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B l f ldth of channel

d f  normal depth of f low upstream

d 3 nornal depth of f l -ow downstrean

CD eoef f l c len t  o f  d rag

p mass  dens l ty  o f  water

V I  mean velocl ty of f low at Sect lon I

V 3 mean velocl ty of f low at Sect lon 3

E acce le ra t ion  due to  g rav l ty

F Froude number = V/ /gd

q dlscharge

J Blockage area /  area of f low ln absence of br ldge

&  a f f l u x ,  ( d t - d 3 )

Ahr aff l -ux, def lned to contaln no fr lct lon loss term
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1 INTRODUCTION

A large number of Br idges in Bri tain today which,

because of their  structural  design, cause substant lal

blockage to r iver f low during f lood events, and

effect ively raise upstream r iver 1eve1s. Often in the

deslgn of a f l -ood protect ion scheme engineers discover

an lnmediately effective rnethod of reduclng flood

levels would be to remove obstruct ions to f low'

l lowever,  many br idge obstruct ions are of nedleval arch

deslgn and are protected by preservat ion rul lngs'  I f

the water 1evel upstream of a br idge during f lood

events could be accurately predicted then f lood

proLeet lon schemes could be designed aecordingly '

PresenE day formulae on br idge hydraul ics are intended

to apply to modern designs of br idges with regular

shaped plers and horLzonLal soff l ts v ir tual ly spanning

the r iver.  Clearly these formulae are inappropriate

to anclent arch structures.

In 1985 a prografflre of research was begun to

invest igate the hydraul lc parameEers assoclated with

single and nult lp le arch br idges wlth the alm of

producing an accurate method of predict ing aff lux, the

dlf ference between upstream and downstream water

levels.  An inter in report  publ ished in August 1985

(Ref  1 )  de ta l l s  the  f l rs t  Par t  o f  the  lnves t lga t lon '

nanely a ser ies of laboratory tests on model s ingle

and nult lp le arched br idges. This report  covers

addit ional tests on nult ip le arched model br ldges to

develop further a technique for predlct ing aff lux

given ln the f l rst  report  '  I t  mainly includes the

col lect ion and analysLs of prototype arch br idge

lnformatlon from water Authori t les whlch was used Eo

f ie ld  tes t  deve loPed theor ies .



z nrsuuf; op
INITIAL TBSTS

A total  of  118 tests were carr ied out oa model

semi-clrcular arched br ldges in a 2.4n wide x 15n long

f lume. Plers rdere square edged for al l  tests but pler

width, bridge length and nunber of arches were

variables. Results from al l  tests and subsequent

analyses are given ln the inter im report  (Ref 1).

Results showed conclusively that predlct lons of af f lux

using exist lng theory based on United States

Department of Transport ,  Bureau of Publ lc Roads

recommendations (Ref 2),  over-est inated nater levels

above br ldge soff l t  levels.

Figure 1 shows a graphlcal  representat ion of the

dimensl-onless parameters of Froude number F 3, blockage

rat io J,  and aff lux rat io 8r/d3 developed from the

f lume tests where:

F 3 = downstream Froude number = u 3/ tr\

V3 = downstrearn veloci ty

d3  =  downst rean depth

C = accelerat ion due to gravi ty

J I  
= area of br idge causlng blockage/area

of f low in absence of br ldge

lh = aff lux, di f ference between upstream

gauged head and downstrean gauged head

By using an Lterative procedure the graph may be used

to predict .  water level.



3 ADDITIOilAL TLU!{E

TESTS

One conclusLon whlch was formuLated fron the

laboratory tests was that behavLour of f low through a

slngle arched br ldge could not be slnl larLy at, t r lbuted

to a nult ip le arch brtdge made up of eombinat lons of

the slngle arch. For a glven unlt  dlscharge and

tal lwater level,  af f lux was larger wlth the three arch

brtdge than wlth the single. Thls lncrease varied

wlth flow and was apparent over the fu1l tested range

of water l-evels. llorrever, l-n the earLy analysls all

mult lp le br ldge teat results were plotted together

wlth the single arch results and represented

graphlcal ly.

A better understandlng of the behavlour of f low

through nult lp le arches was requlred in the l tght of

the above conclusions. Further tests were planned and

set up for these caaea but owlng to the amount of

effort  whlch becane necesaary ln the col lect, lon of

protot,ype data, only a modest progranme of test ing was

poss lb le .



Plate 1 shows the layout of the fl-ume used ln the

experiments. The f lune wae 24.5n long, 0.9n wlde and

0.3n deep and had an adJustable bed slope from

horizont,al  to a maxlmum of 1:60. Unlforn f low

condlt lons l rere establ lshed for var ious dlscharges ln

the absence of the brtdge. Earl ler test htere made on

a three arch br ldge wlth ldent lcal  arch shape and

soff l t  level-s,  so a new model br idge waa construeted

to test the effect of  varylng these parameters. Plate

2 and Flgure 2 sholr the deslgn.

The same discharge and bed slope condltlons nhlch

reproduced unlform flow were funposed on the flune wlth

the brtdge lnstal led. Longltudlnal water surface

proflles lrere measured and these are shown ln Flgure

3. Flow separatora were attached to the downstream

face of the br ldge and to the channeL bed' ef fect ively

spl l t t lng the br idge into three equal wtdth units,  so

that the dlscharge passlng through eaeh arch could be

measured,  see P la te  3 .

Data was processed and analysed using the same

procedure as for prevLous model tests.  The di f ference

between stat lc water level at  upstream and downstream

points furthest f rom the brtdge was consldered as

gauged head aff lux. The dimensionless paraneter of

h/d3, F3 and J1 were ealculated for the br ldge as one

total  unl t ,  and also for each of the arches

separately.  Table 1 l ists the results from these

tests and Table 2 glves analyt lcal  resulte when

consLderl"ng the br ldge ln total  and also each arch

separa te ly .



REST'LTS OF

LIIBORATORYTESTS

Considering f l rst ly the results from the addit lonal

nult ip le br ldge tests in the adjustable bed f lume

TabLes 2 and 3, giv ing the hydraul lc data for al l

three arches analysed in total  and anaLysed

separately.  Thls shows that the behaviour of f low

through a slngle arch ls very di f ferent from that with

a mult i -arch structure. Calculated wat.er level

upsEream of the smal1 arch ls up to 302 higher than

actual ly measured, and in the case of the large arch

upst.ream water level was under-predicted by alnost

L8%. Lateral  water surface prof l les taken at the

measurement loeat ions ei ther side of the br idge were

assumed horLzontal  but the predlcted 1evels indlcate

probable condlt ions in the area close to the br idge.

Figure 1 shows the graphical  representat ion of the

dimenslonless parameters &l/d 3, F, and J 1 presented in

the lnter ln report  HRL SR 60. Thl-s covers tests on

single and nult ip le arches. In order to direct ly

compare the addit l -onal data on mult lple arches wlth

previous, part  of  Figure I  was plotted Eo a larger

scale and al l  data on mult lple arch br idges shown.

This data l -s given on Figure 4. Clearly the data for

the  la te r  t ,es ts ,  cons ider lng  the  to ta l  b r idge,  f i t s

very wel l  within the contours.

Table 4 compares the measured aff lux at model nul t ip le

arch br ldges with that obtained uslng the graph,

Flgure 4. Al though there is a degree of scatter,  the

neasured points agree closely with the predicted, with

a populatLon standard devlatLon of !  O.87".  This

result  gives conf idence in the hand f i t ted curves of

J l ,  blockage rat. lo obtained from prevlous laboratory

ana lys ls .



Whilst  the data obtained frorn the very l lmited

extended tests on nult lp le arch br idges with di f ferent

soff l t  levels looks promislng and agrees welL wlth

prevLously establ ished hydraul ic representat ions, more

research is needed on this aspect of br idges to extend

the range of appl icabl l l ty of  the nethod of af f lux

ana lys is .



COLLECTION OF

PROTOTYPE BRIDGE

DATA

In order to f le ld test the developed relat ionshlps

from the laboratory nodel tests slmi lar data was

required from actual arch type brtdges which by vlr tue

of thelr  design cause some degree of blockage to f low.

Letters were sent to 55 reglonal l i later Authorl t ies in

England, Wales and Scot land t .o explaln the research

programme and to enqulre whether they had brldges in

thelr  area whlch caused aff lux problens. Thelr

ini t ia l  response is shown in Table 5. The toEal

number of br idges ident i f ied was 192 which emphasLses

the need for a better understandtng of the problen.

A11 Water Authorl t les expressed an interest ln the

research programne and some offered assistance in

gathering addir tonal data.

Ideal ly the prototype informatlon required was

corresponding water level ueasurements upstream and

downstream of an arch br idge, and a discharge

ueasurement taken at the same time either at Ehe

bridge or,  as rcas nost l lkely,  aE a nearby gauging

structure, dur ing a f lood event.  plans and sect lonal

drawings of the bridge were needed to caleulate

blockage rat lo and assess al ignment t ,o the f low.

UnfortunateLy, the l {ater Authori t les lndlcted ln thelr

in l t ia l  rep l ies  tha t  wh l ls t  s t ress lng  the  subs tan t ia l

number of arch structures whlch caused aff lux, they

were only able to supply l imlted data for the major i ty

o f  the  br idge s i tes .  Usua l ly ,  un less  f lood  leve l

recorders had been slred ei ther side of a br idge

speclf ical ly for f lood event monitor ing purposes

correspondlng upstream and downstream $rater level

records were absent or lncomplete. The Severn Trent,

I , Iessex and Yorkshlre Water Authorl t ies had special

interests ln part icul-ar br ldge sl tes and as part  of



ACCURACY OF

PROTOTYPE DATA

their  f lood monltor ing procedure offered to instal l

naximum rsater level recorders at chosen sl tes.

Gathering together the data for each f lood event

beeame an lmmense task for var ious reagons. Often the

Authorlty had undergone tnany re-organlsatlons and the

whereabouts of data was unknown. Many brldge slte

drawings were f l led ln Councl l  Plannlng off lces and

because of the effort ,  lnvolved in sieving archive

records I IRL were asked to pay for the service. Whi lst

efforts cont lnue ln tracking down the auount of

materlal- known to be avallable lt was decided to

concent ra te  e f fo r t  in to  co l lec t lng  fu l l  se ts  o f

lnfornat lon from the three large I ' later Authorl t les

mentioned above. The selected brtdge sl tes from these

Authorl t les together with the raw data for var ious

f lood events are l isted ln Table 6. Figures 5 to 36

show cross-sect ions and structural  dinenslons for each

br idge.

Data is st i l l  coming in from Water Authorl t les or

Counci ls but as each f lood event is lncomplete has as

yet not been processed. Often a conprehensive set of

water leve1 information l tas suppl ied but there were no

bridge drawlngs available. IIRL could, at some future

t ime, arrange a survey of these br ldges. A number of

Authoritles have now lnstalled naxlmurn level gauges

measurlng f lood events at elcher side of speclf lc

bridges and as yet have not recorded nany events.

Thls programme ls on-going and lt has been arranged

that data be sent to IIRL for analysis as lt becomes

ava i lab le .

For a single f low event xneasurements of water level

upstream and downstream of the br idge, r iver discharge

nearby taken at the same time as water levels and

bridge dlmenslons were required for analysis.



Many of the selected bridges ltere very old and the

only known drawlngs were on microfil-m and often

distorted. A number of drawlngs l f ,ere suppl ied without

reference spot levels,  dLmenslons or sca1e. These

were fol lowed up but often only spot heights on road

crosslngs were the only detal ls aval lable from which

to calculaLe a1l br ldge dlmensions. The calculat ion

of blockage rat io requires a digl t lsed measurement

from the drawings of the total  f low area upstream of a

br idge. For accuracy a knowledge of the bed levels at

the section where rdat,er level neasurements were taken

is necessary. Thls lnformatlon was never aval lable

but onLy a rlver bed survey taken at the tfune of the

bridge drawlng. The bed may have changed dramatically

slnce that t lme. Htgh water levels,  result lng in

large aff lux rat ios, were oecaslonal- ly above r iver

bank level and across the floodplain. As drawlngs

suppl ied dld not lnclude f loodplain detal ls and as the

analysis did not cover f loodplain f low i .e.  total  f low

was assuned through the bridge arches, the rlver banks

were extended fron actual top of bank level to

recorded hlgh water level.

RegardLng water level measurements, many recorded f low

evenLs were histor ic and spurious water level readings

could not be checked as the recorders have long slnce

been removed. In many cases no indication of the

poslt lon of the l rater leve1 measurement relat ive to

the brtdge lilas glven, nor a tlne of day whlch could be

related to a dlscharge recordLng.

Dlscharge vaLues suppl ied by the Water Authori t les

with the rdater 1evel lnformatlon was assumed Lo have

been taken at the sarne t lme of day. Real lst lcal ly

thls value was probably a peak dat ly f low. In the

lnstances where dlscharges were obtalned separately

from Water Resources Departments, peak dai ly f low

values were extracted. Ideal l -y a gauging stat lon



should be close Eo the br idge with no lnf low or

outfLow between the two structures. 0rdnance survey

charts showed some instances where some inflow lvas

evident between gauging stat lon and br ldge but there

were no dlscharge records for the tr lbutar les. At

this stage ln the analysls f lood rout lng techniques

\rere not applted to more accurately define the

approprlate diseharge of the br idge. Asslstance was

glven by the Inst i tute of l lydrology in aome caaes

where dlscharges nere suspect and they were able to

provide peak dal ly f low values.

10



PROTOTYPE DATA

PROCESSING

The prototype data was processed ln the same way ae

the laboratory measurements (Ref ) to fornrulate into

dimenslonless hydraul lc parameters.

Aff lux was def ined as the di f ference between subnit ted

upstream and downstream water levels,  at  ei ther side

of a br ldge, regardless of posi t lon of measurement

relat ive to the bank or br ldge. Locat ion of

gaugeboards or nater 1eve1 measurements was invariably

unknown and so there can be no comparison directly

with laboratory level- measurernent locatlons. It can

only be assumed that levels were taken at a suff ic lent

dLstance from the br idge so as not to be lnf luenced by

drawdown or local turbulence effects.

Discharge, Qm3/s, as mentLoned previously,  l ras usualLy

a peak dai ly f low. In the calculat ion of veloci ty and
v3

depth in the downstream Froude number term F 3 
= 

;6q
the upstrearn bed sectl.on was carried downstream and

assumed representat ive of bed condit ions in the

downstream reach. This nethod was adopted because

there was no data avai lable for reaches downstream of

the  br ldges .  Downst rean f low area ,  A1n2 was d ig i t l sed

fron these sect ions and known downst,ream water levels.

Veloci ty was thus calcul-ated fron v r  = |  n/s.
"  a 3

Blockage rat io,  J = area of br idge below r i later

level/ total  f low area. The relevant areas were

dlgi t ised froro the structural  drawlngs, whlch are

reproduced in Ftgures 5 to 36.

11



COMPARISON BETT{EEN

MODEL AI{D

PROTOTTPB BRIDGE

RES['LTS

CONCLUSIONS

The hydraul lc data analysed for al l  nodel br idges ls

l isted on Table 7 and presented as a contoured graph

of dimensionless parameters lh/d 3, F 3 and J 1 on Figure

1. A slnl lar set,  of  data for prototype br ldges ls

given in Table B and shown on Figure 37. Both sets of

data were also analysed in terms of total  head t t(rn)

and results are plotred on Figures 38 and 39.

The standard devlatLon of !  O.8% for the data on uodel

nult ip le arches shows the contours of blockage rat lo

gLves a close f i t  to the data. A slnl lar analysls has

been undertaken for the slngle arch model br idges'

and calculated leveLs are wlthln !  3.77" of mesured

values, Table 9. Contours are shown on the plot of

prototype br ldge data where, as expected from the

accuracy of the data, there is consLderable scatrer.

Table compares predicted aff lux with measured

prototype aff lux and the resultant standard devlat ion

of the points ls ! L2"/". Glven that the raril proEotype

data needs to be looked at more closely to minlmise

errors, the prototype data agrees reasonably wel l  wlth

node l  p red lc t lons .

Lin lLed nodeL test6 on a mul t lp le arch br ldge wi th

di f ferent  sof f l t  levels  showed behaviour  of  f low to be

very d i f ferent .  through each arch separate ly  as

compared wi th the br idge t reaEed as one unl t .  Using

the graphical  nethod to predict  af f lux as presented ln

the ln ter im report  l lRL SR 60 and consider ing the model

br idge Ln tota l ,  predicted af f lux agreed wel l  wi th

measured values.

L2



Predicted aff lux, considering al l  test model nul t lp le

arched br idges, was wlthin !  O.87. of the measured

values, showing good agreement.  A siml lar analysis

for slngle arch model- bridges showed calculated data

to be within t  3.77. of  measured.

A massive response to informatlon regardlng aff lux and

associated hydraul lc data at br ldges throughout

England, Wales and Scot land, was received from many

Water Authori t les. This lndicated there were a large

number of brldges which caused flooding problems due

to substant lal  af f lux. Much of the daEa associated

wlth these br idges was eiLher not aval lable or yet to

be col lected so the actual number of brtdges analysed

was reduced to 66. Prototype data has yet to be

ref ined to el lninate such errors incurred ln discharge

evaluat lon, channel cross-sect lonal est imatlon

upstream and downstream of a br idge ln the absence of

one or both, f loodpl-atn f low, skewed br ldges'  water

level measurement techniques and locat lon'  etc '

The predicted aff lux at prototype br ldges var ied

between !  L27" of the actual measured value, lndicat ing

the graphical  nethod of af f lux predict ion to be a

reasonable i terature procedure to apPly to arch

br idges .

There was considerable scat ter  ln  the data whlch,

whl ls t  ind lcat ing possib le errors as ment ioned above,

suggests fur ther  research Ls needed to ref lne the

l terat ive nethod of  predict ion.  The ef forE lnvolved

Ln col lect ing prototype lnformat lon severely  l l rn l ted

test lng of  nul t lp le arch uodel  br ldges whlch had been

planned.  Prototype informatLon a l ready gathered

inc ludes skewed br ldges,  long br idges,  nul t ip le arches

o f  d i f f e ren t  so f f l t  l eve l s ,  and  b r i dges  w i th  va r i ous

shapes of  p iers.  A11 these aspects have noL been

13



fu l ly tested in the l -aboratory so whi lst  results to

date have proved pronlslng a design manual cannot be

formulated untt l  the predlct ive rnethod ls ref i 'ned.
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T A B L E S





TABLE 1 :

Dlscharge

t 3/s

Reeulte of teste

dlfferent eofflt

on brtdges wlth

levels

Bed Slope Upst rean

depth n

nultlple arches wlth

Downstream

depth m

Normal

depth m

0 .0795

0 .0605

0 .0405

0 .0210

0 .00031

0 .0002925

0.0002625

0 .000226

0.2204

0 . t 722

o .  126  1

0 .0835

0 .  1550

0 .1369

0 .  1053

o.o729

0 .1595

0 .  135  1

0 .  1062

o .o7  43



TABLE

Bridge

f,ydraullc data - further nultlple arch brtdge testg

u / s
depth
h r  t

d l s
depth
h 3  *

*r& F 3 J 1 J 3 a
,o 3/"

Three arches O.2204
o .L722
0 .1251
0 .0835

Rlght arch

0 .0654  0 .0574  0 .455
0 .0353  0 .0309  0 .417
0 .0207  0 .0180  0 .413
0 .0106  0 .0094  0 .372

0 .608  0 .485  0 .0795
0 .519  0 .455  0 .0605
0 .438  0 .404  0 .0405
0 .374  0 .366  0 .0210

0 .454  0 .353  0 .0225
0 .365  0 .347  0 .0187
0 .345  0 .344  0 .0121
0 .344  0 .344  0 .0067

0 .603  0 .435  0 .0257
o .492  0 .394  0 .0223
0 .378  0 .358  0 .0144
o .347  0 .345  0 .0073

o .766  0 .668  0 .0313
0 .701  0 .624  0 .0194
0 .591  0 .511  0 .0141
0 .432  0 .408  0 .0059

Centre arch

Lef t  arch

0.2204
o .L7  22
0 .1261
0 .0835

o.2204
o . t722
o . r26L
0 .0835

o.2204
o . t 722
0 .  1261
0  .0835

0 .  1550
0 .  1369
0 .  1053
0 .o729

0 .1550
o .  1369
0 .  1053
o .o7  29

0 .  1550
0 .  1  369
0 .1053
o .0729

0 .1550
0 .  1369
0 .  1053
o .0729

0 .0654
0 .0353
0 .0207
0.  o 106

0 .0654
0 .  0  353
0 .0207
0.  0 106

0 .0654
0  0353
0 .0207
0 .0106

0 .0596  0 .387
0 .0315  0 .387
0 .0186  0 .369
0 .0095  0 .359

0 .0579  0 .440
0 .0300  0 .46L
o  .o r7  7  0 .439
0 .0093  0 .387

0 .0541  0 .537
0 .0313  0 .401
0 .0178  0 .431
0 .0094  0 .371



TABLE 3: Conparl.eon between meaeured and calculated afflux - further
nultlpLe arch brLdge teote

Bridge u/s  depth
(neasured )

u /s  depth
( ealculated )

Z dl f ference

3 arches

Rlght arch

Centre arch

Lef t .  arch

o.220
o .L72
o. t26
o .  oB3

0.083
o .L26
o . r72
o.224

0 .083
I . L26
o .L7  2
o .220

0  .083
o .126
o. r7  2
o.220

0 .  219
0 .170
0 .  123
0 .08 r

0 .080
0 .116
0 .  152
0 .181

0  . 081
0  121
o .  170
o .2 t4

0 .083
0 . r42
0 .203
0 .  285

0 .45
1 .  16
2 .4
2 .4

3 .6
7 .9

11 .6
L7  . 7

2 .4
4 .0
L .2
2 .7

o
-r2.7
- 1 8 . 0
- 2 9 . 5



TABLE 4:

Test  No u/s  depth
(neasured )

u/s depth
(ca lcu la ted)

Z d i f f e rence

Conparlaon between calculated and neasured afflux - nodel
nultiple arch brldges

2rA
2LB
2LC
2ID
zLE
22A
228
22C
22D
228
23A
238
23C
23D
24A
248
24C
24D
248
25L
258
25C
25D
258
26A
268
26C
26D
27A
278
27C
28B
298
1F
2F
3F
4F

0 .0636
0 .  1073
o .L572
0.2022
o .2449
0 .0743
0 .  1  138
0.1527
0 .  1995
o .2403
0 .0935
0 .1402
o .L942
0 .2333
0 ,1021
0 .  I  484
0 .  1B63
o.22L8
o .2494
0 .  1  117
0 .  1439
0 .  I  768
o .2143
0 .2453
0 .1308
0 .1719
0  .  2115
0 .24L3
0 .1558
o . r97  6
0 .  2391
o.2325
4 ,2270
o .220
0 .L72
0 .L26
0 .083

0 .0620
0 .1063
0 .  1562
0 .2014
0 .2449
o .0732
0 .  1  133
0 .  r 517
0 .1984
0.2399
o.0929
0 .  1  396
0 .  1936
o.2328
0 .  1026
0 .148s
0 .1869
o.2216
0 .2494
0 .  I  123
0 .1441
o .  L77  L
0 .2 t42
0 .246L
0 .1307
o .L72 l
0  . 2115
o .2412
0 .1526
0 .1963
0 .2377
o .2324
0.2289
o .2 I9
0 .  170
0 .123
0  . 081

2 .4
0 .9
0 .6
a.4
0
1 .5
0 .4
0 .6
0 .5
o .2
0 .5
0 .4
0 .3
o.2

- 0 .5
0

-0 .3
o
0

-0 .5
-0 .  1
-0.2
0

-03
o

-0 .  1
0
0
2 .O
o .7
0 .6
0

-0 .  8
o .4
r .2
2 .4
2 .4

Popu la t lon  s tandard  dev la t io  =  t  0 .8%



TABTE 5: SUI,{MARY OF AVAILABLE

Yorkshlre Water Authorl ty

DATA FROI{ BRIDGES WITU HIGE AFFLUX
a = data used ln analys is
b = lnsuf f lc lent  s t ructura l  in fornat ion
c = insuf f lc ient  d lscharge data
d  =  l nsu f f i c l en t  wa te r  l eve l  da ta
e = in format lon aval lable '  not  yet  co l leeted

Rl-ver Bridge Data

Al re Kll-dwick
Car le ton
Inghey
Sl lsden

a
c
e
c

Spen SEat lon Road
Un lon  S t ree t
Rawfolds
S t  Pegs
Balme Road

a
a
a
a
a

Wharfe Poo l
I lk1ey
I lk ley Old
Bo l ton
Grassington
Ot ley
Linton
Thorp Arch
Wetherby
Tadcas ter

a
a
e
e
a
b
b
b
b
e

Nidd Summer
Hampsthwalte
Sk ip
Ktl l inghal1
Conyharn
Knaresborough High
Knaresborough Low
Cat ta l l

b
b
e
c
c
c
c
a

Swale Sklpton
Thornton

c
c

U r e Borough Brldge
Tanfleld
Rlppon North
Brldge l lewick
Ki lgran
Cover
Middlehan
Wensley

e
e
b
c
c
c
c
c

Ouse C l l f t o n
Scarborough
Ouse at York

e
e

e

Derwent Howshan e

dBa t l ey  Beck  Seve ra l  S l t es



SUU}IARY OF AVAILABLE DATA FROU BRIDGES I{ITA HICE AFFLUX

I{elsh Water Authorl ty

Br idge

Rhymney Draethan
Forge Road
Iron Bridge
Bedwas
Corbets
Ystrad Mynach
Twyn Sion I fan

b r c r d
c r d
b r c r d
c
b r c
e
e

Ynys (Taf fs  Wel l )
te iners  (Tre fores t )
T inp la te
Cast le  Inn
Machlne
Ynysangharad Park
Quakers Yard

b r c  r d
b ' d
b r d
b ' d
b ' d
b r c  r d
b ' d

Gell i  Ral lway
Ton Pet re
Treherbert

c r d
c r d
c r d

Mountain Ash
Peace Park
Cwnbach
Aberdare
Robertstown

b r d
b ' d
b r d
b r d
b ' d

Ely Road
Ely  Foot
St  Georges
Peterson- s-Ely
PontycLun Rai lway
U-Pant
Pont Lydan
Ral lway Vladuct

b ' d
b ' d
b ' d
b ' d
d
b ' d
b ' d
b r d

Dlnas Powls b r c  r d

Farndon
Bangor-on-Dee

b ' d
b ' d

Pont-y-GrcyddeL

Pont-y-Cape1

Bowllng Bank



SUUI'IARY OF AVAILABLE DATA FROU BRIDGES I{ITE NIGH AFFLUX

Severn Trent Authori ty

Rlver Brldge Data

Avon Dow
Boughton
Avon Mi11
Lea Crescent
Bre t fo rd
I, Iolston
Ryton
Bubbenhal l
Cloud
Stare
Chesford
Blackdown
Bln ton

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

Arrow Waehford
Gunnlngs
Stratford Road
Oversley
Cast le Road
Spernal l
Wlxford
Broom
Sal fo rd

c
a
b
a
c
c
a
a
a

Leam Vic to r ia
Mr11
Wil les
Ilunninghan
Offchurch
Adelaide

c
c
c
c
c
c

P ldd le Grafton Fl-yford
Tl lesford Farn
Wyre Rall
Wyre Road

c
c
c
c

Erewash Stan ton  Ga te a



SU}IUARY OF AVAILABLE DATA TRO}T BRIDGES I{ITE EIGN AFFLUX

Angl lan Water Authorl ty

River Bridge Data

Stour Kedlngton
Baythorne
Pent low

b ' d
b , c r d
b ' d

End

Stour Brook Sturmer b ' d

Colne Ear ls  Co lne b ' d

B r e t t Chelsworth
Hadlelgh

b r c r d

b ' d

Black Water Wlckhan b r c  r d

I.rld Whl tes  Br ldge b r c  r d

Welland Duddlngton b ' d

Nene Wansford
Mll ton Ferry
Fotherlnghay
Oundle
Thrapston

b ' d
b r c r d
b r c r d
b r c r d
b , c r d



SUU}IARY OT AVAILABLE DATA FRO}I SRIDGES WITII HIGN AFFTTIX

hlessex lJater Authori ty

River Br tdge Data

Stour .  I fo rd
Longhan
Canford
Ju l ians
Sturml.nster
Crawford
Blandford

e
b
a
a
e
a
a

Marshal l

Avon Crane
B lc ton
Bradford-on-Avon

c r d
c r d
b r d

Frome hlool
Damsons
Holme
Greys

d
b r d
d
d

B r i t Br idpor t  West
Nor th  Mi l l s
Br ldpor t  two s l tes

d
d
e

B l s s Crad le c r d

Congresbury Yeo Per ry ,  A38
A370 Road Bridge

b r d
d

Banwell Ebdon b ' d

Brue Leggs
Church
Brldgefoot

c r d
c r d
b ' d

Cam Frog Lane c r d

Yeo Load
I l ches te r

c r d
c r d

Hart lake IIartlake b r c  r d

Klngs Sedgemoor
Draln

Rallway

Dunbal l

c r d

c r d

I  s l e Midelney
I l f o r d

b r c ,  d
b ' d

Five Head P o t b , c r d

Tone Creech Road
Athelney

b r d
b r c r d

Halsewater Blshops l l l l l b . d



SUUMARY OF AVAILABLE DATA FROU

RLver  Pur l f i ca t lon  Board

BRIDGES WITH HIGH AFFLUX

Tay

Water  Author l ty : Forth River Purl f icat{on Board

Bridge

Eden Cupar

For tev lo t

Newton
Alrnond Bank

Aberfeldy
Log lera l t
Per th

d
d
d

Crath ies

Dlghty Mtll of l,tains

InverkeiLor

Brechln

North l , Ia ter

R ive r Bridge Data

Tyne A1 Road
Abbey
Nungate

Bridge d
b ' d
b ' d

b ' dAl lan Cromllx



SUMUARY OF AVAILABLE DATA FRO}T BRIDGES WITE HIGH AFFLUX

North West l , Iater Authori ty

River Br idge Data

I r k Blackley Road
Boothroyden

d
b

Mersey Barfoot  Aqueduct e

Tame BroomstaLrs b

Sankey Brook Sankey M111 e

Kent Nethe r d

Leven Newby d

Greta Keswlck b r c , d



SUU}IARY OF AVAILABLE DATA FROI.I BRIDGES I{ITH EIGE AFFLUX

Southern l {ater Authorl ty

Rlve r Brldge

Eastern  Yar Alverstone
Longwood
Langbrldge
Horr lngford
Morton
High  St ,  Whi twe l l

b r c  r d
b r c r d
b r e r d
b r c r d
b r c  r d
b r c  r d

Town Brldge
Vexour

b ' d
b ' d

Co l l ie rs  Land
Eusf le ld
East  Far le lgh

b r d
b r c r d
b ' d

Rother Withereaden
Etchlnghann
Udlan
Blackwall

b , c r d
b r d
b r d
b r c

TeLse S tonebridge

St l l e  B r i dge

Great  S tour I{ye
A28 Road Bridge

b ' d
b r c

Hexden Channel  Hope Mi l l b r c r d



SUMMARY OT AVAILABLE DATA FROI'I BRIDGES T{ITE NIGH ATFLUX

Thanes l . later Authorl ty

Bridge

Salnons Brook Enf le ld Road
Clarendon Arch

b r e r d
b r e  r d

l lounsden Gutter Hounsden Road b r c r d

b r c  r d

Nlmney Bourne l,Iareslde b r c r d

Abrldge
Shonk 's  Mi11
Roding Lane

e
b
b r c  r d

Ingrebourne A13 Road Bridge

Chtng Brook Beech Hal l  Road b r c r d

Nazlng Brook Nazlng b r c , d



E 6: Selecteil PrototyPe brLdge data

tlater
Author l ty

Rlver Brldge UpBl reaa
lra ter
1eve1

nAD

Do$nstreaa Discharge
!rat er
1eve1
nAD s3ll

Channel Arch
wtdrh detal ls

M - l{ultiPle
n s = Single

Severn Trent  Avon Dow br ldge 14.03.47 92.660 92'560

Avon Bougheon Road br ldge 11'07'68 87'020 85'500
Avon  11 .07 .68  87 ' 020  86 ' 500
Avon  09 .03 .75  86 ' 080  85 ' 970

Avon Lea Crescent br ldge 09.03.75 80'910 80'450

Avon 30'  12'81 80'  100 79 '99O

Avon Bret ford br ldge 09.03'75 72'530 72'420

Avon  09 .03 ' 75  72 ' 530  72 ' 420

Avon  30 .12 .81  72 ' 330  72 ' 2OO

Avon  30  '  12 ' 81  72 ' 330  72 ' 2oo

Avon l {o lston br ldge 11.07.68 70'662 70'586

Avon  30 .12 ' 81  70 ' 330  7O '23O

Avon Avon Mi l1 br idge 30.12.81 83'630 83'500

Avon Ryton br ldge 30.  f2.81 64'230 64'170

Avon Bubenhal l  br ldge 09.03.75 59'100 58'780

A v o n  3 0 ' 1 2 ' 8 1  5 9 ' 1 4 0  5 9 ' 0 3 0

Avon Cloud br ldge 09.03'75 58'490 58'190

Avon  30 '  12  ' 81  58 '  190  58 '  150

Avon Stare br idge 30.12.81 56'490 56'420

8rel taah Stanton Gate br ldge 26.02'77 38'730 38'180

Arrol t  Wlxford br ldge 25.01.60 33'205 32'99L
Ar row  B roon  b r i dge  25 .01 .60  31 ' 288  31 '  f 87

Arrow Sal ford br l .dge 25.01.60 28'97L 28'502

Arron Gunnlnge br idge 25'01'60 40'718 &0'444

Arrow overslev br idge 25'Ot '60 39'368 39'O97

I{essex Stour Blandford br idge 28.12.79 34'150 33'840

S tou r  t 1 ' 03 .81  32 ' 398  32 ' 320
s tou r  15 ' 12 ' 81  32 ' 460  32 ' 380

S tou r  16 .03 ' 82  32 ' 69A  32 ' 600

S tou r  Ju l l ans  b r l dge  11 .03 .8 f  17 ' 590  17 ' 550

s t o u r  1 5 ' 1 2 ' 8 1  L 7  ' 7 2 O  1 7 ' 6 8 0

s tou r  16 ' 03 ' 82  17  ' 8OO 17  ' 77O

Stou r  Can fo rd  b r l dge  l f ' 03 ' 81  15 ' f 10  16 ' 050
s tou r  15 '  12 ' 81  16 ' 090  16 ' 050

s tou r  f 6 ' 03 ' 82  16 ' 330  16 ' 300

Stour Crawford br idge 16'03'82 26'940 26'860

Iorkshlre Aire Kl ldwtck br ldge 22'Ol- '73 89'820 89'670

A l re  28 '  10 ' 80  90 ' 790  90 ' 610

A l re  03 ' 01 ' 82  89 ' 900  89 ' 740

Alre Inghey br ldge '46 96'4f0 95'970

AJ . re  
-  

22 ' 01 ' 75  96 ' 230  95 ' 890

Al. re 02'01- '76 96'120 95"140

A l r e  1 5 ' 0 1 ' 7 4  9 5 ' 8 5 0  9 5 ' 7 0 0

Spen Stat lon Roai l  br ldge 26'04'83 53'430 53'190

S p e n  0 1 ' 0 6 ' 8 3  5 3 ' 4 6 0  5 3 ' 2 0 0

Spen  09 ' 12 ' 83  53 ' 530  53 ' 230

Spen Unl-on Screet  br idge 26'04'83 55'380 55'220

SPen  09 '  12 ' 83  55 ' 310  55 ' 230

Spen Rawfolds br ldge 26'04'83 68'500 67 '85O

SPen  01 ' 05 ' 83  68 ' 270  57  ' 75O

Spen  09 ' 12 ' 83  68 ' 310  67  ' 85O

Qp"" St  Pegs br idge 26'04'83 70'870 70'650

SPen  01 ' 06 ' 83  70 ' 590  70 ' 430

SPen  09 '  12 ' 83  70 ' 530  70 ' 430

Spen Balue Road br ldge 26'04'83 77'890 77'4 lO

SPen 0L '06 '83 77 '52O 77 'L8O

Spen  09 ' 12 ' 83  77  ' 53O  77  ' l 4O

Whar fe  Poo l  b r l dge  20 ' 09 ' 46  45 ' 310  44 ' 900

l l ha r f e  16 ' 02 ' 50  45 ' 610  45 ' 300

tJharfe O9'L2'65 45'660 45'460

t fharfe I lk ley br tdge 2O'O9'46 73'880 73'630

I{harfe 16'02'50 74'  130 73'820

N ldd  Ca t t a l  b r t dge  O9 '12 ' 65  18 ' 510  18 ' 030

Whar fe  Bo l t on  b r l dge  16 ' 02 ' 5O  95 '690  95 ' 190

l l ha r f e  09 ' 12 ' 65  95 ' 480  94 ' 930

I{harfe Graselngron br idge 09'12'65 166'520 165'810

19
25
25
19

56.6
53

5  5 . 9
5 5 .  9
5 6 . 3
5 6 .  3
7L.4
56.3

53
5 6 . 3
5 5 .  9
56.3
5 s . 9
5 6 . 3
5 6  . 3

4 1
69
69
69
69
69

204
95
98

1 1 4
95
98

l 1 4
9 5
98

1 1 4
114
65
99
67

118
99
87
57

r f  . 4
t 7 . 7'18 .  

2
L 7 . l
1 7 . 5
t4 .7
1 3 . 1
L2.9
1 3 . 4
10.  8
1 0 . 4
10.  7
8 . 2
7 . 8

4L6.4
437.4
40 5 .0
436.4
457.4
2 4 2 . 5
462.4
427.L
437. r

48  .05
30.20
27 .60
28.20
29.  10
25.  30
46.40
4 1 . 9 0
44.60
4 1  . 9 0
30.  15
28 .00
1 8 . 7 0
44.50
2 7 . 5 0
2 7 . 2 5
46.00
44.40
6 6 . 6 0
17.60
38.72
49.2r
1 4 . 8 5
2 8 .  8 1
8 7 . 9 0
8 1 . 8 8
8 1 . 3 8
8 1  . 3 8
8 1 . 3 8
90.40
9 0 . 1 5
90.45
80.90
90.90
82.  85
80.00
48.  20
69 .50
56 .50

1 6 5 . 3 0
164.7 0
164 .40

2 1 . 8 0
6 . 5 0
6.  50
6 . 5 0
6.00
6.00
7  . 5 0
7  . 5 0
7  . 5 0
8 . 8 0
8 . 0 3
7 .90
8 .  8 0
8 . 8 0
8 . 8 0

90.75
93.  00
9  3 . 0 0
36.  59
36 .59
58 .02
44.20
43.7  5
66.00

l,t
M
u
ll
u
u
t{
u
M

ll
t{
l!
M
M
M
lt
t{
t{
lt
M
S
M
s
u
t{
M
M
!l
M
t{
M
tl
ll
u
!t
M
u
u
lt
u
il

M
S

s
S
s
S
s
s
S
S
s
lt
M
II
M
M
M
l.{
M
S
S
M
u
M

lt



TABLE 7'

Data from l todel Tests

TEST a

(n  3 /e )

2 L . 0 1
2 8  . 0 1
2 C  . 0 1
2 D  . 0 1
2 E  . 0 1
2 F  . 0 1
3A .O25
38 .O25
3C .O25
3r,  .o25
3E .A25
4 A  . O 3 5
4B .035
4 c  . 0 3 5
4D .035
5A .O44
5 8  , O 4 4
6A .0098
68 .0098
6C .OO9B
6 D  . 0 1 0 2
6 E  . 0 1 0 2
6 F  . 0 1 0 2
7 A .0248
79 .0245
7C .0245
7D .0248
7E .  .O25
BA .035
B B  . 0 3 5
8C .O35
B D  . 0 3 5
9A .O44
9 8  . O 4 4

1 0 A  . O l O 5
108 .O lO4
toc  .0106
lOD .0103
1 0 8  . 0 1
1 0 F  . 0 1
l  lA  ,0249
l18  .0248
1 1 C  . O 2 5
l  lD  .0248
l t E  . 0 2 4 7
I2A .035
LzB .035
L2C .035
LzD .0349
13A ,0429

d l

( m )

. o7  47

.0907

.1227

. t487

.1875

.2t36

.1189

.1354

.1571

.1989

.2379

.L625

.1713

.2043

.2363

.23L1

.2348

.0767

.1134

.L446
,L679
.1993
.2365
. tL96
. t429
.T728
.2037
.2417
.1643
.  r683
.  r 87B
.2359
.2288
.2352
.0795
.Lt23
.1416
.r692
. I996
.23L8
.1282
.1375
.1589
.  1901
.2388
.1787
.1868
.2165
.2491
.2376

d 3

( n )

. 0698

.oB7 6

.1207

.  r468

.1849

.2LO5

.  oB45

.1182

.L427

.  1807

.2L75

.1012
,1360
.1698
.L957
,0919
.1556
.o713
.1107
. t424
.1656
.1961
,2328
.0867
. l 3 l l
. 1613
.1884
.220L
.1003
.1300
.  1586
.1993
. 08B8
. r7  34
.  o715
.1083
.1380
.1555
.1954
.2272
.0843
.LL24
.  1399
.1688
.2LL5
.o892
.L407
.17  25
.1984
.0735

.1556

. I 7  4B

.2295

.3016

.4456

.5133

.2217

.2598

.3383

.4774

.5630

.3603

.3932

.4912

.5601

.5502

.5s73

.1578

.  2110

.2869

.3809

.4784

.5605
,2231
.28L5
.3994
.4897
.5699
,367  3
.3823
.4465
.5593
.5457
.5580
.2492
.2922
.3535
.4503
.5340
.5987
.32L7
.3429
.4147
.5107
.6105
.4795
.502L
.5704
.625L
.6085

.1506
,1707
.2254
.3000
.437  I
.5062
.  r668
.2203
,2809
.4247
.522L
.1901
.26 t4
.3878
,4688
. t 765
.3319
.L52L
.2060
.2799
.37  23
.4699
.5s35
. t696
.2488
.3555
.4482
.5277
.1887
.2462
.3446
.47  84
.L723
.4005
.24L5
.2858
.344 t
.4380
.5240
.5906
.2542
.2924
.3487
.4490
.5602
.2599
.3511
.4608
.5312
.2434

.5092

.3622

.2239

. t669

.  t 18 l

.o972

.9557

.577  7

.4355

.3056

.23r4
1 .  0209
.6553
.4697
.37  96

1 .  483  L
.6732
.4834
.2498
. t712
.L42L
.  1 to3
.  oB53
.9L22
.4847
.355  r
.2847
.2273

r .0347
.7012
.5203
.3694

1 .  s614
.57  22
.4614
.2452
.L737
.1285
.o973
.0775
.8547
.5529
.4018
.3004
.2L34

l .  1038
.557  2
.4ro4
.33 r8

1 .8089

Depth
at  G9

( m )

, 0 7  4 7
. 0 8 9 0
.1220
.  1 4 8 5
, 1 8 8 5
.2 t39
.  l t 6 l
. 1 3 3 4
.1557
. t 9 4 9
.238I
. r 5 9 9
, L 6 7 9
.2027
. 2 3 5 L
. 2 2 9 3
. 2 3 3 4
. 0 7  5 9
. 1 1 3 1
. L 4 4 3
. 1 6 7 9
,L992
.2360
. 1 1 7 1
. 1.415
. T 7  T 9
.2028
. 2 4 L L
. 1 6 0 8
. 1 6 5 7
. 1 8 5 8
. 2 3 4 9
. 2 2 6 9
.2335
. 0 7  8 7
. L I 2 2
. T4L4
. 1 6 9 1
. 1 9 9 5
.23 t8
.1266
. 1 3 6 2
. r57  9
.1894
.2380
. r774
. t852
.2L47
.247  4
.2363

J 1 F 3J 3 MODEL
DESCRIPTION

SINGLE ARCH BRIDGE

WID'I l t  0.34n
t a

SINGLE ARCH BRIDGE
LENGTII  0.06m

t r

l '

SINGLE ARCH BRIDGE
WIDTH O.3Bn



TABLE 7  (Cont rd )

Data from Model Tests

TEST

14A
l 4 8
1 4 C
l 4 D
T4E
1 4 F
14c
154
1 5 8
1 5 C
15D
1 5 8
1 5 F
1 5 c
164
168
16C
16D
168
16F
1 7 A
1 7 8
L7C
L7D
17E
18A
tBc
18D
188
19A
l 9 8
1 9 C
204
2tA
2lB
2lc
2ID
2tE
224
228
22C
22D
228
23A
238
23C
23D
24A
248

q  d l

(n 3/e)  ( rn)

. 0110  . 0838

.0105  . 1039

.0104  . 1304

.0102  ,1576

.0104  .L847

.0104  .2L92

.0103  .2447

.0258 .L402

.0262  . r439

.o260 .1621

.o26L  .1889

.0265  .  2115

.0264 .2362

.0262 .2483

.0290 .1529

.0285  .  r537

.0288  .  r 713

.0285  .L936

.0290 .2203

.0285 .2482

.0360 .L936

.0355  .1943

.0352 .2L20

.0350  .2276

.0347  .2465

.0185  .2L4 I

. 0378  . 210 [

. 0373  . 2275

.0380 .2385

.0398  . 2236

.0394  , 2229

.0400 ,2467

.o4L2  .2392

.0038  .0636

.0029  .LQ73

.0028  .1572

.oo29 .2022

.0o29 .2449

.0099  .o743

.0099  .1  138

.0100 ,L527

.o l o2  . 1995

.o100 .2403

.0254 .0935

.0256 .1402

.0253 .1942

.0257 .2333

.0347  .1021

.0343 .L484

( n )

.o117 .3835

.o972 ,4046

.L254 .4435

.1529 .5L25

. t796 .s840

.2134 .6495

.2386 .6860

.0832 .4628

.1033  . 4713

.1300 .5260

.  1586  .5933

.1713  .6361

.1988  . 6747

.2ro5 .6906

.0803  .4975

.1086  . 5001

.1319  . 5515

.1558  . 6031

.1794  .6512

.2050 .6904

.0844  .6031

.1308  .6046

.1505  . 6376

.L614  .6624

.1876  . 6883

.0865  . 6411

.1334  . 6343

.1550  .6623

.1656  . 6778

.0903  .6564

.1395  . 65s0

.  l 6 l  I  . 6885

.0934  .6788

.0619  . 1h48
,1062  .2001
.1561  .3381
.2011  . 4859
.2444  .5755
.o726 .1552
. tL29 .21L7
.1513  . 3L92
. r977  .4789
.2387 .5674
.o892  .L781
.L373  .2733
.1906  .4647
.2289 .5544
.0966  . 1915
.L445 .3004

F 3J 3J 1d 3

. 3736  .3977

.3969 ,2405

.4349 ,L625

.4975  .  t 184

.5722  . 0948

.6399  .O7  32

.6780  . 0613

.3830  . 7462

.4039  .5477

.4428  .3850

.5155  . 2868

.5666  .2464

.6135  .2067

.6350  . 1883

.3805  .8845

.4104  .5527

.4463  . 4173

.5068 .3217

.57 r7  .2649

.6252 .2r3L

.3841  1 .0190
,4443 .5209
.4895  .4184
.5335  .3547
.5904  .2964
.3860  1 .0504
.4491  .5385
.5043  . 4242
.5360  .39L4
.3897  1 .0180
.4613 .5248
.5231  .4294
.3928  1 .0018
.1434  .O768
.t982 .0262
.334  I  . 0145
.4831  .O101
.5747  .0075
.1534  . 1584
.2 ro1  . 0817
.3L29 .0532
.4742  . 0365
.5645  .0268
.L728  .2984
.2650  .L575
.4s46  .0952
.5459  .O7  34
.183L  . 3618
,2866 .1954

Depth I IODEL

aL G9 ITESCRIPTION
( m )

.0837 SINGLE ARCH BRI.DGE

.  1040 t t lDTH 0 .46m

. 1 3 0 5  
' '

.L567 
' r

.1849 "

. 2 t 9 5

. 2 4 4 9

. 1 3 9 9

. 1 4 3 6  
' '

. 1 6 1 9

. 1 8 9 0

.2 tL6

. 2 3 6 3

.2483

. t 5 2 6

. 1 5 3 2

. t 7  1 2

. 1 9 3 4

.220I
,2483
.  1960 

' r

.1939 
r t

.  2 1 1 8  "

.2275 
r '

, 2 4 6 5
. 2 1 3 6  "
.2098 ! '

.2275 
r r

. 2 3 7 8

. 2 2 6 2

.2230

. 2 4 6 3

.2385

.0622 TIIREE ARCH BRIDGE

. 1 0 6 0  W I D T H  1 . 0 2 m

. 1 5 5 8  "

.2009

.242r
,o7  22
. t L 2 6
.  r515
. L 9 7  6
. 2 3 8 8
. 0 9 1 5
. 1 3 8 8
. 1 9 2 9
.2313
. 1 0 0 5
. 1 4 6 8  

' '



TABLE 7  (Cont fd )

Data fron Model Tests

TEST A

(n  3 /s )

24C .0350
24D .0340
248 .0358
25A ,O445
258 .0442
25C .0443
25D .0441
25E .0441
2 6 A  . 0 6 1 1
268 .0612
26C ,O6t7
26D .0608
2 7 A . O B O O
278 .O795
27C .O792
28A .0930
2BB .0900
2 9 A  . 1 l O O
298 .1100

( m )  ( m )

.  l g63  . 1913  , 4420

.2219  .2152  .5313

.2494 .2417 .5832

.1117  . 1036  . 2079

.1439  . 1378  . 2847

.1768  . t 695  .4120

.2143 .2048 .5t49

.2453  ,2344  .5762

.1308  .LL6 t  . 248 I

.  1719  ,  t s86  . 3953

.2115  . 1933  . 5085

.24 t3  . 22 t I  . 5692

.1558  . 1289  , 3329

. t 976  . t 704  . 4139
,239I  .2053 .5652
.L74 t  . 1360  .4029
.2325 .1932 .5529
.2L99 .L407 .5273
.2270  .L72L  ,542L

,4266  ,L4 r9
.5170  . 1066
.5699 .0943
.1939  .4177
.2664 .2705
.3867  .1987
.4924  . 1489
.5565  . t 2L6
.2L73  .4797
.3446  .3033
.4622  .2272
.5298  .1830
.2433  .54 t7
.3900  .3538
.4937  .2665
.26L4  .5804
.4619 .3317
.2747  . 6524
.3960  .4823

Depth I 'IODEL
at  G9 DESCRIPTI0N

( m )

. 1848

.2Igg

.2866 r '

. 1097  ' ,

. 1  422

. t 753

.2127

.2438

.L279

.1695

.2094

.2394

.1530

.1953

.2368

.T7  L4

.230r

.2169 "

.2249 "

F 3J 3J 1d 3d l



TABLE 8: Eydraullc Data from Prototype Bridges

N o  h l  h 3
nAD nAD
u / s  d / s

r '1" 
J I F 3 dh/d2 dH/azdh

m
AF

dH

r 92.660
2 87.O20
3  87 .020
4  86 .080
5  80 .910
6  80 .100
7  7  2 .530
I  72 .530
9  7  2 .330

10  7  2 .330
11  7  0  . 662
t2  70 .330
13  83 .630
14 64.230
15  59 .110
16  59 .140
17  58 .490
18  s8 .190
19  56 .490
20  38 .730
21  33 .205
22  31 .288
23 28.97r
24  40 .718
25  39 .368
26  34 .150
27 32.398
28 32.460
29 32.690
30  17 .590
31  L7 .720
32  17 .800
33  15 .110
34  16 .090
35  16 .330
36  26 .940
37  89 .820
38 90.7 90
39  89 .900
40  98 .410
41 96.230
42 96.r20
43  9s .850
44  s3 .430
45  53 .460
46  53 .530
47  s5 .380
48  55 .310
49  68 .500

92.560
86 .500
86.  500
85 .9  70
80 .450
79 .990
72 ,420
7  2 .420
7 2.200
7 2.200
70 .  s86
70.230
83 .500
64 "170
5  8 .  780
59 .0  30
s  8 .  190
58 .1  50
56.420
38 .180
32.99L
31  .  187
28.502
40 .444
39.O97
33 .  840
32.320
32 .380
32.600
17 .550
17  .680
L7  . 7  70
1  6 .050
16 .050
I  6 .300
26.860
89.670
90 .  6  10
89 .740
95 .970
9 5.  890
9s .7  40
95 .700
53 .190
53 .200
53 .230
5s.220
55 .  2  30
6  7  .850

0 .100  0 .104
0 "  520  0 .524
0 .520  0 .524
0 .110  0 .116
0 .460  0 .503
0 .110  0  201
0 .110  0 .130
0 .110  0 .131
0 .030  0 .059
0 .030  0 .060
0 .076  0 .134
0 .100  0 .149
0 .130  0 .211
0 .060  0 .073
0 .330  0 .378
0 .110  0 .161
0 .300  0 .309
0 .040  0 .052
0 .070  0 .081
0 .550  0 .624
o .2L4  0 .233
0 .101  0 .133
0 .469  0 .556
0 .27  4  0 .315
0 .27L  O .276
0 .3  10  0 .320
0 .098  0 .112
0 .080  0 .093
0 .090  0 .104
0 .040  0 .076
0 .040  0 .069
0 .030  0 .065
0 .060  0 .079
0 .040  0 .060
0 .030  0 .049
0 .080  0  136
0 .150  0 .185
0 .180  0 .206
0 .160  0 .193
0 .440  0 .457
0 .340  0 .355
0 .380  0 .395
0 .150  0 .24 t
0 .240  0 .3  69
o .260  0 .383
0 .300  0 .418
0 .160  0 .325
0 .080  0 .265
0 .650  0 .706

19  0 .440
25  0 .547
25  0 .532
19  0 .309

56 .6  0 .29 t
53  0 .190

5s .9  0 .563
55  9  0 .550
56 .3  0 .504
s6 .3  0 .496
7 t . 4  0 .391
56  3  0 .345

53  0 .367
s6 .3  0  . 326
55 .9  0 .247
56 .3  0 .243
55 .9  0 .435
56 .3  0 .360
56 .3  0 .539

4r  o 524
69  0 .288
69  0 .055
69  0 .082
69 0 47L
69  0 .645

2A4  0 .670
95  0 . s28
98  0 .514

114  0 .532
95  0 .355
98  0 .37  1

114  0 .3B1
95  0 .264
98  0 .264

114  0 .283
114  0 .372
65  0 .326
99  0 .488
67  0 .337

118  0 .552
99  0 .522
87  0 .490
57  0 .185

t7 .4  0 .426
17 .7  0 .448
r8 .2  0 .474
1  7 .  1  0 .099
r7 .5  A .067
14  . 7  0 .355

0 .080  0 .074  0 .076
0 .073  0 .22L  O .223
o .a7  2  0 .206  0 .  208
0 .082  0 .058  0 .061
0 .290  0 .277  0 .303
o .379  0 .075  0 .137
0 .156  0 .060  0 .07  I
0 .153  0 .056  0 .066
0 .194  0 .018  0 .037
o . r92  0 .018  0 .035
o  .240  0 .035  0 .062
a .237  0 .O52  0 .O77
0 .294  0 .061 -  0 .  LoO
0 .109  0 .025  0 .031
0 .276  0 .187  0 .2 r4
o  . 240  0 .056  0 .082
0 .097  0 .119  0 .123
0 .098  0 .015  0 .020
0 .116  0 .040  0 .046
0 .460  0 .399  0 .453
0 . r29  0 .079  0 .086
0 .210  0 .061  0 .080
o .274  0 .152  0 .180
0 .209  0 .115  0 .133
o .o72  0 .118  0 .120
0 .067  0 .060  0 .062
0 .120  0 .046  0 .052
0 .110  0 .035  0 .040
0 .106  0 .034  0 .040
0 .250  0 .033  0 .062
o  .2L2  0 .O29  0 .050
o .22A  0 .020  0 .043
0 .145  0 .032  0 .o42
0 .157  0 .024  0 .035
0 .  131  0 .013  0 .O22
0 .317  0 .063  0 .107
o .239  0 .101  0 . r25
0 .188  0 ,100  0 .115
o .252  0 .L22  0 .147
0 .317  0 .548  0 . s69
0 .288  0 .446  A .466
0 .3s8  o .627  0 .651
0 .345  0 .0B3  0 .1 -34
0 .492  0 .166  0  255
0 .477  0 .174  0 .257
0 .468  0 .195  0 .27 r
0 .536  0 .112  0 .228
o  534  0 .055  0 .183
o .467  0 .534  0 .581



TABLE B (CONT'D)

dHh 1
NA NAD

h 3No dh
m *f," J l F 3 dh ld2  dH/d2

50 68.270
51  68 .3  10
52  70 .870
53  70 . s90
54  70 .530
55  77 .890
56  77 .520
57  77 . s30
5B  45 .310
59  45 .610
60  4s .660
6L  73 .880
62  74 .L30
63  18 .510
64  9s .690
65  95 .480
66 L66.520

67 .750
67  .8  s0
70 .650
70 .  4  30
70 .430
77 .4 tO
77 .180
77 . r40
44.  900
45 .300
45.460
73 .630
7  3 .820
18 .030
95 .190
94 .9  30

165 .810

0 .520  0 .582
0 .460  0 .514
0 .220  0 .265
0 .160  0 .201
0 .100  0 .141
0 .480  0 .503
0 .340  0 .361
0 .390  0 .409
0 .410  0 .520
0 .310  0 .410
0 .200  0 .286
0 .250  0 .479
0 .310  0 .555
0 .480  0 .548
0 .500  1 .109
0 .550  1 .171
0 .710  1 .199

0 ,242  0 .505
0 .277  0 .415
0 .384  0 .293
0 .320  0 .279
0 .311  0 .263
0 .515  0 .258
0 .406  0 .249
0 .406  0  254
o .268  0 .327
o .294  0 .284
o .294  0 .249
0 .158  O .306
0 .165  0 .319
0 .389  0 .240
0 .157  0 .832
o .  141  0 .925
0 .350  L .24L

0 .487  0 .545
0 .382  0 .427
o .L57  0 .  189
0 .120  0 .151
o .732  0 .103
0 .365  0 .383
0 .302  0 .320
o .362  0 .380
0 .151  0 .191
0 .102  0 .135
0 .064  0 .091
o  .o47  0 .089
0 .058  0 .103
0 .  153  0  . 17  4
0 .198  0 .439
0 .245  0 .  5  21
0 .498  O .B4 r

13 .  1
L2.9
13 .4
10 .8
10 .4
10 .  7
8 .2
7 .8

416.4
437 .4
405 .0
436 .4
457 .4
242 .5
462.4
427  . l
437  . t



TABI"E 9: Comparlson between meaeured and calculated afflux - olngle
arch modeL bridges

Test  No u/s  depth
(neasured )

u /s  depth
(calculated )

Z d i f f e rence

2L
29
2C
2D
2E
2F

3A
3B
3C
3D
3E

4A
48
4C
4D

5A
5B

6A
69
6C
6D
6E
6F

o .o747
0 .0907
a.L227
0 .1  487
0 .  1875
o.2L36

0 .  1  189
0 .1354
o .  1571
0 .1989
0 .2379

0 .1625
0 .  r  713
o .2043
o .2363

0  .  2311
0.2348

o .o7  67
0 .  1  134
o .1446
0 .0  102
0 .  1993
0 .0102

0 .0248
o .1429
o . r728
o.2037
o.2417

0 .  1643
0 .1683
0 .1878
o .2359

o.2288
0.2352

0 .795
0 .  I  123
0 .1416
o .1692
0 .1996
0 .  2  318

0 .0768
0 .  911
0 .1231
0 .1490
0 .1886
o .2 r4L

o.rL7 4
o .L377
0 .1605
0 .2015
o .2442

0 . t629
0 .1795
0,2097
o .2446

0 .2688
o .245L

o .0777
0 .  1  135
0 .  1445
0 .  I  680
0 .2000
o .2379

0 .1174
0 .1468
0 .  1863
0 .  209  r
o.2483

0 .  16s4
0 .1748
0 .  1990
o .247  t

o . to7  2
o .2566

0 .0790
0 .  1  120
0 .1120
o .L696
o,2042
o.23L7

-2 .8
-0 .4
-0 .3
-o.2
-0 .  6
-0 .2

1 .2
-r .7
- 2 .2
-1  . 3
-2 .6

-0 .2
-4.8
-2 .6
-3 .5

-16 .3
-4 .4

-1 .3
0
0
0

-0 .3
-2 .2

r .7
- 2 .2
-7  . 8
-2 .6
-2 .7

-0 .  7
-3 .9
-5 .9
-4 .7

53 .  I
- 9 .0

0 .6
0 .3
0 .3

-o.2
- 0 .  3

0

8A
8B
8C
8D

9A
9B

7A
7B
7C
7D
7E

10A
l0B
10c
10D
10E
10F



TABLE 9

Test  No

(coNT ' D)

u /s  dep th
(neasured )

u/s depth
(calculated )

% d i f f e rence

1 1 A
1 1 8
1 l C
1 1 D
1 1 8

L2A
I29
L2C
I2D

13A

14A
148
14C
14D
148
14F
14G

15A
158
1 5 C
15D
15E
15F
15c

16A
168
16C
16D
16E
r6F

17A
L7B
L7C
1 7 D
t7E

18A
18C
18D
18E

19A
198
19C

20A

o.L282
0 .  1375
0 .1589
0 .  190  1
0 .  2  388

0 .L787
0 .1868
o.2165
0 .2481

o .237 6

0 .0838
0 .  1039
0 .  1304
o . r57  6
0 .  1847
0 .2192
o .2447

0 .  1402
0 .  I  439
0 .  1621
0 .  r8B9
0 .2115
0 .2362
0 .  2483

a.1529
0 .  1  537
0 .1713
0 .  r  936
o.2203
o .2482

0 .1936
0 .  1  943
o.2L20
0 .227  6
o .2465

0.2r4r
0 .2101
o .2275
0 .  2385

o .2236
o .2229
o .2467

0.2392

0 .1180
0 .  1343
0 .1600
o ,1924
0 .1435

0 .  1780
0 .1868
0.22L6
0 .2510

0 .2609

0 .0806
0 .1025
0.1297
0 .1636
0 .  1844
0.2208
o .247  r

0 .L243
0 .1338
0 .1570
0 .  1  863
o.2120
o .2345
o .2462

0 .1389
0 .1433
0 .  1688
0 .  1  939
o .2L79
o.2439

0 .  1932
o .1944
o .2L22
0.225L
o .2466

o .2 t62
0 .2101
o .2228
0.2359

o.222r
o.2L97
o.2440

o.2391

3 .72

7 .9
2 .3

-0 .7
- t . 2
+4 .0

0 .4
0

-2 .3
-L .2

-9 .8

3 .3
1 .3
0 .5

-3 .8
0 .2

-3 .5
-0 .9

11 .3
7 ,O
3 .1
L .4

-o .2
o.7
0 .8

9 .1
6 .8
t . 4

-0.  I
1 .1
L .7

o.2
0
0

1"1
o

1 0 .  9
0

2 . L
1 . 1

o.7
1 . 4
1 . 1

0

Populat lon standard deviat ion = t



TABLB 10: ComparLson between calculated and neasured afflux
Prototype Bridges

No u / s  d l s
rdater  water
level  1evel
m A D  m A I )

th/d 3
(pro to  )

& /d  3
(graph)

u/s u/s c /o dLf . ference
dep th  dep th

(g raph )  (p ro to )

m

|  92.660
2 87.O20
3  87 .020
4  86 .080
5  80 .910
6  80 .100
7  7  2 .530
I72 .530
9  72 .330

10  72 .330
11  70 .662
12  70 .330
13  83 .630
14 64.230
15  59 .  1  10
L6  59 .140
17  58 .490
18  58 .190
19  s6 .490
20  38 .730
21  33 .205
22  3 r . 288
23  28 .97  L
24  40 .718
25  39 .368
26  34 .150
27 32.398
28 32.460
29 32.690
30  1  7  .590
31  17  . 7  20
32  17 .800
33  16 .1  10
34  16 .090
35  16 .330
36 26.940
37  89 .820
38  90 .790
39  89 .900
40  98 .410
4t  96.230
42 96.L20
43  95 .850
44  53 .430
45  53 .460
46  s3 .530
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