .I3.
Table L0 lists the polynoniar eqrrations for eactr cunre
of the fanily.

Table 9 r,ifddr lisEs the percentage standard deviations
of irdividnl daLa sets fronr the cqryuted cun/es,
strows the prototlpe data and laboratory senri-circular
ardr data rucne closely fit these curv€s; Houever,
there is rnone scatter of the e[iptical arctr briee
data. O\rcrall the contours of .I3 fit the data to
within l-2 perent. .LlttrouS the ,Il curves fit the
data rather npre closely ttran the .13 currres ttre
advantage in using the latter plot is that esEjmates
of afflux can be deterrnined directly fr.un
predetermined dovnsErearn conditions. nppenctix 2
gives a worked exanple of ttris nethod.

@nsideration vns girzur to neans of calcr:lating affhr:<
at a rultiple ardr bridge tpz application of singrle
ardr results to eactr elenent of tlre bri@re. Hcn*errer,
an attenpE, to define doronstream conditions for eactr
anch fron the starting point, of nean values for the
river as a whole leads to iterations of orE:renre
ccnplexity. ltris appnoactr was soon abandoned r^&en it,
becarc clear that ovrerall blockage vras as dsrrinant a
factor as for single arctr afflux and ccnplicated
:refinsnents were of doubtful reliability.

fte results wene therefore plotted in the sane form as
for single ardr bridges, treating the rnrltiple arches
as a single unit. Fig 39 strows the plot of afflu<
ratio (dh/D3) against downstream Froude }tr.urber (F3)
related to upstream blockage ratio (Jl).
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While the blodcagre ratio was relatively low, 4O
percent or less, ttre cuwes ldere identical to those
for a single ardr bridgre. At hi$er blockage ratios,
t}le plots garre rattrer higtrer afflu< ratios for a girren
Fnoude lnnber than for a singrle arctr bridge. Ihe
pollnonial equations for ttre fanily of curves are
given ln Table 8. StarxJard deviation of ttre
laboratory results frqn ttre curx/esi was 1O.O perccrt.

rhe variation between single and railtiple arctr results
in terms of tpstneam bloc*age ratio was not, eparent
hihen the plot of afflur ratio agrairsE downsLream
Froude Nwrber was rrelated to downstneam brockage ratio
(;B). In this case, tbe cunres for a nnrltiple arctr

bridge wene iderrtical to those for a single arctr
(Fig 38 and Table 1O). StandanX derriation of ttre
laboratory results frqn the cunres was 8.S percent,.

ltre reason wtry single arch and nnrltiple arctr results
agreed $,hen related to downstream blockage ratio hrt
varied when related to upsb,neam blockage ratio was not
innediately @arcnt. An oplanation was not, prsued
since the dolvnstream bloc*agre ratio curves are
preferred as ttrey requia.e no iteration.

fhe difficulties encor:ntered in analysbg ttre
prototlpe data for nultiple arctr bridges rrer"e
neflected jrr the restrlts. There roas suctr a hiSr
degree of scatter that, drile not qposing the
laboratory :results, they cti-d not girre ttre sr-pport that,
had been hcped for. SEardard deviation of the
prototype data fr.on ttre curves of Fig 39 was 3?
percent and frsn ttre curves of Fig 38, 45 percent.

vrlhen the centre of area of a bridge is offset frqn the
centreline of the approach ctnnnel it is said to be
eccentric to the f,1ow. This condition was tested tnrt

1_3

8.3 Eccentricity



aru$ro[s

the results stroned no variations ttrat could be
attrila.rted to the eccentricity. Ilris vns not
unerpected; pnevious tesEs harre strorryn that the effect
of eccerrtricity is less than ttre overarl tolerance of
the results of the preserrt tests rmless ttre bridge
widttr to drarurer widttr ratio is snall and the offset
is extrsre. such conditions were not reached withtn
the linits of the eryerinental facilities that werre
used.

L. the laboratory resr:lts give an enpirical nettrod of
detesniniry the afflux at single arctr or nnrltiple
arched bri@es. Data rrequired a:re ttre bridge
gecnetry and tlre water depth and Froude tilrntrcer at
the dormstrearn side of the bridge. Ihe acctrracy
of the result is +1O percent.

2- llre :results are presented in terms of the rpstream
blockage ratio or the dor,rrrsLream blockage ratio.
In tel:ns of aca:racy, tlrere is no clear crrE
ad'antage in the use of one rather ttnn the ottrer.
Horrever, use of trpstrrearn blockage ratio reqrircs
an iterative procedrre whereas use of down-stneanr
blockagre ratio enables affLux to be obtalned in a
single step. Tlre latter nethod is ther^efore
preferred.

3- rhe sane rethod applies to single or nnrltiple a:rctr
bridges provided that the rultiple arctres are
essentially a single r:nit separated only by
tlpical pier widths. Other configruratj.ons of
mrltiple arctres wene not tested.

4. Ttre influence of eccentricity of the bri@ie to the
river ctrannel is insigrrificant relative to the
overall tolerance on the calculation of afflr.u<.
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5. Prototlpe data supports the nethod in the case of
single ar.ctr bridges. Eqr:afly close confjrrnation
for nultiple arch bridges was not possible dle to
Iack of data.

10 @
' Gratefirf $anks are extqrded to all those Water

Auttprities who supplied jnforrnation on arctr bri@es,
Particular tharrks are er{pressed to Severn-T:rent
AuLhority, Yorkstri:re V[ater and Vilessen Water.
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TABLES.





IABTE 1: Stmarr/ of, available &a cr UAEes with bi6 affaruc Am Itr€r
autbrities

Athority River Bridgre Data inforrnation

Yorkshirie Water eire a
c
a
c
a
a
a
a
a
a
a
e
a
a
b
b
b
b
e
b
b
e
c
c
c
c
a
c
c
e
e
b
c
c
c
c
c
e
e
e
e
d

Spen

V{harfe

Nidd

SwaIe

Ure

Ouse

Derurent
Batley Beck

Kifdh'ick
Carleton
rngfey
Silsden
Station Rd
Union SE
Rawfolds
St Pegs
Balrc Rd
Pool
flkley
Ilkley Old
Bolton
Grassingiton
Otley
Linton
Ilrorpe Arcfr
Wether'lcy
Tadcaster
Sunrer
llarpsttmaite
Skip
KiIlinghall
Conyhan
t<nare$orough HiSr
I{nareslcororgh Iow
CattalI
Skipton
flrornton
Borotgh Bridge
Tanfield
Rippon l{crth
Bri@e ltewick
Kilgram
Cover
Middleham
hlensley
Clifton
Scarborough
Ouse at York
Howsham
several sites

IGy: a = data used in analysis
! = insuf:ficient stmctural information
c = insufficient clisctrargre data
d = insufficient water leveI data
e = inconplete data



IBRJB 1 (o@t'd)

AuLhority

lttrekh Water

Serrern Trerrt

River

Rhlnurey

Taff

Rhondda

Cl,non

Ery

Cado><ton
Dee

Elwy
Atlm
C\n,edoq
Avon

Bridge

Draethan
Forge Rd
Iron Bridge
Bedvras
Corbets
Ystrad l,Ilznadr
T\ryzn Sion Ifan
llnys
Leiners
Tin Plate
Castle Inrr
Machine

Data infonnation

brcrd
crd

b, crd
c

brc
c
e

Ynysangharad park
Orakers Yalld
cef1i Rail
Ton Petre
l"eherbert,
l4ountain Astr
Peace Park
Chrnbactr
Aberctare
RobertsEot^irt
Ely Rd
EIy Foot
St Georrges
PetersorFs-ELy
Pontyclun Rail
(FPant
Pont Lyddan
Rait ViadrcE,
Dinas Powys
Farndon
Bangor-on-Dee
Pont-y-Grryddel
Pont-ytapel
Bowling Bank
Dow
Boughton
Avon Mill
lea Cnescent
Bretford
Wolston

brcrd
b 'd
brd
b 'd
brd

brc rd
brd
c r d
crd
crd
brd
brd
brd
brd
brd
brd
brd
brd
brd

d
brd
brd
brd

brc rd
brd
brd
brd
brd
brd

a
a
a
a
a
a

Key: a = data used in analysis
b = insufficient stmctural inforrnation
c = insufficient clischarge data
d = insufficient roater level data
e : inconptete data



mmB 1 (qrt,d)

Autbority

Anglian Water

Ftlrrer

Ere$rastt
Stour

Stour Brook
Colne
Bnett

Black Water
wid
lrlelland
Nene

Bridge

Ryton
E&benhalI
Cloud
Stare
Chesford
Blackdovn
Binton
Washford
Ornnings
SEatford Rd
Oversley
CasEIe Rd
Spernafl
Wixford
Bnocrn
Salford
Victoria
Mil1
Willes .
IlunninSran
Offchurdr
Adelaide

Data information

Severn Trrent Avon

Arrow

Leam

Piddle

a
a
a
a
b
b
c
c
a
b
a
c
c
a
a
a
c
c
c
c
c
c
c
c
c
c
a

brd
b rc rd
brd
b 'd
brd

brcrd
brd

b rc rd
brcrd
b 'd
brd

b rc rd
brcrd
brcrd
brcrd

Grafton fl1trord
Tilesford Farm
vVre Rail
Vryre Rd
Stanton @te
KeAingtort
Balthorne End
Pentlow
Sturner
EarLs Colne
Chelsworttr
Iladteigh
wid*ram
Vflfrites Bridge
D:ddingrton
Wansford
Milton Ferrlz
Fotheringfay
Ordte
thrapsLon

Itey: a = data used in analysis
b = insufficient stnrctural inforrnation
c = jnsufficierrt disctrarge data
d = i:rsufficient water level data
e = jncqrplete data



IAE;E 1 (oort'd)

Authority

Vf,essor Water

Ftlver

Stour

Avon

E'rore

Brit

Biss Congreslatry
Yeo

BanwelI
Brue

Cam
Yeo

Ilartlake

Bridge

fford
Iongban
Canford
Julians

Data infonnation

e
b
a
a

Sturminster Marshall
Cravrford
Blandford
Crane
Bicton
Bradfor*on-Avon
Wool
Damsons
Holre
Greys
Bri@ort, lf,est
North Mills
Bri@rt
Cradle
Petr!, A38
A370
Ebdon
Ieggs
Cturctr
Bri@efoot
Frog Lane
Ioad
IldresEer
Hartlake

Raif
Drnlcall
Midelney
Ilford
Pot
Creech Rd
Athelney
Bistrcps Hill
A1. Rd
Abbey
M:ngate
Crcrnlix

e
a

Kings Se@ernoor
Drain

. Isle

Five IId
Tone

Haleswater
ForEh River ezne
F"urification Bd.

Al1an

I(ey: a = data used in analysis
b = insufficient stmctural ir:fonnation
c : insufficient disctrarge data
d = insufficient water level data
e : J-ncorgrlete data

a
crd
crd
b 'd

d
brd

d
d
d
d
e

crd
b'd

d
brd
crd
crd
brd
crd
crd
crd

brc rd

crd
crd

brc rd
brd

brc rd
b 'd

brc rd
b 'd

d
brd
brd
brd



IABLE X. (o@e,d)

Arthority

Ihares Water

Tay River Edert
Purification Bd Earn

Ahond

Tay

Bri@e

Orpar
Forteviot
Newton
A]rrcrd Bank
Aberfeldy
Iogierait
Pe*fr
Crathies
Mill of l4ains
Inverkeilor
Brechin
North Water
nothbury
Telford
Elliot
Corbridge
Eastgate
Sunderland
Ilutton Rrdby
Ya:rn
Croft
Blackley Rd
Boothroyden
Barfoot
Brocrnstairs
Sankey Milt
Nether
Nedcy
IGshrick
Enfield Rd
Clarendon Arctl

Houndsden Rd
Bengeo
Waresi&
Abri@e
Shonks Mill
Roding Lane

Data information

d
d
d
d
d
d
d
d
d
d
d
d

brd
e
b

brd
b

brd
brc rd
brc rd
brc rd

b
b

Rirler

Nortturicrian
Water

NorLh $Iest Irk
Water

IsIa
Di$rty
hnran
S Esk
N EsK
Coquet
Wanslceck

uzne
Itlear

I-even
Tees

!4ersey
TaIIe
Sarikey Bk
IGnt
Leverr
Greta
Salncns Bk

Hounsden
Grtter
Rib
Nirney
Roding

e
b
e
d
d

brcrd
brc rd
brc rd

brc rd
b, crd
brc rd

brc rd

e
b

I(ey: a = data used in analysis
b = insufficient stnrctural inforrnation
c = insufficient dischange data
d = insufficient water level data
e = inccnplete data



EAE,E 1 (oosttd)

Authority

thares Water fn$ebourne
Ching Brook

souEhern warer ilT#t 
Brook

Bri@e Data

A13 Rd
Beedl HaIl Rd
Nazing
Alverstone
Iorgwood
Iangbridge
Horcingford
l4orton
HiSr St !ftitwell
Tovnr Bridge
Ver<our
Colliers Land
Eusfield
E Farleigh
Etddastr
Witlere;rden
ft,chingham
Udiam
Blackrrall
Stonebri@re
Stile Bridgre
V{ye
A28 Rd

Itcpe Mill

Rirrer

Eden

Iedvrny

Dudrdell
Rother

Teise
Beult
GE Stour

Hexden
Channel

infornration

crd
brc rd
brc rd
brc rd
b r c r d
b tc rd
brc rd
brc rd
brc rd

b 'd
b'd
brd

brc rd
brd
brd
brc
brd
b'd
brc
brd
brd
brd
brc

brc rd

Key: a = data used in analysis
b = insufficient stnrctural inforrnation
c = insufficient disctranqe data
d = insuff.icient water l6ve1 data
e = inccnplete data



EAEIiE 2: Select€d protobfrpe bridp data

No Rirrer Bridgre Date d/s O B Arcrr
rnAD clrEcs m

u/s
mAD

Crawford
aire Kild^rid<

L
2
3
4
5
6
7
8
9

3_0
LL
L2
L3
14
L5
L6
L7
L8
L9
20
2L
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
4L
42
43
44
45

Avon Dolv
Borghton

I€a Crsnt

Bretford

Wolston

Avon Mill
Rltort
Eftbenhall

Cloud

Stare
Erevash Stanton Gt
Arrow Wixford

Brocrn
Salford
ftnnings
Oversley

Stour Blandfond

ihrlians

CanforrC

Inghey

Spen Station Rd

t4 .  3 .47
1_1_. 7.68
L1 .  7 .68
9.  3 .75
9.  3 .75

30.  L2 .81
9 .  3 .?5
9.  3 .75

30. L2. 81
30. L2.8L
L1 .  7 .68
30. 1_2.8L
30.  L2 .8L
30. 12.8r.
9 .  3 .75

30.12 .8L
9.  3 .?5

30. r-2.81
30. 12. 8L
26.  2 .77
25.  L .60
25.  1 .50
25. l_. 60
25.  1 .60
25. 1_.50
28.t2.79
r .1 .3 .81
L5.12 .8L
16 .3 .82
LL .  3 .8L
r.5. r_2. 8L
L6.  3 .82
11 .3 .8L
1_5.12.8L
L6 .3 .82
t6 .  3 .82
22. 1_.?5
28 .  1  0 .80
3 .  L .82

.46
22. r . .75
2 .  I .76

1_5. L.74
26 .4 .83
1_.  6 .83

92.660
87.020
87.020
86.080
80.91.0
80.L00
72.530
72.530
72.330
72.330
70.662
70.330
83.630
64.230
59.r.00
59.L40
58.490
58. L90
56.490
38.730
33.205
3L.288
28.97L
40.718
39.368
34.150
32.398
32.460
32.590
17.s90
L7.720
17.800
16.110
16.090
L6.330
26.940
89.820
90.?90
89.900
96.41,0
96.230
96.L20
95.850
s3.430
53.460

92.560
86.500
86.s00
8s.970
80.450
79.990
72.420
72.420
72.200
72.200
70.568
70.230
83.500
64.L70
58.780
s9.030
s8.190
58.150
56.420
38.180
32.99r
3L.187
28.502
40.444
39.097
33.840
32.320
32.380
32.600
L7.550
r.7.680
L7.770
L6.050
1_6.050
L5.300
26.860
89.670
90.510
89.?40
95.970
95.890
95.740
95.700
53.190
s3.200

L9.0  48 .05  M
25.0 30.20 M
25.0 27.60 M
19.0 28.20 M
s5.6 29.L0 M
53.0  25 .30  M
55.9  46 .40  M
55.9  4L .90  M
56.3 44.60 M
56.3  4L .90  M
7L.4  30 .15  M
56.3  28 .00  M
53.0  1B.?0 M
56.3  44 .50  M
55.9 27.50 M
55.3  27 .25  M
55.9  46 .00  M
56.3 44.4A M
56.3  66 .60  M
4L.0  17 .60  M
69.0 38.72 S
69.0 49.2t  M
69.0  14 .85  S
69.0 28.8L M
59.0  87 .90  M

204.0 81_.88 M
95.0  8L .38  M
98.0  81 .38  M

L1_4.0 81.38 M
95.0 90.40 M
98.0 90.L5 M

114.0  90 .45  M
95.0  80 .90  M
98.0  90 .90  M

LL4.0  82 .85  M
1r.4.0 80.00 M
65.0 48.20 M
99.0  69 .50  M
67.0 56.50 M

1L8.0 165.30 M
99.0 r .64.70 M
87.0 r .64.40 M
57.0  2L .80  M
L7.4  6 .50  s
L7.7  5 .50  S

Key: M = multiple arctred bridge
S = single arctred bridge



BeE 2 (qrt'd)

fdo Ftiver Bridgre Date

9 .L2 .83
26.  4 .83
9. L2. 83

26.  4 .83
L .  6 .83
9.L2 .83

26.  4 .83
1 .6 .83
9.  L2 .83

26.  4 .83
1 . .6 .B3
9.12 .83

20.  9 .46
16.  2 .50
9.L2 .65

20 .9 .46
L6.  2 .50
9.L2 .65

L6. 2.50
9. t2 .65
9.L2 .65

s3.530
ss.380
ss.310
68.500
68.270
68.3L0
70.870
70.590
70.530
77.890
77.520
77.530
45.31_0
45.6L0
45.560
73.880
74.130
L8.51_0
95.590
9s.480

L66.s20

d/s O B Arcfr
mAD crxnecs m

u/s
mAD

46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
6L
62
63
64
65
66

Spen
Union St

Ravrfolds

St pegs

Ba]rre Rd

lharfe pool

Ilkley

Nidd Cattal
Venrfe Bolton

Grassington

53.230 L8.2 6.50 s
55.220 L7.L 6.00 s
55.230 17.5 6.00 s
67.850 !4 .7  ? .50  S
67.750 L3.1 ?.50 s
67.850 L2.9 ?.50 s
70.650 13 .4  8 .B0 s
70.430 1_0.8 8.03 s
70.430 L0 .4  7 .90  s
77.4 t0  10 .7  B .B0 M
77.L80 8 .2  8 .80  M
77.L40 7 .8  8 .80  M
44.900 4L6.4 90.75 M
45.300 437.4 93.00 M
45.460 405.0 93.00 M
73.630 436.4 36.59 s
73.820 457.4 36.59 s
18.030 242.5 58.02 M
95.L90 462.4 44.2A M
94.930 427.t  43.75 M

165.8L0 437.L 66.00 M

IGy: M =.nnrltiple arctred bridge
S single arctred bridge



EREC;E 3: rydraulic data; sirgJ-e semi-ci-mrlar axlbed bridges

D3 ;n iB F3
m

Test O D]-
crrrlEcs m

?A
B
2C
n
n
E
3A
3E
3C
3D
3E
4A
ltB
4C
4D
5A
58
6A
68
6C
@
6E
6E'
?A
B
7C
7D
7E
8A
8B
8C
8D
9A
98

1_0A
1_0B
10c
10D
10E
L0F
11A
118
r.Lc
11D
L1E
12A
IB
L2C
t2D
13A
14A

0.0r.
0.01_
0 .0L
0.01_
0 .0L
0 .0L
0.025
0.025
0.025
0.025
0.025
0.035
0.035
0.03s
0.035
0.044
0.044
0.0098
0.0098
0.0098
0.0L02
0.01_02
0.0102
0.0248
0.0245
0.0245
0.0248
0.025
0.035
0.035
0.03s
0.03s
0.044
0.044
0.0L05
0.0r.04
0.0L06
0.0L03
0.01-
0 .0L
0.0249
0.0248
0.025
0.0248
0.0247
0.035
0.035
0.035
0.0349
0.0429
0 .01L

0.0747
0.0907
0.L227
0.L487
0.L875
0.2L36
0.1189
0.r.354
0.1571_
0.1989
0.2379
0.1625
0. L7L3
0.2043
0;2363
0.23L1
0.2348
0.0767
0.1_134
0.1446
0.L679
0.L993
0.2365
0.LL95
0.L429
0.1"728
0.2037
0.24L7
0.L643
0. L683
0.1878
0.23s9
0.2288
0.2352
0.079s
0.LL23
0.1415
0.t692
0.1_996
0.2318
0.L282
0.L375
0.1s89
0. r.901
0.2388
0.1787
0.1B68
0.2L65
0.2481-
0.2376
0.0838

0.0698
0.0876
0.L207
0. L468
0.1_849
0.2105
0.0845
0.1L82
0.L427
0.r.807
0.2L75
0. L0L2
0.r.360
0.1698
0.1957
0.09L9
0. L556
0.0?13
0.11-0?
0.t424
0.1_6s6
0.196r.
0.2328
0.0867
0.13r.L
0 .16L3
0.r.884
0.220t
0.1003
0.L300
0. r.586
0. L993
0.0888
0. L734
0.071_5
0.1080
0. L380
0. L655
0. L954
0.2273
0.0844
0.1_L28
0. L398
0.1585
0.2tL2
0.0897
0. L405
0.t724
0. L985
0.0737
0.0717

0. L556
0.L748
0.2295
0.30L6
0.4456
0.s133
0.22L7
0.2s98
0.3383
0.4774
0.s630
0.3603
0.3932
0.49L2
0.5601
0.s502
0.5573
0.1-578
0.21-10
0.2869
0.3809
0.4784
0.5605
0.223L
0.28L5
0.3984
0.4897
0.5599
0.3673
0.3823
0.4465
0.ss93
0.5457
0.5s80
0.2492
0.2922
0.3s3s
0.4503
0.s340
0.5987
0.32L7
0.3429
0.4L47
0.510?
0.6L05
0.4795
0.5021
0.5704
0.625L
0.6085
0.3835

0. L506
0. L707
0.2254
0.3000
0.4378
0.s062
0.r.558
0.2203
0.2809
0.4247
0.522L
0.190r.
0.26L4
0.3878
0.4688
0.1755
0.33L9
0. L521_
0.2060
0.2799
0.3723
0.4699
0.5535
0.1696
0.2488
0.3555
0.4482
0.5277
0.1887
0.2462
0.3446
0.4784
0.L723
0.400s
0.24L5
0.2858
0.344L
0.4380
0.5240
0.5906
0.2542
0.2924
0.348?
0.4490
0.5602
0.2599
0.351_1_
0 .4608
0.53r_2
0.2434
0.3736

0.s092
0.3622
0.2239
0. L669
0.1L8r.
0.0972
0.9557
0.5777
0.4355
0.30s6
0.23t4
1_.0209
0.6553
0.4697
0.3?95
1.4831
0.6732
0.4834
0.2498
0.L7L2
0.L42L
0.1103
0.0853
0.9L22
0.4847
0.3551
0.2847
0.2273
L.0347
0.70t2
0.5203
0.3694
1_.56L4
0.5722
0.46L4
0.2452
0.1_737
0. L285
0.0973
0.0?75
0.8547
0.5529
0.4018
0.3004
0.2L34
1.1038
0.5572
0.4104
0.3318
1_.8089
0.3977

dh/D3

0.0702
0.0354
0.01_66
0.0129
0.01_4L
0.01_47
0.407r.
0.1455
0.r.009
0.1007
0.0938
0.50s7
0.2s96
0.2032
0.20?5
1.5147
0.s090
0.07s7
0.0244
0.01_s5
0.0L39
0.0163
0.0159
0.3795
0.0900
0.0713
0.08L2
0.0981
0.638r.
0.2946
0.184L
0.L836
r..5766
0.3564
0.11_L9
0.0369
0.0261
0.0224
0.0215
0.0202
0.s208
0.2233
0.L366
0.L262
0.1-29L
1.0034
0.3276
0.2551
0.2505
0.2233
0. L688



IABGE 3 (@nt,d)

D3
m

Test 0 Dl
currEcs m

L48
14C
lrlD
t_48
t4F
14c
L5A
158
r.5c
1_5D
158
L5F
15c
1_6A
168
r.6c
1@
r.G
r_5F
1?A
17B
t7c
L7D
l_78
1.BA
r.8c
L8D
188
19A
198
19C
20A

0.0L05
0.0L04
0.0L02
0.0104
0.0L04
0.0L03
0.0258
0.0262
0.026
0.026L
0.026s
0.0264
0.0262
0.029
0.0285
0.0288
0.0285
0.0290
0.028s
0.036
0.03s5
0.0352
0.0350
0.0347
0.038s
0.0378
0.0373
0.0380
0.0398
0.0394
0 .04
0.04L2

0.1_039
0. L304
0. L576
0. L847
0.2L92
0.2447
0.L402
0. r.439
0.L62L
0. L889
0.2L15
0.2362
0.2483
0. L529
0.1537
0.17L3
0. L936
0.2203
0.2482
0.1936
0. L943
0.2L20
0.2276
0.2465
0.2t4L
0.2101
0.2275
0.2385
0.2236
0.2229
4.2467
0.2392

0.0972
0.L254
0.L529
0.1,795
0.2t34
0.2386
0.0832
0.L033
0. L300
0. L585
0.1773
0.1988
0.2105
0.0803
0.1086
0. r.319
0.L558
0.t794
0.2050
0.0844
0.1308
0.L505
0.L674
0.1976
0.0865
0.1334
0.15s0
0.1656
0.0903
0.1395
0.161_L
0.0934

in

0.4046
0.4435
0.51_25
0.s840
0.5495
0.6860
0.4628
0.47L3
0.5260
0.5933
0.6367
0.6747
0.6906
0.4975
0.5001
0.55r-5
0.603L
0.6sL2
0.6904
0.603L
0.6046
0.6376
0.6624
0.6883
0.641L
0.6343
0.6623
4.6778
0.6s63
0.6550
0.6885
0.5788

;B

0.3969
0.4349
0.4975
0.5722
0.6399
0.6780
0.3830
0.4039
0.4428
0.5L55
0.5666
0.6135
0.6350
0.3805
0.4104
0.4453
0.s068
0.5717
0.6252
0.384L
0.4445
0.489s
0.s33s
0.5904
0.3860
0.4491_
0.5043
0.s360
0.3897
0.46L3
0.523L
0.3928

F3

0.2405
0.L625
0. r.1_84
0.0948
0.0732
0.06L3
0.7462
0.5477
0.38s0
0.2868
0.2464
0.2a67
0. L883
0.8845
0.5527
0.4173
0.32L7
0.2649
0.2L3L
L.0L90
0.s209
0.4L84
0.3547
0.2964
L.0504
0.538s
0.4242
0.39L4
r..01.80
0.5248
0.4294
L.00L8

dh/D3

0.0689
0.0399
0.0307
0.0284
0.0272
0.0256
0.6851
0.3930
0.2469
0.191 0
0.L929
0.r.881
0.1796
0.9041
0.4L53
0.2987
4.2426
0.2280
0.2107
1.2938
0.48s5
0.4086
0.3s96
0.3140
L.475L
0.57s0
0.4677
0.4402
L.4762
0.5978
0.53L3
1.5610



EREI,E {: U5grauft datat singfe e[iFeicaf arqhed brl"dges

D3 dH/D3 dh/D3 .tl
m

Test. O Dt
CTIIIECS M

r. 0.01_5
2 0.02L3
3  0 .03
4 0.0405
s 0 .05
6 0 .061
7 0 .07
I 0.0795
9  0 .09

r.0 0.025
1-1 0.03
L2 0.03s
1-3 0.04
14 0.025
15 0.03
16 0.035
t7 0.045
L8 0.05
r.9 0.055
20 0.04s
21 0.05
22 0.055
23 0.06s
24 0.07
25 0.075
26 0 .08
27 0.065
28 0 .07
29 0.075
3L 0.082
32 0.08s
33 0 .09

0.06435
0.08323
0.09315
0.1L376
0.t2798
0.L4083
0.17L49
0. L9733
0.24257
0.084s4
0.09228
0. r.0071
0. L0947
0. L020L
0.14232
0.L9932
0.r_1855
0.L2752
0.138L4
0.1_3569
0.16107
0.20422
0.15838
0.17263
0.18906
0.20772
0.L7065
0.!9629
0.23896
0.2L172
0.22255
0.23L3L

0.0553
0.0630
0.0754
0.1059
0.L175
0.1  306
0. L4?3
0.1586
0. L669
0.080L
0.0873
0.0949
0.L027
0.1_00L
0. L406
0.0936
0. LL06
0.1183
0.L26L
0.L29L
0.L52L
0.1_878
0.140L
0.t477
0.1545
0. L6L4
0.l_51_4
0.1695
0.1978
0. L489
0.1490
0.L642

0.14L4
0.2729
0.19r.3
0.0622
0.0739
0.063s
0.139s
0.2095
0.3975
0.0469
0.048L
0.0s09
0.0544
0.0L68
0.01_17
0.0287
0.0599
0.0649
0.0799
0.0452
0.0s38
0.0828
0.1099
0.L434
0.L926
0.2502
0.r.1r.0
0.t422
0.1939
0.359r.
0.4203
0.3532

0.L624
0.3198
0.2353
0.0733
0.088s
0.0776
0.1639
0.2435
0.4534
0.0544
0.0567
0.0605
0.0549
0.01_82
0.012r.
0.0293
0.0?L6
0.0777
0.095L
0.0505
0.0s84
0.0871
0. L301
0.16BL
0.2234
0.2868
0.L268
0.L577
0.2078
0.42L7
0.4936
0.4084

0.1459
0.1657
0.1786
0.2L2A
0.24L7
0.2755
0.3941
4.4734
0.571?
0.1573
0.L774
0.1897
0.2042
0. L918
0.2800
0.4787
0.22L3
0.2406
0.2677
0.2609
0.3s49
0.49L2
0.3440
0.398L
0.4504
0.4998
0.3911
0.4707
0.55s2
0.5092
0.5331
0.5508

.13

0.1_385
0.1448
0. r.568
0. L982
0.2L94
0.2482
0.2968
0.3452
0.3774
0. L620
0. L707
0.1811
0.1_930
0.1889
0.2748
0.L792
0.2063
0.2209
0.2375
0.2445
0.3L72
0.4469
0.2735
0.298s
0.3277
0.3563
0.3139
0.3872
0.4749
0.3028
0.3031
0.3574

F3

0.4018
0.4693
0.s054
0,4095
0.4327
0.4505
0.43r.8
0.4388
0.4606
0.3843
0.4056
0.4L74
0.4235
0.275L
0.1985
0.1433
0.42e1
0.4287
0.4284
0.3382
0.2939
0.2357
0.4323
0.4299
0.4308
0.4304
0.3848
0.3499
0.2973
0.4979
0.5L57
0.47L8



EABEE 5: lffltiple sal-ci-rcular arebed trl"Ogas

D3
m

TesE, O DL
curecs m

.fL

0. r.448
0.2001
0.3387
0.4859
0.5755
0.r.552
0.2LL7
0.3L92
0.4?89
0.5674
0.1787
0.2733
0.4647
0.s544
0.L91_5
0.3004
0.4420
0.5313
0.s832
0.2079
0.2847
0.4t20
0.5L49
0.s762
0.248L
0.3953
0.s085
0.s692
0.3328
0.4?39
0.56s2
0.4029
0.5529
0.s273
0.542L

;B

0. L434
0.1982
0.3341
0.4831
0.5747
0.L534
o.2L0L
0.3r.29
0.4742
0.5645
0.L728
0.2650
0.4546
0.5459
0.r.831
0.2866
0.4266
0.5L70
0.5699
0. L939
0.2664
0.3867
0.4924
0.5565
0.2L73
0.3446
0.4622
0.5298
0.2435
0.3904
0.4937
0.26L4
0.4619
0.2747
0.3960

F3

0.0768
0.0262
0.0145
0.0101
0.0075
0.1584
0.08L7
0.0532
0.036s
0.0268
0.2984
0.L575
0.09s2
0.0?34
0.36L8
0. L954
0.1419
0.1066
0.0943
0.4L77
0.2705
0.L987
0.1489
0.L2t6
0.4797
0.3033
0.2272
0.L830
0.54L7
0.3538
0.2555
0.s804
0.33L7
0.6s24
0.4823

dh/D3

0.0275
0.0L04
0.00?0
0.0055
0.0020
0.0234
0.0080
0.0093
0.0091_
0.006?
0.0482
0.021L
0.0L89
0.0L92
0.0s69
0.0270
0.0276
0.0307
0.0319
0.0782
0.0443
0.0431
0.4464
0.0465
0.1208
0.0839
0.0942
0.091_4
0.2097
0.1s96
0. L646
0.280L
0.2034
0.5629
0.3190

21a 0.0038 0.0636 0.06L9
2LB 0.0029 0.10?3 0.1062
ztc 0.0028 A.L572 0.1561
2tD 0.0029 0.2022 0.2011
21s 0.0029 0.2449 0.2444
2?A 0.0099 0.0?43 0.0726
2n 0.0099 0.1L38 o.Lt29
22C 0.01 0.L527 0.L5L3
2?D 0.0102 0.1995 0.L977
2n 0.01 0.2403 0.2387
23A 0.02s4 0.093s 0.0892
238 0.0256 0.L402 0.L3?3
2T 0.0253 0.L942 0.L905
23D 0.0257 0.2333 0.2289
24A 0.034? 0.102L 0.0966
24B^ 0.0343 0.1484 0.1445
24C 0.0350 0.1863 0.18L3
24D 0.0340 0.22L8 0.2L52
24E 0.0358 0.2494 0.24L7
25A 0.0445 0.LLL7 0.L036
258 0.A442 0.L439 0.L3?8
2X, 0.0443 0.1?68 0.1695
25D 0.0441 0.2L43 0.2048
25A 0.0441 0.2453 0.2344
268 0.0611 0.1308 0.LL6?
2rc,  0.0612 0.L?19 0.1586
26D 0.0617 0.2LL5 0.1933
25E 0.0608 0.24L3 0.22Lt
27A 0.0800 0.1558 0.1288
27F 0.0795 0.19?6 0.1?04
27C 0.0792 0.2391 0.2053
28A 0.0930 0.L?4L 0.1360
28B 0.0900 0.232s A.L932
29A 0.LL 0.2L99 0.L40?
298 0.1L 0.227A O.L72L



rAEtE 6: Sprauric o"!q mrtipre semi-cirular arcbes brj.dEe witb
dif,f€rert, soffit levels

D3
m

Test O Dl
culecs m

F3

0.3542
0.3567
0.3968
0.4225
0.4277
4.4420
0.4463
0.4s36
0.2893
0.2L2t
0.1495
0.3624
0.3097
0.2404
0.3942
0.3477
0.3049
0.5227
0.520L
0.4237
0.4626
0.4690
0.5300
0.6L83
0.5845
0.2659
0.2086
0. L546
0.4565
0.3874
0.2L58
0.r.584
0.4296
0.36s6
0.2963
0.4642
0.4987
0.5LL8
0.580L
0.6s35
0.7800
0.2709
0.2089
0.r.562
0.3403
0.3Q24
0.3665
0.3975

dh/D3

0.L257
0.1,454
0. r.710
0.2067
0.2396
0.2987
0.36r-3
0.431L
0.0886
0.1330
0.0620
0.1?0L
0. L706
0.07L6
0.2918
0.3156
0.3098
0.2577
0.2t69
0.246t
0.4856
0.690L
0.91Lt
L.3269
1-.8046
0.3049
0.3340
0.3L03
0.9883
0.5008
0. L773
0. L349
0.5s37
0.4858
0.4352
0. 6060
0.6326
0.639s
0.7910
L.0268
L.3099
0.2847
0.2343
0. L984
0.5346
0.5373
0.4878
0. s206

dH/D3

0.t t26
0.t289
0.1497
o.1788
0.2077
0.2s90
0.31_5s
0.3785
0.082L
0.1280
0.0608
0.L524
0. L5?6
0.L526
0.2607
0.2901_
0.2904
0.207s
0.1730
0.2r4L
0.4270
0.6186
0.8091
1.1_711
r..6002
0.2903
0.3244
0.30s3
0.9L05
0.4590
0.1708
0. L32L
0.4997
0.4492
0.4t26
0.5400
0.5s50
0.55?3
0.6752
0.86s3
L.0627
0.27A3
0.2268
0. L94?
0.501_3
0.5110
0.4510
0.4758

L 0.0L5 0.06?7 0.0602
2 0.02L 0.083s 0.0729
3 0 .03  0 .1037 0 .0886
4 0.0405 0.L252 0. L038
5 0 .0s  0 .1469 0 .LL85
6 0.061 0.1_?19 0.  L323
7 0.07 0.L962 0.144L
8 0.079s 0.222L 0.L552
9 0.02s 0.L054 0.0968

10 0.03 0.L524 0.1345
11 0.035 0.L999 0.1882
L2 0.04s 0.L443 0.1233
L3 0.05 0.L720 0.1469
t4 0.055 0.2150 0.1854
15 0.065 0.L925 0.1490
16 0.07 0.2239 o.L7o2
t7 0.0?5 0.2548 0.L945
18 0.01s 0.0584 0.0464
19 0.03 0.0900 0.0?39
20 0.0s 0.1485 0.Lt92
2L 0.01_s 0.0?48 0.0504
22 0.02L3 0.L056 0.0630
23 0.03 0.L396 0.0730
24 0.0405 0.18?4 0.0805
2s 0.05 0.2428 0.0866
26 0.02s 0.1.33? O.LO24
27 0 .03  0 .18L4 0 .1350
28 0.035 0.24L2 0.184L
29 0.045 0.2t02 0. L05?
30 0.025 0.LL96 0.0797
3t 0.03 0. L56s 0.L329
32 0.035 0.2055 0.L8LL
33 0.04s 0.L?LL 0.1L0L
34 0.0s 0.L954 0.L3L5
35 0.0s5 0.23t4 0.L6L2
36 0 .02s  0 .1135 0 .0?06
37 0.03 0. t242 0.0?60
38 0.03s 0.1,358 0.0828
39 0 .045 0 .15L4 0 .090L
40 0 .05  0 .L8L0 0 .0893
4L 0.05s 0.L954 0.0845
42 0.025 0.1300 0.1012
43 0.03 0. ]677 0.1358
44 0.035 0.2L9L 0.L828
45 0 .045 0 .L9?4 0 .L286
46 0 .05  0 .2295 0 .L493
47 0.025 0.L23L 0.0827
48 0 .03  0 .L346 0 .0885

0.359 0.355
0.369 0.362
0.391 0.373
0.428 0.391
0.453 0 .417
0.s12 0.440
0.556 0.459
0.  606 0 .479
0.394 0.382
0.473 0 .443
0.553 0.542
0.459 0.425
0.53.2 0.464
0.s93 0.537
0.550 0.467
0.609 0 .509
0.656 0.ss3
0.354 0.350
0.375 0.362
0.466 0 .418
0.38L 0.570
0.5L5 0.575
0.669 0 .s80
0.747 0.585
0.803 0.590
0.664 0 .608
0.738 0 .663
0.803 0.742
0.774 0.6L3
0.572 0.564
0.598 0.578
0.663 0.530
0.6L7 0.569
0.649 0.577
0.701 0 .505
0.570 0.563
0.574 0.563
0.s80 0.564
0.605 0.565
0.630 0.55s
0.648 0.564
0.641 0 .602
0.678 0 .548
0.734 0.692
0.706 0 .640
0.746 0 .66L
0.633 0 .585
0.646 0 .s90



D3
m

TesE 0 Dl
clfilecs m

EABIA 6 (o6tt,'d)

0.03s
0.045
0.05
0.055

0.0959 0.4108
0.1_L06 0.4264
0.1222 0.4080
0.L284 0.4L68

0.5s1_6 0.666 0.597
0.5148 0 .694 0 .615
0.73L2 0.733 0.632
0.7s88 0.750 0.640

dh/D3

0.603L
0.6733
0.7885
0.8r.95

49
50
5L
52

0.1538
0.1852
0.2L86
0.2337



IAR;E 7: El$nul,ic data protobpe bridEes

B
m

d/s dh O .I1
mAD m eurrecs

fib u/s
mAD

L 92.660
2 8?.020
3 87.020
4 86.080
5 80.9r.0
6 80.L00
7 72.530
8 72.s30
9 72.330

L0 72.330
l_1_ 70.662
L2 70.330
13 83.630
L4 64.230
1_5 59.LL0
L6 59.140
L7 58.490
L8 58.L90
19 s6 .490
20 38.730
2t 33.20s
22 31.288
23 28.971
24 40.?L8
25 39.368
26 34.r.s0
27 32.39B
28 32.460
29 32.690
30 17.590
31 L7.720
32 1?.800
33  16 .110
34 L6.090
35 L6.330
36 26.940
37 89.820
38 90.?90
39 89.900
40 96.41-0
4t 96.230
42 96.r20
43 95.850
44 53.430
45 53.460
46 53.s30
47 55.380
48 55.310
49 68.500
50 68.270
sl  68.31_0

92.s60
85.s00
85.500
85.9?0
80.450
79.990
72.420
72.420
72.200
72.204
70.586
70.230
83.500
64.L70
58.780
s9.030
58.3,90
58.1-50
s6.420
38.1B0
32.99t
31_. L87
28.502
40.444
39.097
33.840
32.320
32.380
32.600
17.550
r.7.680
L7.770
L6.050
L6.050
r.6.300
26.860
89.670
90.6r.0
89.740
95.970
95.890
95.740
95.?00
s3.190
53.200
s3.230
55.220
55.230
67.850
67. ?50
67.850

0.r.00 1_9
0.520 25
0.520 25
0.L10 19
0.460 56 .6
0.r.r.0 53
0.1L0 .  55 .9
0.1r.0 55.9
0.01_3 56.3
0 .0L3 56 .3
0 .076 7L .4
0 .L00 56 .3
0.130 s3
0.060 s6 .3
0.330 s5.9
0 .LL0 56 .3
0 .300 55 .9
0 .040 56 .3
0 .0?0 56 .3
0.550 4L
0.2t4 69
0.L0L 69
0.469 69
0.274 69
0.27L 69
0.3r_0 204
0.098 9s
0.080 98
0.090 !L4
0.040 95
0.040 98
0.030 114
0.060 9s
0.040 98
0.030 1-14
0.080 tLA
0.L50 6s
0.L80 99
0.160 67
0.440 1r.8
0.340 99
0.380 87
0.L50 57
0.240 L7.4
0 .260 L7 .7
0.300 r8.2
0 .160  L7  .L
0 .080  17 .5
0.650 ].4.7
0.520 13. i_
0 .460  t2 .9

0 .440 48 .05
0.547 30.20
0.532 27.60
0.309 28.2A
0.29L 29.L0
0.1_90 25.30
0.563 46.44
0.5s0 4L.90
0.504 44.60
0.496 4L .90
0.39L 30. r.5
0 .345 28 .00
0.367 r .8.70
0.325 44.50
0.247 27.50
0.243 27.25
0.435 46 .00
0.360 44.40
0.539 66.50
0.524 L7.60
0.288 38.72
0.064 49.2r
0 .082 L4 .85
0.47L 28 .8L
0.645 87 .90
0.670 81 .88
0.s28 8L.38
0.5r.4 8L.38
0.532 81.38
0.355 90.40
0.37r.  90. ]s
0.38r-  90.45
0.264 80 .90
0.264 90 .90
0.283 82.85
0.372 80.00
0.326 48.20
0.488 69 .s0
0.337 s6.s0
0.552 165.30
0.522 t64.70
0.490 1-64.40
0.485 2L .80
0.426 6 .50
0.448 6 .50
0 .474  6 .50
0 .099  6 .00
0 .067  6 .00
0.355 7 .50
0.242 7 .50
0.277 7 .50

0.080 0 .074 0 .424
0.073 0.22r 0.416
0.072 0.206 0.415
0.082 0.058 0.238
0.290 0.277 0.219
0.379 0.0?s 0.189
0.155 0.060 0.538
0.153 0.056 0,538
0.194 0.008 0.506
0.t92 0.007 0.506
0.240 0.035 0.3?6
4.237 0.052 0.338
0.294 0.061 0.317
0.L09 0.025 0.303
0.276 0.18? 0.198
0.240 0.056 0.2L7
0.097 0.119 0.357
0.098 0.01s 0.355
0. r.16 0.040 0.532
0.460 0.399 0.348
0.L29 0.0?9 0.260
0.2L0 0.061 0.061
0.274 0.  L52 0.047
0.209 0.LL5 0.37L
0.072 0 .118 0 .606
0.067 0.060 0.6r_9
0.120 0 .046 0 .498
0. L1_0 0.035 0.500
0. L06 0.034 0.527
0.2s0 0.033 0.353
0.2L2 0 .029 0 .368
0.220 0.020 0.375
0.1_45 0.032 0.260
0.15? 0.024 0.260
0.13L 0.0L3 0.283
0.31-7 0.063 0.348
0.239 0.L01 0.299
0.188 0.1.00 a.452
0.2s2 0. t22 0.309
0.3r.7 0.548 0.427
0.288 0 .446 0 .382
0.3s8 0.627 0.350
0.34s 0.083 0.325
0.492 0.166 0.325
0.477 A.t74 0.352
0.468 0.  r .95 0.383
0.536 0 .LLz  0 .097
0.534 0 .05s  0 .064
0.467 0 .534 0 .2L8
0.s05 0.487 0. t26
0.415 0 .382 0 .L38



IABLE 7 (odt'd)

B
m

d/s dh O .n
mAD m gurEcs

No u/s
nAD

52 70.870
53 70.590
54 70.530
55 77.890
56 77.520
57 77.530
58 45.31.0
59 45.610
60 4s.660
61 ?3.880
62 74.L30
63 18.510
64 95.690
65 95.480
66 166.s20

70.6s0 0.220
70.430 0 .L60
70.430 0.100
77.4L0 0.480
77.L80 0.340
77.L40 0.390
44.900 0 .410
4s.300 0.310
45.460 0.200
73.630 0.250
73.820 0.3L0
18.030 0.480
95.190 0.500
94.930 0.550

165.8L0 0.7L0

' r .3 .4  
0 .384

r.0.8 0.320
L0.4  0 .311
10.7  0 .51s
8 .2  0 .406
7 .8  0 .406

4L6.4 0.268
437.4 0.294
405.0 0.294
436.4 0.240
457.4 0.260
242.s 0.389
462.4 0.157
427.1  0 .14L
437.L 0.350

8.80 0.293 0.15? 0.330
8.03 0.279 0.120 0.281
7.90 0.263 0.0?3 0.28L
8.80 0.2s8 0.36s 0.335
8.80 0.249 0.302 0.L96
8.80 0.2s4 0.362 0.1s8

90.75 0.327 0.15L 0.225
93.00 0.284 0.L02 0.262
93.00 0.249 0.054 0.279
36.59 0.306 0.04? 0.226
36.59 0.3L9 0.058 0.239
58.02 0.240 0,153 0.32L
44.20 0.832 0.L98 0.136
43.75 0.925 0.245 0.L20
66.00 L.24L 0.498 0.314



lnEiE 8: Equatiots of, oodcnrrs of, ill for strqle arrt mrltiple arcH buldgps

Sing1e arctr bridgres

,fL Equation of contour

0 .2 y - (0.0083074 x)+(0.1003L5 x2)+(0.7L6605 )p)-(0.399426 X4)

0 .3 y - (0.00337637 x)+(0.627LL9 X2)-(0.124796 )Al

0 .4 Y - (0.0382022 xr+(0.85219s x2)-(0.214903 )p)

0.5 I : (0.L95424 x)+(0.724589 )C)-(0.00226744 *')

0.6 y - (0.320591 x)+(L.45L38 )C)-(0.534293 x3)

0 .7 Y - (0.737665 x)+(1.32557 *l-(0.4L4776 re')

l4rltiple ardr bridges

,fL Equation of contour

0 .2 I = (0.0083074 x)+(0.1003L6 )P)+(0.216605 x3)- (0.399426 x4,

0 .3 y - (0.00337537 x)+(0.627LL9 *r-(0.t24796 rcl

0 .4 Y - (0.0382022 xr+(0.8s2195 )(2)-(0.2L4903 )p)

0 .5 I = (0.0456L09 x)+ (L.62435 >(2)-(0.65882 x3)

0 .6 Y - (0.268273 xl+(2.404?8 )p)-(0.98246L )p)

0 .? ! = (0.875772 x)+(2.48884 )C)-(L.3122 x3')

0 .8 y -  ( r . .40736 x)+(4.50426 * l - (4.3789L )p)



laBr'E 9: smary of, proentage standard deui.aticr frcm calculatecl surrtsrt

,I1 .13

Prototlpe single arched bridges

ltbdeJ- elliptical arctred bridges

l{odel serni-circular arched bri@es

AIt rcdel single arched bridgres

All rrcdel and prototlpe single arclred bridges

Prototlpe rultiple arctred bri@es

All ncdet nnrltiple arched bridgres

1_3.60

L0.45

9.56

9 .96

10. L5

36.75

L0 .0

L2.48

L2.00

8 .43

9.78

9.97

45.42

8 .80



IhH,E 10: f4rati@s of oontours of fil for sirqrle and mrltiple arctred
UAEes

.f3 Fquation of contour

0 .2 Y -  (0.065289 x)-(0.40?001 )p) +(L.72763 )p)-(0.?84489 x4)

0 .3 Y = (0.0L46852 x)+(0.385273 x2r+(0.720249 )(s)- (0.223369 x4)

0 .4 Y - (0.0251.314 x)+(0.583369 )r2)+(L.73559 r) -$.942262 x41,

0 .5 v = {0.1-7L76? x)+(0.266569 )<z)+ (5.34647 }p)-(4.34L32 *'t

0 .6 y - (0.13921 x)+(2.2832L x2r+(4.96646 )p)-(6.029?3 x4)

0 .7 I = (0.490648 x)+(2.88447 x2l+(26.2231 x3)-(37.0L1? x4)





FIGURES.
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Fig 15 Stare br idge, River Avon, Severn Trent water Authori ty



Fig 16 Stanton 6ate br idge,  River Efewash, Severn Trent  Water Author i ty
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Fig 24 Canford bridge, River Stour,Wessex Water Authori ty
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Fig 25 Kitdwick bridge, River Aire, yorkshire water Authority



Fig 27 Inghey bridge, River Aire,Yorkshire Water Authority
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Fig 29 Union street bridge, River Spen, yorkshire Water Authority
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Fig 32 Batme Road br idge,  River Spen, yorkshire water Author i ty



Fig 33 Poot br idge. River wharfe, yorkshire water Authori ty



Fig 34 l tk tey br idge,  River wharfe.  yorkshire ! {ater  Author i ty
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Fig 35 cattat  br idge, River Nidd, yorkshire l {ater Authori ty



Fig 36 Botton br idge,  River \ {harfe,  yorkshire water Author i ty
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APPENDICES.





APPNDIT( 1

l{orlced oraqrfe of cafcrrlating an estirat€ of affluc
usiry an iter:ative metM

Consider a serni-circular arctred bridge of sjmilar
design to ttrat shoun on Fj.g 3. pier width is O.ltm and
arctr radius is 3m. Total height of the bri@e is 5m.
Assune a baclcvuater calculation yields a downsb:rearn
water level of 32.36 mAD above a mean bed lenel of
3O.O nAD for a ftood disdnrrEe of 44.?2 cunecs. A best
estirnate of the r4>stream water leve1 rnay be offi.afned
fron Fig 38 using the following iterative procedtre.

(i) Calculate downstream Froude m.rrber F3 frqn
downsbream velocity and depth.

F3 : \R / SQR (9<D3)
: (Q/ (B>o3) ) / sOR (s<D3)

'  = (44.72/6.8Ox2.35) /  4.BL
= 0.577

(ii) Assr-ue an jnitial Lpstream water lerrel ard
calculate the corresponding bloclcagre ratio. It is
convenient to let initial qpsLream depth D1 equal
D3.

FirsE. estirnate of DL = 2.36 m
Initial blockage ratio lT1 = a:rea of blockagre

below waterlevel/total flon
area

: (160. 7YL25.321 /L6o.75
: O.22O

Using Fig 38 this initial est.imate of itl and the
calculated value of F3 give an aff,Iux ratio dh/D3
o f  O .143 .



dh/D3 : (DL-D3) /o3 = 0.143

New estimate of DL = (O.L43)<D3) + D3
= 2.702 m

(iii) If the difference between the jnitial estimate of
DL and the new rralue is greater than an

acceptable tolerance of, say O.@1n then the
procech:re is repeated ushg the new value of D1.

New estirnate of D1 = 2.702 m

. ldew,blgckage ratio g1 = (183.76-j.36.15)/183.?6

= Q.259

Frqn Fig 38 dh/D3 = 0.164

new DL = 2.752 m

Since (new D1- previous DL) > O.OOI_ m the
procectrre is nepeated.

ldew estirnate.of D1 = 2.752 m

New blockage ratio 31 : (L87.2L-L37.4L1 /L87.2L
= 0.266

dh/D3 = O.168

new D1 = 2.762 m

(new DL - previous Dl) > 0.@L m

ldew esEimate of Dl- = 2.762 m

Iibw bfgctcage ratio s1 = (1_82 .92-L37.631/LS7.82
= A.267

dh/D3 = 0.169

new DL = 2.762 m

This new depth is wittrin O.OO1m of the previously

calculated value so this is acceptable. Ilre best

esEimate of r4>stream water level is therefore

32.762 m AD.



.EPPEIDIK 2

l$d<ed o.arpfe of c.rcuLatirq an esti$at€ of, affluc
usirq a direct, uethod

Consider Avon Mil1 bridgre crossing the River Avon as
an exanple. ltre bridgre cross section is strown in Fig
11 and nelevant hydraulic data listed in Tables 2 arxl
7. the bridge reference No is i.3. plate 18 strows the
bridge in a nornal flow condition.

Assr:me that a baclcr^rater calculation from dor,vnsEream
has given a water level dovnstneam of the bridge of
83.50 m AD at a disctnrge of 53 curecs. To obtain an
estjrnate of the corresponding upstream water level,

(i) calculate the dor,snstream blockage ratio J3 f:rqn a
downstream elevation of the bridgre, bed level

section and water level. Itris involves

calculating the area of bridge sLnrcture below

the water level and erpnessing tlre rralue as a
fracLion of the total available water area.

area of flow through ardr 1 = 5.93 sq m

area of flow through arch 2 = L2.85 sq m

area of flow throrryh arctr 3 = ?.89 sq m

total flow area ttrrou$ arctres = 26.6? sq m

total river flow area = 39.09 sq m

Blockage ratio 33 : (39.09 - 26.671/39.09 = 0.318

(ii) calctrlate the dovmstream Froude nrmdcer F3

nean bed level : 81.37 mAD

nrean depth of flow D3 : 83.50 - 81.3? : 2.13 m
nean velocity V3 = e/(B>o3) = 53 / (l-g.? x 2.1_3)

= 1.33 m/s



F3 = v3l 1593 (gao3) )
:  1 . 33  /  4 .57
:  O .29

(iii1 obtain a value bf dh/D3 from Fig 39 corresponding
to the calculated rralues of ,J3 and F3.

dh/D3:0.061 :  (Dj ._D3) /oS
tpstream depth D1" = 2.26 m

Best estinate of the r4>stream water level is
therefore

8L .37  +  2 .26 :  83 .63  rn  AD




