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ABSTRACT

This report  descr ibea rrork that sar undertaken a8 part  of  a research
progretnne to ioprove the understanding of the phyaics of sediment -  related
phenooena. The inveet igat ions reported here have dealt  ni th fr ict ional
ree ie tance aad loca1 acour .

Desk and laboratory atudiea have beea carr ied out to inveet igate the effect
of a sand-si l t  u ixture and algo of bed feacures on al luvial  i r ict ion. Trro
dist inct relat ionships have been obeerved, one for loser regiue and one for
upper regine.

Deek and laboratory studies have been carr ied out to invest igate the
development of local scour rith tine. Thia has shosrr the irpo"tance of the
f low geometry to nodel tests and aleo that later acour may be predicted frou
in i t ia l  acour  deve lopment .
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INTRODUCTION

This report  descr ibes work part ly supported under

Contract PECD 7/7/29-204/83, funded by the Department

of the EnvLronment. This was part of a programme of

work  des igned to :

(a) predict  the hydraul lc performance of certain

engineering struct.ures in rivers and t,heir

consequences to the environment; to

opt inise the design of the structures in

terms of safety and economy;

(b) lmprove techniques for predict ion of:

sedinent loads enter ing reservoirs;  the

aggradat ion, degradat lon and local scour

assoclated with dams and other structures;

sedlnent exclusion at lnt.akes; and the long

tern stabi l i ty of  f lood rel ief  channels or

other man-made waterways.

The work descr ibed ln th ls  repor t  was undertaken to

improve the understanding of ,  the physics of

sediment- re lated phenomena.  The terms of  reference

for  the study \ {ere:

(a)  Fr lc t ional  res l .s tance.  Laborat .ory

exper iments in  an ex is t ing insta l la t ion wi l l

be undertaken to invest igate the ef fect  of

armour ing or  f ine mater ia l  on the f r lc t ional

res is tanee of  a l luvLal  channels.

(b)  Local  scour .  A desk study and laboratory

exper iments in  an ex is t ing insta l la t ion wi l l

be carr ied out  to  invest lgate rates of  local

scour of  a l luv ia l  mater ia ls  and sof t  rock.



1 . 1  F r i c t l o n a l

res i s tance

1 . 2  L o c a l  s c o u r

(c) Scal ing laws for nobi le-bed physical  rnodels.

Infornarion w111 be exchanged with oEher

researchers as part  of  an IAIIR task force.

To determlne the fLow or sediment transport. in an

al luvial  channel an est imate of the fr lct ion losses ls

requlred. In r igid boundary channels the fr ict ional-

resistance ls deternined by the ehannel geonetry and

the roughness of the channel boundary. In alluvlal

channels the roughness of the boundary depends upon

the nature of the bed forms, such as r ipples or dunes,

that are present.  As these bed forms change with the

f low the  f r l c t iona l  res is tance changes.  Thus  in

al1uvial  channels i t  is di f f icul t  to est imate the

fr lct ional resistance as i t  depends upon both the f low

and the sediment transport .  The work carr ied out and

described below has great ly extended the range of f low

cond i t ions  fo r  wh lch  re l iab le  p red ic t ions  o f

f r i c t lona l  res is tance can be  made.

Flowlng wacer exer ts  a shear s t ress on the bed of  a

channel .  Due to the geomeEry and nature of  the f low

this  shear s t . ress nay be increased in a local  area,

for  example,  when a br idge p ier  is  p laced in a r iver .

This increase ln shear s t ress af fects the sedinent

movement in the area and may lead Eo the removal of

sediment .  f rom the area of  inereased shear s t ress.

This is  known as local  scour .  Despi te havlng been

studied for  many years st ructures st i l l  are f requent ly

endangered or  fa i l  due to local  scour ;  br idges

col lapse due to p iers being underuined ( I lo funes,  L974)

and there are numerous cases of  ser ious scour probl -ems

assocLated wi th dans (Mason,  1984).  Frequent ly  when

deal ing wi th local  seour problems only the f ina l  depth

of  scour  is  inpor t ,ant  but  Ehere are cases when i t  is



1 .3 Scaling laws for

nobile-bed

physlcal  nodels

FRICTIONAL

RESISTANCB

important to know the tine evolution of this scour.

For  example,  dur lng the c los ing of  par t  of  an estuary

scour would not  have t ime to develop to i ts  u l t imate

depth.  In  cases of  scour  assoclated wi th Pernanent

st ructures then,  because of  the unsteady nature of  the

f low,  i t  rnay be inpor tant  to  be able to predict  the

dependence of  scour  on t ime.

It was lntended that this part of che contracE woul-d

support an IIR lnput to an IAIIR (International

Associat l ,on for I lydraul ic Research) Task Force on the

deslgn of nobi le-bed physical  models.  Unfortunately '

desplte pressure frorn HR there have been no

developnents on thls since Aprl1 1984, the start  of

the present contract.

To calculate f low or  sediment  t ransport ,  ln  an a l luv ia l

ehannel an engineer is faced with the problern of

determin ing the f r ic t ional  losses on the boundary of

the channel .

For  ar t i f ic ia l ,  regular  channels which are f ixed in

shape and carry l itt le sediment there is data readily

avai lable whlch can be used as a basis  for  the

est imat ion of  appropr lat .e f r ic t ion facEors.  When

natura l  channels are considered the problems of

es t ima t i ng  t he  f r i e t i on  l osses  g row .  I n  t h i s  case '

not  only  must  the f r ic t lonal  losses due to the

conpositl-on of the banks and bed of the channel- be

estLmated but  a lso due a l lowance must  be g iven for  the

ef fects of  channel  i r regular i t ies and other  facLors.

I f  one considers channels ld i th  movable beds the

problems are compounded.  The f r ic t ional  losses are



2 . L Fr ic t . ional

res i s tanee

sand -s i l t

mixtures

dependent on the bed features present,  but these are

inf luenced by the transporE of the sedLment.  The

sediment transport ,  however,  depends on Ehe f luid

motion and ls hence inseparable from the determinat lon

of  the  f r tc t lona l  losses

The work undertaken for this contracE started with

some experlment on the fr lct ional resistance of

sand-sl l t  mixt .ures. This experimental  work was

predominant ly carr ied out by A Bassi,  a vis i tor to I tR.

The analysis of the results of these experiments lead

to doubts about the previously derived relat lonshlps

which described al luvlal  f r iet ion for uni form sands.

A further ser ies of experiments were, therefore,

inst i tuted to look further at the al luvial  f r ict lon of

uniform sands. Some of these experiments were carr ied

out at higher Froude numbers than had prevlously been

considered. The results lead to an extenslon of the

exi.st ing theory for al luvial  f r ict ion to include these

higher Froude ntrmber f lows. Thts lat ter ser ies of

experiments and subsequent analysis was predominant ly

carr ied out by Mr l {ang Shiqiang, a vLsi tor to HR.

Separate accounts of these invest igat lons are nor, f ,

g i v e n .

There are a number of theories for prediet ing the

frLct, ional losses ln al luvial  channels (Einstein and

Barbarossa,  L952;  Enge lund,  1966;  Raudk lv i ,  1967;

Whi te  e t  a l ,  1980) .  Most  o f  these theor ies  a re  based

on data, Ehe vast najor i ty of whlch is from laboratory

experinents. Laboratory experlments are almost

lnvariably character ised by the use of narrow-graded,

clean sand, that.  is,  sand wlth a smal l  range of s izes

from which both the larger sizes and any smal ler s i l t

o f



or  c lay  mater ia l  has  been removed.  The f iner  s i l t  and

c lay  s izes  f requent ly  show very  d i f fe ren t  p roper t ies

to  those o f  sand s ince  these mater ia ls  demonst ra te

cohes ive  proper t ies  whereas  sands  are  non-cohes ive .

T h e  s i l t s  a n d  c l a y s  a r e  s u f f i c i e n t l y  s m a l l  t h a t  t h e

phys ico-chemica l  p roper t ies  assoc ia ted  er i th  the

sur face  o f  the  par t i c les  become s ign i f i can t .  In

app l ica t ions  to  p rac t ica l  p rob lems,  however ,  i t  i s

rare that the sediurents which are encountered are

s imi la r  to  the  nar rowly  g raded sands  used in

labora tory  exper iments .  Much more  f requent ly

sediments are widely graded and contain varying

q u a n t i t i e s  o f  s i l t s  a n d  c l a y s .

Th is  i s  an  account  o f  a  s imp le ,  s teady-s ta te

labora tory  inves t iga t ion  to  d iscover  i f ,  under  these

c i rcumstances ,  the  presence o f  s ign i f i can t  p ropor t ions

of  s i l t  m ixed w i th  a  sand bed have a  d iscern ib le

e f fec t  on  the  a l luv ia l  roughness  in  te rms o f  the

m e t h o d s  u s e d  t o  p r e d i c t  a l l u v i a l  f r i c t i o n .  T h e

resu l ts  were  ana lysed to  de termine i f  the  theor ies  fo r

pred ic t ing  a l luv ia l  f r i c t ion  based on  c lean sand

needed rnod i f i ca t ion  be fore  they  cou ld  be  app l ied  to

channe ls  where  a  p ropor t ion  o f  s i l t  i s  p resent .  The

work was conf ined to predoninant ly sand beds, as

f requent ly  found in  r i vers .  I t  does  no t  cover  the

case,  wh ich  is  more  f requent ly  found in  es tuar ies  than

rivers, in which the predorninant sediment is cohesive

but  conta ins  some non-cohes ive  sand s izes .

Experinental apparatus and procedure

The exper iments were per formed i -n a 2.44m wide ,  2 !+*

l ong ,  rec i r cu la t i ng ,  t i l t i ng  f l u rne .  The  sed imenE bed

was 16m in length.  At  the downstream end of  the f lume

a  ta i l ga te  nas  used  to  con t ro l  t he  dep th  o f  f l ow .

De ta i l s  o f  t he  expe r imen ta l  appa ra tus  and  p rocedu re

a r e  g i v e n  i n  B a s s i  ( 1 9 8 5 ) .



A total  of .  29 experiments were performed; the f l rst .

s ix runs, wlth a sand only bed, were u,bed to test the

equipnent and the range of possible f lows. Runs 7 to

14 were also carr led out with a sand only bed. The

grading curve of the sand is shown ln Figure 1. The

D u o  s i z e  i s  0 . 2 4 n n  a n d  D B . / D r u  =  2 . 3 3 .  F o r  r h e

remaining three ser ies of experiments (Runs 15 to 20,

21 to 24 and 25 to 29) increasLng quanrir ies of s i l t

were added to the sand bed. The discharges for the

exper lments  var ied  f ro rn  0 .13  to  0 .2L  cumecs.

To add the sllt to the sand bed the water in the flume

was drained down without draining the water fron the

bed and then the silt was poured onto the surface of

the bed as a thick slurry.

The bed was sampled perlodical ly dur lng the

experiments. The grading curves of the sediments

changed very sl ight ly.  The D* var ied fron 0.21mm to

0 .19mn.  No sys temat ic  change o f  DrU w i th  the  s l l t

content of the f lune was observed.

At the end of each sand only experiment. the pumps were

quickly stopped and the water was al lowed to overf low

from the st i l l ing basin at the downstream end of the

f lume. The overf lowing water did not carry any

sediment ln suspension. The sand bed was never

drained beEween the experiments. At the end of each

experiment wlth sl l t  the water was retained in the

f lume to avoid the loss of the f lner part  of  the

suspended sediments.

At least once a day the average sediment concentrat ion

was measured from samples taken from the reclreulat ing

p ipes  v ia  P i to t .  tubes .

During the experinents involving si l t  sone velocl ty

and concent ra t ion  pro f i les  were  measured.  A11 the



measurements were taken along the axls of the channel

and approxinately half way along the sedlnent bed.

The veloci ty prof i les were determined by placing a

miniature current meter,  l0mm in dlaneter,  at  a given

distance from the water surface and recordlng the

veloci ty.  Eaeh prof l le consisted of 7 to 10 veloci ty

measurements; the local depth of f low was also

measured by lowering a probe wLth a flat, base onto

the bed of the channel. Sediment, movement ln

suspenslon was obtalned by taklng sinultaneous

measurements of veloci ty and sediment concentrat ion aE

6 dtf ferent depths. A smal l  plast ic tube of 0.6rnn

diameter was used to take samples of water and

sedLment.  at  the same locat ion as the propel ler meter.

I t  was not  possib le to contro l

water  which var led f ron 14"C at ,

expe r lmen t  t o  23 "C  a t  t he  end .

measured for  every test  wi th a

0 .  1 " c .

Data Sutrmary

the tenperature of the

the beginning of an

The tenperature was

thermometer reading t .o

The average rdater surface slope was calculated from

the measured water levels by using a least-squares

l inear regression. Two values of the slope were

deternined, the f i rst  f rom the three central  levels

only,  the second using al l  f ive point,s.  The f i rst

value was used for al l  calculat ions because i t  was

less affected by end effects.  The second value of

slope was used as a control .

The average flow depth was calculated by averaging the

six depths measured in the cent.ral  part  of  the fLune.

The standard deviation of the measurements was always

less than lcn, beiug greater when Lhe sediment

transport  rate was higher and the bed less regular.



A summary of the measured data for the 146 tests is

gLven in Bassi (1985).  For each rest the fol lowing

data  is  p rov ided:

. time from the beginning of the experiment, in

hours ,

o water tenperature, ln degrees Celslus;

o average wat,er surface slope, calculated uslng the 3

central  wat,er levels;

.  average naLer surface slope, calculated using al l  5

measured levels;

o average f low depth, ln metres

o discharge, ln l i t res per second

o average f low veloci ty,  calculated fron the measured

d ischarge and mean c ross-sec t lon ;

o average concentrat ion of sedLments, i f  measured, in

parts per ni l l lon by weight,  obtained fron saraples

taken from the nat.er and sediment return system.

The concentraE.ion values refer to Lhe mixture of

sand and sl l - t .  I t  ls also lndicated i f  a velocl ty

prof i le or a veloci ty and sediment concentrat ion

profLles were recorded during the Lest.

The observed veloci ty prof i les are also detal led in

Bass i  (1985) .  For  each water  depth  (measured in

met.res from the free surface) there is:

o the average f low veloci ty,  in metres per second;

o the standard deviat ion of the recorded data, ln

met res  per  second;

r the standard deviat lon of the recorded data, in

percenLage of the mean value

The last depth of each prof i le lndicates the bed

1 e v e l .

The reeorded concentrat ion prof i les are also glven in

Bassi 1985. In addlt ion to t .he same values as for the



veloci ty prof i les, there ls also the sediment

concent , ra t ion ,  in  par ts  per  n i l l i on  by  we igh t .

Data analysis

The experimental data was analysed by uslng four

di f ferent theories on al luvial  f r ict lon: Einsteln and

Barbarossa (1951) ,  Enge lund (1966) ,  Raudk iv i  (1967)

and I ' Ih i te et al  (1980).  The basic rheory of these

approaches is out l lned together wlth the data analysls

procedures  in  Bass i  (19S5) .

Elnsteln and Barbarosaa

Using the theory of Elnstein and Barbarossa less than

2Z of the predict ions were withln 2O"l  of  the observed

value. Not al l  the experimental  points could be

ut i l ised as some fel1 outside the range described by

the theory. There \{as no dlscernible di f ference

between the results with sand and si l t  mixtures and

those with sand alone.

Engelund

The predict ions provided by the Engelund method were

very good; 651^ of the predict ions were within 207 of.

the observed value and al l  were wLthin a factor of 2.

This was a betEer performance than that reported by

l lh iEe e t  a l  (1980) .  Aga in  Ehere  seemed to  be  no

discernible di f ference between the experimental

results wLth sand and si l t  mixture and those for sand

a l o n e .

RaudklvL

5O7. ot the predict l -ons were withi l .  20% of the observed

values. The agreeaent was better than that report ,ed

by  Whi te  e t  a l  (1980) .  Aga in ,  w i th in  the  resu l rs ,



2 . 2  F r i c t i o n a l

res is tance o f

uniform sand beds

there ls  no d iscern lb le d i f ference between the resul ts

for  sand and s i l t  mixtures and those for  sand a lone.

I{hlte et al

The conpar ison of  the Whl te er  a l  theory (19g0) wi th

t ,he observat ions was d lsappoint ing.  The theory

consistent ly  over  predicted and none of  the

predict lons rdere wi th in 20"a of .  the observat ions.  This

behaviour was consLderably worse than that reported by

Wh i te  e t  a l  ( 1980 ) .  Aga in ,  t he re  i s  no  d i sce rn lb le

dl f ference between the resul ts  wi th the sand and s i l t

mLxtures and those wi th sand above.

Fol lowing the work of  A Bassi  i t  was decided to carry

out .  exper iments to invest igate fur ther  the f r lc t ion

due to a sand bed.  The exper iments descr ibed here

were deslgned to prov ide nore in format ion on the

al luv ia l  f r ic t ion due to sand beds and so act  as a

basls for  compar l .son wi th exper iments per forned wl th

sediments conta in ing a rn ix ture of  sand and s i l t .

ExperLmental apparatus and procedure

The experiments were performed ln the same fLume as

that used in the earl ier ser ies of experlments.

Deta i l s  a re  g iven in  Wang Sh iq iang e t  a t  (19g6) .

The bed forms and their  sLze were observed for each

test.  The veloci ty of the bed forms was measured for

se lec ted  tes  t ,s  .

The grading curve of the sand used is shown tn Ftg 1.

The DrU and DUo s izes  were  0 .2hnm and 0 .23nm

respeet ive ly .

10



A to ta l  o f  31  tes ts  were  per fo rmed,  the  resu l ts  o f

which are sumuarised on Wang Shlqiang et al  (19S6).

Data summary

For each test the fol lowing data is provided:

o flume s1-ope

. average water surface slope, calculated using the

3 cent ra l  water  leve ls .

.  average water surface slop, calculated using al l

5 measured levels

o average f low depth, in netres

r  d lscharge,  in  l i t res  per  second

o average f low veloci ty,  calculated fron the

measured discharge and mean cross sect ion

o bed features

o temperature

Discueslon of results

Fol lowing the work of White et al  (1980) and Bassi

(1985) the results were analysed in terms of the

sed iment  mob i l i t y ,  F r . ,  the  ra t io  o f  the  e f fec t i ve

shear forces to the lmmersed weight of the part ic les.

The nobllity number was defined ln such a way that

only the relevant shear forces were used, that is,

total  shear for f lne sediments, grain shear for coarse

sediments and an intermediate value depending upon the

dimensionless graln size for the transl t lonal

s e d i m e n t s .

The dimensionless graln size Drrwas def ined by

D = [J::]l-l 
t"o 

(r)
g r - v 2

1 1



where g is

s i s

v i s

and D ls

acceleratLon due to

spec i f i e  g rav l t y  o f

kLnenat ic  v iscosi ty

sediment  d laneter

where  v .*
I t

d

and n

Thus for  f lne sedlments

v*
F =-  fg  / (go(s - r )  J

and for  coarse sedlments

- V
cs  / (gD(s - r )  ) / (32 )1oe  ro (10d /D)

; _  V  1 1 - rL r ' ( 3 2 ) 1 o g  
1 s ( r 0 d / D )

( 2 )

1s the shear veloci ty

ls the average f low veloci ty

ls  the  deprh

ls an exponent which var ies fron 1.0 for f ine

sed l -ments  (D =  1 .0 )  to  0 .0  fo r  coarse' g r

s e d i m e n t s  ( D  _  =  6 0 ) .' g r

gravl ty

the sedinent

The dinenslonless sedinent nobl l l ty was def ined by

gr

( 3 )

(4 )

Values of  F"_ and F^_ are shown plot ted in  F igure 1,r g  g r
together  wiEh the equat ion g iven by Whi te et  a l

(1980).  I t  can be seen that  there are two d is t inct

re lat lonships,  one for  a f la t  bed,  r ipp les and dunes,

termed Lower regime,  and another  re lat ionship for  the

upper reglrne of plane bed and anti-dunes with a

t ransi t ion between t .he t ,wo curves.  This leads to the

postu lat ion that  the method for  predicc ing a l luv ia l

f r lc t ion descr ibed by Whire er  a l  ( f980)  appl ies to

the lower regime case and that the rnethod could be

extended to predict  f lows in the upper regime by the

L2



i nc lus ion  o f  a  new re la t ionsh ip  fo r  upper  reg ime

c a s e .

The use o f  two d i f fe ren t  re la t ionsh ips ,  one fo r  lower

regime and one for upper regime was f i rst  suggested by

Enge lund (1966) .  Enge lund p lo t ted  the  d imens ion less

bed shear  due to  sk in  f r i c t ion  aga ins t  the  to ta l

d inens ion less  bed shear  fo r  a  sequence o f  f lume data ,

see F igure  2 .  He pos tu la ted  two re la t ionsh ips ,  the

lower  reg ime curve  fo r  dunes ,  r ipp les  be ing  exc luded

f rom Enge lundrs  ana lys is ,  wh i le  the  upper  reg ime curve

app l ies  to  f la t  beds ,  s tand ing  naves  and an t i -dunes .

A corroparison of the present results with those from

Bass i  (1985)  and Guy e t  a l  (1966)  a re  shown in  F igure

3 .  I t  can  be  seen tha t  t .he  present  resu l ts  and those

of  Bass i  (1985)  a re  c lose  to  each o ther  bu t  tha t  they

are both above those of Guy et al  (1966) and Ehe

t h e o r e t i c a l  r e l a r i o n s h i p  o f  W h i t e  e r  a l  ( 1 9 8 0 ) .  I n

the upper regime the present data is also above that

o f  G u y  e t  a l  ( 1 9 6 6 ) .

Criterion for upper or loser regine

The use of two separate relat ionships for lower and

upper  reg ime c rea tes  two prob lems.  The f i rs t  i s  the

determinat ion of which is the appropriate regime to

use in  par t i cu la r  c i rcumstances  and the  second is

de termin ing  the  t rans i t ion  tha t  must  take  p lace  f rom

one regioe Eo the ot,her.  In the account so far the

dist inct ion between the two regimes has been provided

by  a  descr ip t ion  o f  the  bed fea tures  assoc ia ted  w i th

them.  I t ,  there fore ,  seems reasonab le  tha t  the

cr i ter ion used to def ine the upper and lower regime

cond i t ions  shou ld  be  re la ted  to  those used to  spec i fy

the  occur rence o f  d i f fe ren t  bed fo rms.  S imons and

Richardson (1963)  d is t ingu ished d i f fe renr  bed fearures

by  p lo t t ing  s t ream power ,  T  V  aga ins t  med ian  fa l1
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diameter,  see Flgure

problen has lead us

non-d imens ional ised

4. Further considerat lon of the

to  p re fe r  the  use  o f  a

unit  stream power UE, in the form

VSf I =- E
( g v )  l  ' '  o " ,

(s)

Figure 8 shows U, plotted against Or,  to,  a range of
da ta  f rom Guy e t  a l  (1966) ,  G l lber r  (1914)  and
Wang Shlqtang (f986).  I t  can be clear ly seen rhar
di f ferent areas of the dlagram correspond to di f ferent
bed features. For values of U, less than 0.00035 the
bed is p1ane. Ri.pples occur for values of U, between
0.00035 and 0 .011 prov ided the  D*  va lue  is  less  rhan
approximately 15. Otherwise, for values of U, between
0.00035 and 0.011 the bed feature is predominant ly

dunes. The transi t ion region is approxlnately for
va lues  o f  U-  be tween 0 .011 and 0 .02  wh i le  f la t  bed and11

ant i -dunes occur  for  U,  va lues greater  than 0.02.

Thus the lower regime curves are appropr iate i f  U,  ts

less than 0.0f1 and the upper reglme curve l f  Uo is

g r e a t e r  t h a n  0 . 0 1 1 .

We wi l l  now consider  how th is  rnethod of  determin ing

Ehe nature of  the bed features can be used in the

calculat ion of  a l luv ia l  f r ic t ion.  I f  there is  no a

pr ior i  ln format , ion as to the nature of  the f low then

one must  assume in turn that  the f low corresponds to

lower and upper regime and then determine which

assumpE lon  l eads  to  cons i s tenE  resu l t s .  I n  t he

fo l lowing,  we wi l l  denote by a superscr ipt  L values of

var iables calculated assuming lower regime and by a

superscr ipt  U values of  var iables calculated assurning

upper regime.  Since U-U > U. .L thr"e d i f ferent  cases
E . L

mus t  be  cons ide red .

(a )  uu t  .  o .o t t  and uru  <  o .o t1

L 4



In this case since the use of the upper regime

equation leads to a solution that irnplies lower regime

condit ions the only conslstent assumptlon ls that the

system is in lower regine.

(b )  u r "  ,  0 .011  and  u ru  >  0 .011

Sinilarly since the use of the lower regime equation

leads to an inconsLstency the system must be ln upper

reg ime.

(c )  u r "  .  0 .011 and uru  >  o .o t l

In this case both assumptions

resu l ts .  Our  in te rpre ta t lon

represents a stable solut lon

in pract. ice wi l l  depend upon

Ehe f lows.

lead to consistent

ls that ei ther result

and that the form adopted

the previous history of

There ls 1i t t le or no experimental  evidence avai lable,

but we suggest thaE the system ralght display an

hysteresis effect.  I f  the system is Ln lower regime

it  w111 remain in lower regime unt l l  U-L = 0.011 at
11

which point the systen w111 nake the transi t ion to

upper regLme. I f  the system is ln upper regime then

it  w111 remaln ln the upper regLme unt i l  U., ,U = 0.011

when it will nake the transitlon to lower i.gfr..

There Ls not enough evidence for a conplete

lnterpreEat, lon of other peoplers experiments, but i t

seems ltkely that experlnental results lying between

the upper and lower reglme curves do not represent

st.able, steady solut ions, but are unsteady solut lons

in transi t ion between the upper and lower regines. A

careful  ser ies of experlments is required to resolve

these prob lens .
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In the inter im an algori thn is required which can be

used to  de termine the  a l luv ia l  f r i c t ion  in  any

par t i cu la r  case.  I f  in fo rna t ion  is  ava i lab le  about

the  na ture  o f  the  f low or  i t s  pas t  h is to ry  Ehen th is

should be used to determine whether upper or lower

regime condit ions should be assumed. In the absence

of any such information \re suggest that the fol lowing

c r i t e r i o n  i s  u s e d :

urt *

uut *

I I
Uo-  <  0 .022 :use  lower  reg ime

L

II
Uo-  >  0 .0  22  use  upper  reg ime

E

This  i s  represented  graph ica l l y  in  F igure  9 .  S ince
I ] I

Ur"  i s  a lways  grea ter  than Ur"  on ly  the  area  be low the

l ine  OA is  cons idered.  Po in ts  to  the  le f t  o f  the  l ine

EB represent  upper  reg ime.  Two poss ib le  s tab le

so lu t ions  ex is t  fo r  po in ts  in  the  reg ion  DEB.  The

above c r i te r ion  is  equ iva len t  to  assum. ing  tha t  po in ts

to the lef t  and below the l ine EC are lower regime and

points to the r ight and above the l ine EC are in upper

reg ime.

Conclugione

A se t  o f  exper iments  care fu l l y  measur ing  the  a l luv ia l

f r i c t ion  due to  sand-s i l t  n ix tu re  has  been per fo rmed.

The ana lys is  o f  the  exper imenta l  da ta  ind ica tes  tha t

the  presence o f  s i l t  f rac t ions  in  concent ra t ions  o f  up

to  3000ppm has  no  e f fec t  on  the  de terminat ion  o f

a l luv ia l  f r i c t ion  us ing  accepted  theor ies  fo r

p r e d i c t i n g  a l l u v i a l  f r i c t i o n  o f  s a n d  b e d s .  I t  i s ,

there fore ,  reconmended tha t  in  s i tua t ions  where  s i l t

is present in a sand bed but the sediment

concent ra t ion  in  the  f low does  no t  exceed 3000ppm

theor ies  fo r  p red ic t ing  a l luv ia l  f r i c t ion  o f  sand beds

are  used w i thout  mod i f i ca t ion .  The resu l ts  fu r ther

show that the theory of Einstein and Barbarossa
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provLdes poor predict ions of al luvlal  roughness as has
been report .ed elsewhere and that of  the theories

t,ested that by Engelund provlded rhe best

p r e d i c t i o n s .

A set of  experiments careful ly measuring the al luvlal

f r ict ion due to a sand bed have been performed.

The type of bed features developed has been related to

the dlnensionless unLt stream power UU.

Two dlst inct relat ionshlps have been observed

describing al luvial  f r lct ion, one for lower reglme and
one for upper regime. The observat ions in the lower

regime are siml lar to rhose of Bassi (1985) but both

se ts  o f  resu l rs  d l f fe r  f rom rhose o f  Guy e t  a l  (1966)

and the theoret ical  relat ionshlp of Whlte et al
( 1 9 8 0 ) .

An extenslon of rhe White et al  (19g0) nethod for

pred lc t ing  a l luv la l  f r i c t ion  has  been proposed fo r

upper regime flows. The nethod has been developed on

f lume experiments. This removes Che restr lct ion on
the White et al  nethod to f lows whose Froude number is

less  than 0 .8 .  More  da t .a ,  however ,  i s  requ i red  to

elucidate the behaviour of large sediment sizes under

higher Froude number f lows.

A cr i t .er lon to determine when the f low ln a channel is

in upper or lower regine has been suggested. I t  has

been further suggested that there is a range of

eondlt ions under which both the solut ions in the upper

and lower regime are stable. I t  is postulated that

the solut. ion that is achieved ln pracEise depends upon

the hlsEory of the f low and that the systeu may wel l

exhibi t  hysteresis.  Further experiments are required

to  inves t iga te  these suggest ions .
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3 .1

LOCAL SCOUR

Loca l  scou r

d u e  t o  j e t s

The appl icat ion of  the extended method is  descr ibed in

Append ix  1 .

Flowing water exerts a shear stress on the bed of a

channel.  Due to the geometry and nature of the f low

th is  shear  s t ress  may be  inc reased in  a  loca l  a rea ,

fo r  example ,  when a  br idge p ie r  i s  p laced in  a  r i ver .

Th is  inc rease in  shear  s t ress  a f fec ts  the  sed iment

movement in che area and may lead to the removal of

sed iment  f ro rn  the  area  o f  inc reased shear  s t ress .

Th is  i s  known as  loca l  scour .  Desp i te  hav ing  been

stud ied  fo r  many years  s t ruc tu res  s t i l l  a re  f requent ly

endangered or  fa i l  due  to  loca l  scour ;  b r idges

co l lapse due to  p ie rs  be ing  undermined (Ho lmes,  Ig74>

and there are numerous cases of ser ies scour problems

assoc ia ted  w i th  dams (Mason,  l9&r ) .  F requent ly  when

dea l ing  w i th  loca l  scour  p rob lems on ly  the  f ina l  depth

of scour is important but there are cases when i t  is

impor tan t  to  kno\ r  the  t ime evo lu t ion  o f  th is  scour .

For  example ,  dur ing  the  c los ing  o f  par t  o f  an  es tuary

scour  wou ld  no t  have t ime to  deve lop  to  i t s  u l t imate

depth .  In  cases  o f  scour  assoc ia ted  s i th  permanent

s t ruc tu res  then,  because o f  the  uns teady  na ture  o f  the

f low,  i t  may be  impor tan t  to  be  ab le  to  p red ic t  the

d e p e n d e n c e  o f  s c o u r  o n  t i m e .

A fea tu re  o f  h i gh  dams  i s  t he  d i scha rge  o f  wa te r  w i t h

h igh  ene rgy  e i rhe r  f r om sp i l lways  o r  l ow- leve l

o u t l e t s ,  o r  b o t h .  S u c h  a  d i s c h a r g e  m a y  l e a d  t o

e ros ion  downs t rea rn  o f  t he  s t ruc tu re  wh i ch  may  th rea ten

the  sa fe t y  o f  t he  dam o r  may  even  a f f ec t  t he  s tab i l i t y

o f  t he  abu tmen ts .  The  impor tance  o f  such  e f f ec t s  i s

i nc reas ing  as  t he  s i ze  o f  p ro jec t s  cons ide red  becomes

la rge r .  To  p reven t  se r i ous  e ros ion  the re  i s  a  need  to

d i ss ipa te  as  much  as  poss ib le  o f  t he  ene rgy  o f  t he

1 8



the energy of the f low. For dam structures this is

frequent ly achieved by using free overfal ls,  ski  junps

or f l ip buckets. A11 these structures direct a jet  of

water at sone point of  inpact.  seLected so that,

hopeful ly,  scour ln thaE part , icular area wi l l  noL lead

to ser ious problens. To ensure that problems do not

develop durlng the l l fe of a proJect i t  is lnportant

to be able to predict  the size of scour holes that

wi l l  be developed. In thls review a nunber of case

histor ies are sumnarlsed where the scour holes that

deve loped were  e i ther  la rger  than an t ic tpa ted  or
developed in unexpected forms.

Case h ls to r ies

The fo l lowing case h ls tor les are sutmar ised to g ive an

lndicatlon of the type and magnitude of the problems

that can develop. The rnat.erial has been taken f rom

M a s o n  ( 1 9 8 4 ) .

I. Alder Dan USA

The 100m high Alder Dam was constructed in

1 9 4 5  w i r h  a  s p i l l w a y  c a p a c i t y  o f  2 , 2 6 5 n 3 / s .

The spi l lway ends tn a f l ip bucker that

dlrect,s the f low to an area of blocky

andes l te .  A f te r  seven years  opera t ion ,

during whlch the maxLmum recorded splllway

discharge was only 566n3/s, a plunge pool

had developed approximately 30n x 45a x 24m

deep. Renedlal  work carr led out lnvolved

the placing of 6000n3 of mass and reinforced

concre te .
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2. NacLmcento Dan USA

The 82n high Naclmcento dam was const,ructed

tn 1957 wirh a spl l lway wi th a f l ip  bucket .

A f lood in 1969 caused najor  eros lon

downstream of  the spi l lway that  could have

undermlned the embankment. Renedial work

carr led out  at  a cost  of  approxi rnate ly  US $6
ni l l lon lnc luded denol ish lng the ex is t lng

f l ip  bucket ,  extending the spi l lway chute by

B3rn and constructlng a new fl ip bucket at

the downstream end;  reconstruct lon of  the

f i l l  e l ther  s ide of  the extended chute and

excavat lon of  a new st l l l lng pool

downs t ream.

3.  Picote Dau

The Plcote Dam is  a 10Om high arch dam. I r

has taper ing chute spi l lway wi th f l ip  bucket

whlch d l rects the f low Lnto a narrow grani te

canyon.  Af ter  a f lood 4 years af ter

construct ion a 20n deep p i t  had developed

together  wiEh a 15n htgh bar  of  eroded

materLal  downstream. The bar  caused a

signl f icant  reduct ion in  head and consequent

loss in  output  at  the power stat ion.

Renedia l  work carr ied out  at  a cost  of  US $4

ni l l ion inc luded extending an ex is t ing

divers ion runnel  so that  f lows could bypass .

the plunge pool and bar.

4. Grand Raplds

The spl l lway of  the Grand Rapids darn,

cornpleted 7n 1962,  is  designed to g ive a

f ree -ove r fa l1  j e t .  A f t e r  f ou r  yea rs  o f
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5 .

operat ion Che depth of scour was 302 nore
than that ant lc ipated for the eonplete l l fe

of the structure. Rernedial  work involving

extending the chute 20m to the upstream face

of the scour hole cost US $4 rnl l l lon.

Xarlba Dan

Karlba is a 130n high arch darn with f lood
gates which provide a free-overfal l  jet

impact ing on to gnelss lmrnedlately

downstrean of the dan. Flve years after
complet ion the removal of  400,000n3 of rock

had formed a plunge pool 50n deep. Spray

from the Jet had also resulted in sl ides of
mater ial  on the banks threatening the
stabi l t ty of  the abutments. FurEher erosion

was prevented  by  the  cons t ruc t ion  in  1967 o f

a  second power  s ta t ion ,  as  o r ig ina l l y

d e s i g n e d .

Tarbela Dan

Tarbela is a l43ra high embankment dam.
There is both a service spl l lway and an

auxi l l lary spi l lway, borh having f l ip

buckets .  Wi th in  a  year  o f  cons t rucE ion

400,000m3 of mater ial  was removed from the
plunge pool.  Rernedial  work on the service

spi l lway necessitat ,ed increased use of the

auxl l iary spi l lway whieh resulted in

excessive erosLon of the plunge pool for

that spi l lway. Renedlal  work involved

stabi l isat ion of the high slopes around the
plunge poo1, the post tensionLng of the

bucket structure into the rock upstream,

lowering bed levels at the downst.rean end of
the plunge pool and l in ing the sides of the

6 .
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poo l  w i th  ro l led  concreEe.  The cos t  o f

repa i rs  to  the  serv ice  and aux i l l i a ry  p lunge

poo ls  was US $120 rn i l l i on  and US $90 n i l t ion

r e s p e c t i v e  l y .

3 . 2  L i t e r a t u r e  r e v i e w

on mode l l ing  o f

l o c a l  s c o u r

Th is  l i te ra tu re  rev iew descr ibes  work  tha t  has  been

carr ied out on the development of local scour with

t ime.  Two o f  the  s ign i f i can t  parameters  assoc ia ted

with local scour are the t ine development of the scour

and the  u l t imate  scour  depth .  In  the  pas t  most

a t ten t ion  has  been g iven to  the  pred ic t ion  o f  u l t imate

scour  depths .  The t ime deve lopment  may a lso  be

impor tan t ,  however ,  fo r  example  where  a  s t ruc tu re  i s

no t  su f f i c ien t ly  permanent  fo r  the  u l t i rna te  scour

depth  to  deve lop  or  where  the  f low is  p redominant ly

uns teady  so  tha t  an  u l t i rua te  scour  depth  pred ic ted  on

the  bas is  o f  a  s teady  f low is  unrepresent .a t i ve .

In  th is  rev iew we consider  scour  due to both

ho r i zon ta l  and  ve r t i ca l  j e t s .  The re  a re  t \ r o  essen t i a l

a reas  o f  i n te res t ,  one  i s  t o  de te rm ine  the  func t i ona l

re la t i onsh ip  be tween  scou r  and  t ime  fo r  a  g i ven  se t  o f

c i rcumstances and the second is  the met .hod requi red to

t rans fe r  f r om one  sca le  t o  ano the r ,  mos t  common ly  f r om

a  mode l  sca le  t o  a  p ro to t ype .

Scour due to hor izonta l  je ts

B r e u s e r s  ( 1 9 6 5 ,  L g 6 7 >  a t  r h e  D e l f t  H y d r a u l i c s

labo ra to ry  ca r r i ed  ou t  wo rk  on  the  scou r  gene ra ted

downs t ream by  f l ow  ove r  a  l ow  s i l l .  Tes t s  we re

p e r f o r m e d  i n  t h r e e  d i f f e r e n t  f l u m e s  0 . 5 ,  1 . 0  a n d  3 . 0 m

w i d e  w i t h  e r a t e r  d e p t h s  o f  0 . 2 5 ,  0 . 5  a n d  1 . 5 m

r e s p e c t i v e l y .  D i f f e r e n t  m e a n  v e l o c i t i e s  o f  f l o w  w e r e

used and measurements l rere obta ined using a l5sur t
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dianeter mlnlature current meter.  The bed mater ials
used were  sand,  bake l l te  and po lysry rene w l th  spec i f i c
g r a v i t i e s  o f  2 . 6 5 ,  1 . 3 5  a n d  1 . 0 5  r e s p e c t i v e l y .  T h e
bed mater ia ls  var ied  in  s lze  f rom 0 .1  to  2 .6nn.

Van der Meulen and VinJe (Lg7S) exrended rhe work of
Breusers by havlng the si l l  extend only part  of  the
nay across the flune so that a Lhree_dLmensional flow
pat te rn  was c rea ted .

Furt .her work carr ied out at Delf t  compared scour at a
prototype structure wlth the scour developed durlng
nodel tests (de Graauw and pi larczyk, l9g0).  The
study was carr ied out in connect ion with the closing
of the Eastern Schelde by means of a storm surge
barr ier whlch wi l l  be kept closed only during a storm
surge. The rel lable predict ion of the future scour
depths was of great iuportance for the stabi l i ty of
the  cons t ruc t ion .  I t  was ,  there fore ,  dec ided to
perform special  proEotype tests to ver i fy the
t ime-scour depth relatLonshtps. The results for the
proEotype and a  r :30  scare  moder  were  compared.  The
pro to type sed iment  had a  DUO s ize  o f  0 .25m wl th  a
spec i f i c  g rav i ty  o f  2 .65 .  The mode l  sed iment  was
po lys ty rene w l th  .  D50 s ize  o f  0 .L3mn and a  spec i f i c
grav i ty  o f  1 .05 .  The pred ic ted  scour  was s l igh t ly
greater than the prototype, the di f ference being put
down to the non-unlforn bed mater ial  of  the
p r o E o t y p e .

Farhoudi and srni th (19g2) model led scour downstream of
a hydraul ic jump produced on a dissipator apron at the
bot. tom of an overf low dam structure. To ver l fy that
no scale effects occurred Ehree sizes of model were
used, t ,ogether with six bed nater ials:
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Mater ia l  D5g (mm) Spec i f i c  g rav i ty

F ine  bake l  i te  O .25  1 .40
C o a r s e  b a k e l i t e  0 . 5 2  1 . 4  1
S a n d  0 . 1 5  2 . 6 8
S a n d  A . 2 5  2 . 6 8
S a n d  0 . 5 2  2 . 6 8
S a n d  0 . 8 5  2 . 6 5

Cunha (Ig7, measured the development of scour with

t ime in a f lume. Ttre experiment" r . ."  carr ied out in

a  f lume 10m long,  2m wide  and 0 .6n  deep.  The scour

was deve loped downsEream o f  p ro t rus ions  cons is t ing  o f

f l a t  p l a t e s  o f  0 . 1 ,  0 . 2  a n d  0 . 3 m  l e n g t h s .  T w o  b e d

mater ia  1s  r {e re  used .

D u o  ( m m )  C r i t i c a l  v e l o c i t y
of not ion

( m / s )

Sand
G r a v e l

Ve r t i ca l  j e to

1 .60
5 . 8

0  . 38
0 .70

Ear ly  exper imenta l  work on the scour due to

two -d imens iona l  submerged  j e t s  i s  due  to  Rouse  (1%0) .

In these exper iments a consEant  head tank was used to

d r i ve  a  ve r t i ca l  j e t  i n to  a  s i x  i nch  w ide  f l ume .  The

du ra t i on  o f  t he  t es t s  was  f rom th ree  to  twen ty  f ou r

hou rs ,  depend ing  upon  the  ra te  o f  scou r .  The  shape  o f

t he  gcou r  ho le  was  t raced  ou t  on  the  g lass  wa l l  o f  t he

f l ume  a t  va r i ous  t ime  i n te rva l s  wh i l e  t he  f l ow  was

s t i l l  r u n n i n g .

Dodd iah ,  A lbe r t son  and  Thomas  (1953 )  ca r r i ed  ou t  a

s e r i e s  o f  t e s t s  o n  s c o u r  d u e  t o  c i r c u l a r  j e t s ,  o n e  f o r

c i r c u l a r  j e t s  a n d  o n e  f o r  a  f r e e  o v e r f a l l .

Fo r  t he  c i r cu la r  j e t .  se r i es  t he re  a re  two  t ypes  o f

j e t ;  so l i d  and  ho l l ow .  The  geomet ry  o f  t he  t es t s  was

a s  f o l l o w s ,  a  f i x e d  h e i g h t  o f  j e t  a t  0 . 7 m ,  w i t h  a r e a
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variable frorn 5g0 to 1330nn. This fel l  on to a L.2Z
by 1.22 by 0.64rn deep bed of graver.  There were rwo
s izes  o f  g rave l ,  bo th  o f  nar row grade,  3 .1g_6.35nn and
6.35-L2.7um, wlth mean fal l  veloci t ies of 0.219 and
o.292n/s  respec t ive ly .  The depth  o f  the  ta i rwater
could be kept constant for each run but was varied
between 0 .05  and 0 .41n fo r  var ious  runs .  A t  the  s ta r t
of each run of the nodel the bed was covered until
equi l lbr ium of the tal lwater was reached. Then the
cover was removed and time begun. Measurements were
made by divert , ing the f  lord and using a point gauge,
only one l lne of measurements was required as the
shape of the hole was nearly conical .

The stopplng and start lng of f lows for measurement
caused the slde slopes to fal1 in -  hence the conical_
shape of the scour hole, giv ing wal ls at angLe of
2 7 - 2 9  d e g r e e s .

For the free overfal l  jec a sharp crest was used which
cou ld  be  var ied  in  he lgh t  f rom 0 .3  to  1 .22v .  The
width of the f lune was O.BSm. Discharges were var ied
f ron  0 .0115 ro  0 .0461n3/s  per  m o f  c res t .  Two grave ls
both havlng the same mean size of about 6.35nn, but
d i f f e r e n r  s t a n d a r d  d e v i a t i o n s  o f  l . 1 7  a n d  1 . 3 3  w e r e
u s e d .

As with the start  of  the circular jet  tests the
tailwater was allowed to steady before the bed was
uncovered and t ime begun. Measurements were rnade
whi le  the  water  s t i l l  ran ,  they  were  made f rom 0 .5
minut.es up t .o 18 hours after Ehe start .  photographs

of the scour progression rrere taken perlodical ly
through the glass wal l  of  the f lume.

Rajaratnam carr ied out

submerged jets  of  both

beds.  The exper iments

work with two dimensional

alr and water inplnging on sand

were carried out in a flume
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0 . 1 5 m  w i d e  x  0 . 3 m  d e e p  a n d  1 . 8 n  l o n g ,  w i t h  a  s a n d  b e d

100mn deep .  The  j e t  was  p roduced  by  a  "we l l  des igned

rrozzel ' r  which could be ra ised or  lowered f rom the bed.

Je t  ve loc i t i es  ne re  measu red  w i th  a  1 .07 'nm to ta l  head

probe p laced in the core of  the je t .  The range of

parameters var ied for  the runs are g iven below.

J e t
w id th

mm

W a t e r  s e r i e s  2 . 5

Ai r  ser ies 2 .03
and
4 . 7

Gra in  Je t
d iame te r  ve loc i t y

mm crn/ s

t . 2

2 . 5 3
to

9 .  10

7 4 . 6
to

1 5  9 . 8

He igh t

mm

L 2 . 5
t o

L 2 7 . A

100
to

t78

. 2
t o
. 3 8

Pho tog raphs  o f  t he  scou r  p ro f i l e  when  the  j e t  i s  on

show a  l a rge  amoun t  o f  t u rbu lence .  Because  o f  t h i s

tu rbu lence  scou r  p ro f i l es  ne re  measu red  when  the  j e t

was  tu rned  o f f  -  wh i ch  wou ld  appea r  t o  be  d ras t i ca l l y

d i f f e ren t  f r om the  dynan i c  a ta te .

Analysis of experimental work

1 .  H o r i z o n t a l  j e t s

In  analys ing the t ime development  of  scour  there are

two  fundamen ta l  p rob lems .  One  i s  f o r  a  g i ven  geomet ry

and  f l ow  and  us ing  i n fo rma t i on  on  the  i n i t i a l  r a te  o f

scou r  deve lopmen t  t o  p red i c t  how  the  scou r  w i l l

con t i nue  to  deve lop .  The  second  p rob lem i s  i f  one

knows the developmen!  of  scour  wi th t ime at  one scale

to  p red i c t  t he  ra te  o f  scou r  a t  a  d i f f e renE  sca le .

Typ i ca l l y ,  i f  one  measu res  the  ra te  o f  scou r  on  a

sma l l  sca le  phys i ca l  mode l  how can  one  then  p red i c t

t he  ra te  o f  scou r  on  the  p ro toEype .
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Breusers (1965' Lg67) and rhose that extended his work
(Van de Meulen and Vinje ,  1975; de Graauw and
Pl larczyk, 1980) assumed that the scour dependence
wlth t ine could be described by the equat ion:

h+.(.)
o

,fo,0 ( 6 )

w h e f e  h  { c  r L ^  * - - - r - - - -"max(t)  rs the maximu scour depth at t ime t
ho is the value of h*"* at  t ine t ,
t is tlne

p is exponent

Thus knowing the maximum depth of scour at one lnstant
the maximum depth of scour can be found for al l  t lmes.
Breusers found that the exponent p was almost constant
a t  0 .38  fo r  a  w ide  range o f  va lues  o f  h* -  /n  w i th
di f ferent veroclr les of f low- de ,r . rn"t l la pi tarczyt<
(1980)  used a  va lue  fo r  p  o f  0 .4 ,  Farhoud i  and Sn i th
(1982) found good correlat ion with an exponent value
of 0.19 for scour downstrean of a hydraul ic jurnp. Van
der Meulen and Vlnje (Lg75) found rhat for
three-diuensl.onal scour the exponenE p var ied with
both  long i tud ina l  sec t ion  and t ime.

S i n c e  f r o n  e q u a t l o n  ( 6 ) :

h'ax(t) = ho ,Lro

Shen er  a t  (1965)  car r t .ed

t ime-developnent of local

out an analysis of the

scour around brtdge piers.

( 7 )

i t  fo l lows thar  i f  p  i s  s t r l c t l y  pos i t i ve  and consrant
that the depth of scour increases indef inl tely.  This
cannot be true for al l  t ine but may be a reasonable
approxirnat ion during the ini t ia l  development.
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In

o f

thei r  analys is

the forn:

they der ived a re lat lonship

1og

where A seerned

approach f low.

Eo depend upon

Novak (f98f)  proposed an expression for the t lme

dependence of scour in st i l l ing basins of the form:

_  b  e - c ( t / t ,  
+  a ;

hrnax( 
t )

h
o

where  a ,

and

- n ( 8 )

the Froude number of the

(e)

b,  c  and d constants dependl-ng upon the type

o f  s t i l l i ng  bas ins

is  the depth of  scour  at  t ine t  I

is  the depth of  scour  at  t ime t  ( for  t  > t  l )

i,*r,

d

; - = a^ I

A ,
l.

Local  scour  occurs when,  due to the par t icu lar

geometry and f low,  the shear s t ress on the bed is

local ly  lncreased above the general  leve1.  Whether

the mean shear s t ress on the bed,  that  is ,  the shear

st ress away f rom the loea1 increase,  exeeeds that  for

threshold of  mot ion or  is  less is  unJ.mportant  but  for

scour to resul t  the local  increase must  be such thaE

in that  area the threshold of  mot ion ls  exceeded.  As

a resul t  sedimenL t ransport  takes p l -ace.  The

non -un i f o rm  spa t i a l  d i s t r i bu t i on  o f  shea r  s t ress  w i l l

inp ly  a non-uni forn sedlment  t ransport  rate and as a

resul t  the bed level  wi l l  change.

l,Ie can loagine a sirnple one-dimensional exanple in

wh ich  the  shea r  sE ress  i s  l oca l l y  i nc reased ,  see

Figure 7a.  As a resul t  the sediment  t ransport  rate

increases,  F igure 7b.  Using the sediment  cont inui ty

equat ion
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t#* ( 10 )

we can see that instantaneously the most rapld change

of bed leve1 wi l l  correspond to the point where the

transport  rate var ies most rapidly.  The changes in

bed level wi l l  af fect the f low and hence lead to a

change in the shear stress distr ibut ion. The rate at

which the scour will develop will depend upon how the

shear-stress dlstr lbut lon ls affected by changes ln

bed level.  Returnlng to the example, i f  the shear

stress distr lbut ion was lndependent of the depth of

f low then scour would take place at a constant rate

indef inl tely.  I f ,  however,  a smal1 change in bed

level result .ed in the return of the shear stress to

the mean level then the rate of scour would rapidly

dininish and scour would very soon cease. This

irnpl ies that the rate of scour must depend to a large

degree on the relat lonship between f low geometry,  in

part icular bed level,  and shear stress on the bed. As

lnevltably this must be extremely sensit ive to Ehe

part lcular geometry of f low i t  is inconceivable that

there can be one relat ionship which describes the t ime

development of scour for al l  geometr ies. A11 the

relat lonships developed must be specif lc to the

part icular geometry considered. This inpl ies that l t

is extremely unl ikely,  for example, that an equat ion

used to describe the tlne development of local scour

dowastream of a hydraul ic Junp would be appl lcable to

scour around a br idge pier.  I t  also inpl ies that.  Lo

determlne the rate of local scour for a part lcular

geometry speclf ic studies must be made for that

geometry.  In general  this suggests that resort  rnust

be roade to a physical model with that geometry.

The problem remains,  i f  a  nodel  test  ls  carr led out

and a rate of  scour  measured at  the model  scale,  how

can th is  be sealed to g ive the rate of  scour  at  the

prototype sca1e.  As the problem Ls in t lmate ly  re lated

S=o
0x
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to  sediment  t ransport  i t  is  obvlously  inpor tant  that

sediment  t ransport  ln  both model  and protoEype be

considered.  Considerat ion of  equatLon 10 iunediate ly

reveals thac the inpor tant  quant i ty  i "  
#  

or  Ehe

spaEia l  rat ,e of  change of  sediment  t ransport  rate.

For fine sediments a smal1 increase ln bed shear

st ress w111 lead to a s igni f lcant  Lncrease Ln sediment

t ransport  rate but  for  coarse sedl"ments the same

increase in shear stress would lead to a much uore

modes t  i nc rease  i n  sed imenE t ranspo r t  r a te .  I t

fo l lows that  the rate of  local  scour  is  sensLt ive to

sediment  d iameter .  I t  should be noted that  we are

on l y  cons lde r i ng  t he  ra te  a f  wh i ch  scou r  deve lops .

One can provide qui te general  arguments thaE suggest

that  the u l t inate scour depth achleved is  more or  less

independent  of  sediment  d iameter .  Here,  we are

consLder ing the t ime t ,hat  is  taken to achieve that

u l t i nna te  scou r .

By consider ing the sedinent  cont inul ty  equat ion

= Q ( 1  1 )

and a sediment  t ransport  re lat ionshLp Breusers

concluded that  the t ime scale nt  was g iven by:

- dz  0c
"o t  

- r  
a "

t t = " ; 1 .5  0 .5
" i - -  " i - -  

t ( r - r " r i . ) -4 (12 )

This was on the assumpt ion of  an undlstor ted nodel .

For  the case of  scour  downstream of  a long hor izonta l

bot tom proEect ion th is  equat ion was conf i r rned by

3 0



3 .3 Scour

Developoent

in t ime

extens ive  exper iments  (Breusers  1965,  1967) .  Farhoud i

and Srn i th  (  1982)  car r ied  ou t  a  s i rn i la r  ser ies  o f

exper iments  fo r  scour  downst ream o f  a  hydrau l i c  jump.

They developed a simi lar form of equat ion to Breusers

but  reP la" "u  n ( , r - , r ^_ .  
,  ) -  u  o ,  t ( , r - i ^ - .  

,  ) -  3 .

Obv ious ly  the  fo rm o f  the  sca l ing  re la r ionsh ip  (12)

depends upon the  sed iment  t ranspor t  equat ion  used to

d e f i n e  G .

S ince  the  ve loc i ty  u  in  the  mode l  and pro to type var ies

in  space i t  fo l lows tha t  na  is  no t  a  cons tan ! .  Th is

irnpl  ies that at  a f  ixed t i rne the scour in the mode I

and pro to type w i l l  no t  necessar i l y  be  geomet r ica l l y

s imi la r .  I f  in  one or  o ther  o r  bo th  the  s lope o f  the

scour  ho le  approaches the  ang le  o f  repose o f  the

sed iment  then s imi la r i t y  be tween the  mode l  and

pro to type may be  v io la ted .

Effect  of  vary ing d iecharge

A number of  equat ions have been formulated to descr ibe

the development  of  scour  through t ime.  These have

been der ived f rom laboratory exper iments carr ied out

w i th  cons tan t  d i scha rges .  They  a l l  t ake  the  fo rm:

d ( r )  =  d

where

S ince  fo r  l a rge  t

d ( t )  =  d .

r (  t )

scou r  dep th  a t  t ime  t

u l t ima te  scou r  dep th

= some funct ion of  t

d =

d -
e

f (  r )

( 13 )

3 I
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w e h a v e f ( t ) + l a s t + @

The value of d_ can be glven by a nunber of
e

expressions of  the form:

d .  =  d "  ( q ,  h ,  h 2 ,  g ,  D )

where q is  the unl t  d ischarge

h ls  the fa l l  o f  the jer

h,  is  the taLlwater  depth

g is  acceleratLon due to grav i ty

and D is  sediment  d iameter

d r  =  d "  ( 9 r )  f ( t t )

D e f L n e :

These equat ions are a l l  based on constant  d ischarges.

In pract ica l  appl lcat ions,  however,  the uni t  d ischarge

q is  not  constant  but  var ies in  t ime.  I t  ls  of

in terest .  to  ask how the scour hole wi l l  develop for  a

par t ieu lar  sequenee of  d ischarges.  I f  we can

approxlnate the d ischarge record by a sequence of

s teady  d i seha rges ,  Q l ,  Q2 ,  Q3 ,  and  co r respond ing

t i m e s ,  t 1 ,  t 2 ,  t 3 ,  t h e n  i t  l s  p o s s i b l e  l o  u s e

equat ions (11)  and (15)  Uo calculate t ,he r ine

developnenE of  the scour hole.

Let  d.  denot ,e Ehe scour depth af ter  t lne per iod t ,
1

then

(15  )

( 1 6 )

|  - 1  -  d . ,

,2 = r-' tqirf (r7)

1.e.  , ' ,  ls  the length of  L lme i t  would have taken a

discharge o1 g2 to develop a scour hole of  depth d 1r
then
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d2  =  d " (e  2 ) f  ( t i  +  t r )

More generally

F t

n

and

r-r1$,1

d r r = d " ( 9 r r ) f  ( t ' + t r r )

( 1 8 )

( l e )

(20 )

explained graphically in

3.4 Experirnental

work

An example of the process ls

FLgure 8.

The object of  the experinent.al  work was to measure the

evolut ion of a 2-dtmensional scour hole produced by a

ver t i ca l  je t  o f  water .

Apparatue and method

The exper iment  was set  up ln  a perspex-s ided fhme of

0.4rn width.  The apparatus is  shown diagrannat ica l ly

i n  F igu re  9 .

A nobile bed of 3rn length was retained in t.he flume at.

a th lckness of  0.5n.  The ver t lea l  je t  of  water  was

suppl ied by a rectangular  je t  tozzLe of  0.39n across

the f lurne and 0.04rn width,  posi t ioned above the

rn id-point  of  the bed.  A depth of  water  was mal-nta ined

above the bed and contro l led by adJustable ta i l

g a t e s .

I 'Iater was cl-reulated by punplng from a sunp, through

the Jet  nozzle,  over  Ehe ta i l  gates e l ther  s ide of  Lhe

retalned bed and back to the sump. The flow rate was

contro l led by a gate valve and measured by a bend f low

meter .  A baf f le  was insta l led ins ide the je t  nozzLe

to ensure uni form f low across ehe width of  the Jet .
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The bed naterial used was a unl-form Bedium-coarse

oblate gravel  wi th mean par t ic le  s ize (DSO) of  9rnn.

Figure IO shows the par t ic le  s ize d is t r lbut lon for  a

sample of  th is  nater ia l .  The angle of  repose of  the

bed maEer ia l  under water  was approximately  45" .

A gr id wi th 0.1m lnter-sect ions was marked on the

perspex wall of the flume. A camera was set up at the

si-de of the flune and the development of the scour

hole was recorded photographlcal ly ,  the gr ld prov id ing

a  s e a l e .

For  each test ,  the bed was protecEed wi th wooden

boards whi le  the requi red water  depth and jet  ve loc i ty

were set  and steady condi t ions establ lshed.  The

boards were then removed qulck ly  and a stopwatch was

star ted.  A ser ies of  photographs of  the scour hole

r tere then taken at  increasing t iue in tervals .  Each

test  was run for  a per iod of  at  least  one hour,

a l lowing the scour hole to become fu l ly  developed.

Teets carried out

A  to ta l  o f  s i x teen  tes t s  we re  ca r r l ed  ou t ;  t h l r t een

wi th the je t  nozzle seL at  0.22m above the bed and

three runs wl th the nozzle at  0.32rn above the bed.

Figure 11 sumnarises the water level above the bed and

the  j e t  ve loc i t y  used  fo r  each  o f  t he  t es t s .

The  j e t  ve loc i t . l es  used  ranged  f ro rn  0 .8  t o  2 .Bms-1 .

The water  depths ranged f rorn 0.15rn to 0.53n above the

bed; from below che jet nozzLe to above the jet

oozzLe  as  can  be  seen  f ron  F igu re  11 .

The exper imenta l  resul ts  are g iven ln Tables 1 to 16.
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Scour hole shape

The development, of the shape of the scour hole is

demonstrated in Figure T2. The vert , lcal  scour depth

has been non-dimensional ised by the totaL depth of

scour at that t lne whl le the horlzontal  distance has

been non-di.mensionallsed by the horizontal distance to

the point of maxinum helght. The resul-ts for test 12

clearly show the iupact of reduced tai lwater levels,

thls leads to the development of an elongated,

f lat tened r idge. Under deep tal lwater condit lons the

downstrean slope of the r idge corresponds to the angle

of repose of fhe sediment under water.

Fol lowing t ,he work of Breusers, Farhoudi and Snith

(1982) developed scalLng laws for scour downstream of

a hydraul ic junp. The development,  however,  ls very

dependent upon havlng appropriate equat ions to

descrlbe both cr i t lcal  condit ions and the sediment

t .ransport  rate when cr i t ical  condit ions are exceeded.

Unfortunately,  ln the ease of vert ical  jets no such

equat lons  are  ava i lab le .  I t  i s  there fore  d i f f i cu l t  to

see how such an approach could be used for vertical

j e t s .

Development of scour wlth tlme

To study the development of

u 3
o -a ; ; f r '  was plotted against

where :

scour wl- th t ime:

is  t ine

i s  j e t  ve loc i t y

is  submerged speci f ic  grav i ty  of  sediment

d
T

t

u
o

s
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CONCLUSIONS

4.L  Fr ic t lona l

res is tance

g ls  accelerat ion due to grav i ty

D  l s  DUo  sed inen t  s i ze

B is  the jeE widrh

and d is the maximum depth of scour at t lme t.

Though the absolut,e values of these variables differ

between tests they show a consistent  behaviour  wl th in

each test ,  see Figure 13.  Thus the ln lEia l  scour

development can be used to predict the scour that wll l

be developed at  la t ,er  per lods.  The t tne dependent

behavLour of  the varLous tests ls  s in i lar  for  both the

deep and the shal low ta i lwaEer cases.

In most  eases Ehere was a s igni f lcant  d i f ference in

the depth of  the scour hole dur ing the test  whl le  the

jet  was operat ing and at  Ehe end of  the test  when the

f low was swi tched of f .  Sediment  mainta ined ln

suspension by the f low set t led and sediment  f rom the

sldes of  the scour hole s lumpqd lnto the scour hole

t .hereby reducing the s lope of  the s ides and the tota l

dep th .  F lgu re  14  shows  the  p ro f i l es  o f  scou r  ho les

dur ing and af ter  two tests.  These suggest  that

observat ions of  scour  taken af ter  a f lood per iod nay

signi f icant ly  under-est lmate the tota l  depth of  scour

developed dur ing a h igh f low per iod.

A set  of  exper inent .s  carefu l ly  measur ing the a l luv ia l

f r ic t ion due to sand-s l l t  mixture has been per forned.

The analys is  of  the exper imenEal  daca indicates that

the presence of  s l l t  f ract lons in  coneentrat ions of  up

to 30o0ppm has no ef fect  on the determinat ion of

a l luv ia l  f r lc t ion us ing accepted theor les for

p red l c t i ng  a l l uv ia l  f r l c t i on  o f  sand  beds .  I t  i s ,

therefore,  recommended that  ln  s i tuatLons where s i l t

is  present  in  a sand bed but  the sediment

concentrat l "on ln  the f low does not  exceed 3000ppn
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theories for predict lng al luvial  f r ict ion of sand beds

are used without rnodif icat ion. The results further

show that the theory of Einstein and Barbarossa

provides poor predLct lons of al luvial  roughness as has

been reported elsewhere and that of  the theorLes

tested that by Engelund provided the best

p r e d i c t i o n s .

A set of  experiments careful ly measuring the al luvial

f r ict ion due to a sand bed have been performed.

The type of bed features developed has been related to

the dimensLonless unit  stream power U-.
r.

Two dist inct.  relat ionships have been observed

describing al luvlal  f r ict ion, one for lower regime and

one for upper regime. The observat ions in the lower

regime are simi lar to those of Bassi (1985) but both

se ts  o f  resu l ts  d i f fe r  f rom those o f  Guy e t  a l  ( f966)

and the Eheoret ical  relat ionship of White et al

( 1 e 8 0 ) .

An extension of the White et al  (1980) nethod for

predict ing al luvial  f r ict ion has been proposed for

upper regime flows. The method has been developed on

f lume experioents. This removes the restr ict ion on

the Whlte et al  nethod to f lows whose Froude number is

less  than 0 .8 .  More  da t ,a ,  however ,  i s  requ l red  t ,o

elucidate the behaviour of large sediment sizes under

higher Froude number f lows.

A cr l ter lon to deterrnine when the f low in a channel is

in upper or lower regirne has been suggested. I t  has

been further suggested that there is a range of

condit ions under which both the solut lons in the upper

and lower reglme are sEable. IE is postulat,ed that

the solut ion that is achieved in pract ise depends upon

che history of the f low and that the system nay wel l
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exhibi t  hysteresis.  Further experiments are required

to invest igate these suggest ions.

The appl icat l .on of the extended meLhod is descr ibe in

Appendlx l .

4 .2  Loca l  scour

The rate of scour development, is dependent upon the

flow geomet,ry so that results for one flow geometry

oay not,  necessarl ly,  be appl icable to another.  In

pracEise this lnpl tes thaL model tests must be carr ied

out for any speclf ic geornetry.

Because of  the nature of  the scal ing f rom rnodel  to

prototype,  nodel /prototype s in i lar i ty  may be v io lated

i f  the angle of  repose is  exceeded in e i ther  the rnodel

o r  t he  p ro to t ype .

The dynamic scour developed whi le  the je t  is  operat ing

may s igni f icant ly  exceed the stat lc  scour  observed

when the je t  f low ceases.

The tirne developrnent of scour ruay be predicted by

plot t ing .  
#,  

.grrnst  $.
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TABLES.





TABLB I

Test Number 1

Water  depth ,  H

Hetght  o f  je t ,

Je t  ve loc l ty ,  u

37cn

h 22cn

o 
106cn/s

7

15

30

60

300

600

r 200

2700

Lp

(cn)

L 4

L 4

1 4 . 5

1 4 . 5

1 5

1 5

1 6

1 8

D

(cn)

2

2 .5

2 .5

2 .3

4

5

5

6

t

( s )



TABLE 2

Test Number 2

Water  depth ,  H

Heigh t  o f  je t ,

Je t  ve loc i ty ,

22cm

h 22cn

uo 85crn/s

c

(s )

10

30

60

300

600

1200

2400

3600

Lp

( cn)

L2

I2

T2

t2.5

12 .5

13

L4

L4

D

(cn)

1 . 5

1 . 5

r .5
1 .5

2

2

2

2



TABLE 3

Test Nunber 3

Water depth, I l

He igh t  o f  Jer ,

Je t  ve loc l ty ,  u

15cn

h 22cn

o 
87cn/s

t

( s )

10

20

900

1800

3600

Lp

(en)

1 0

1 1

L 7

1 9

2 0

D

(cn)

5

5

7 . 5

7

8



TABLE 4

Test Nunber 4

Water  depth ,  H

Heigh t  o f  je t ,

JeE ve locL ty ,  u

22cm

h 22cn

o 
207 cm/ s

t

( s )

10

30

60

240

600

1800

3600

7200

Lp

(cn)

D

(cn)

1 B

1 8

1 8

2 L

2 2

2 3 . 5

2 5

2 6

26

28

30

35

38

4L

45

47



TABTE 5

Test Number 5

I. Iater depth, H

H e t g h t  o f  j e t ,

Je t  ve loc l ty ,  u

37cn

h 22cn

o 
260cn/s

t

( s )

7

1 5

4 5

300

600

1B0o

7200

Lp

( crn)

D

( c n )

2T

25

25

25

25

25

30

25

27

30

3B

4A

43

4B



TABLE 6

Test Nunber 6

Water  depth ,  H

Helgh t  o f  Je t ,

Je t  ve loc l ty ,  u

36cn

h 22cn

o 
215cn/s

t

( s )

l 0

30

60

1 2 0

300

600

1800

3600

Lp

( c m )

24

25

26

28

30

33

35

38

nU

(  cn)

1 8

1 8

1 8

1 8

1 8

1 8

1 8

1 9



TABLE 7

Test Number 7

l{ater depth, H

H e i g h t  o f  J e r ,

Je t  ve loc i ty ,  u

34cn

h 22cm

o 
l65cn/s

t

( s )

l 0

30

60

r20

300

900

3600

Lp

( cn)

D

(cn)

l 1

1 3

l 3

r3
r3 .5
L 4

l 4

22

23

24

26

27

30

33



TABLE 8

Test Nunber 8

IJater depth, H

Helgh t  o f  je t ,

Je t  ve loc i ty ,  u

53cn

h 22cm

273em/s
o

t

( s )

1 0

30

6 0

1 2 0

300

600

3600

Lp

(crn)

D

(cn)

25

35

39

40

44

47

5 I

23

24

25

27

27

30

30



TABLE 9

Test Nunber 9

Water  depth ,  H

H e l g h t  o f  j e t ,

Je t  ve loc i ty ,  u

5 1 c n

h 22cn

o 
2O7 cm/ e

t

( s )

Lp

(cn)

D

(cn)

L 7

1 8

1 B

1 8

1 9

1 9

1 9

10

30

60

120

300

1200

3600

20

27

29

32

32.s

35

38



TABLE I.O

Test Nunber 10

Water depth, H

Hetghr  o f  Jer ,

Jet vel .ocl ty,  u

49en

h 22cn

o 
159cn/s

L

( s )

Lp

( cn)

D

( cn)

13

13

13

13

L4

L4

L4

10

30

60

L20

300

r 500

3600

22

24

24

26

26

29

29



TABLE 11

Test Nunber 11

Water depth, H

Hetght  o f  Je t ,

Je t  ve loc l ty ,  u

l5crn

h  22cn

o 
207cn ls

t

( s )

10

30

60

L20

300

1200

3600

Lp

(cn)

D

( c n )

1 7  . 5

1 8

1 8

1 9

20

20

2 2

23

30

32

32

33

36

42



TABLE 12

TesE Nunber 12

I. Iater depth, H

Heigh t  o f  je r ,

J e t  v e l o c l t y ,  u

I9cn

h 22cm

o 
279cm/ s

t

( s )

Lp

(cm)

D

(cn)

24

28

29

29

30

33

35

5

IO

30

60

L20

1200

3600

25

38

44

46

46

57

58



TABLE 13

Test Nunber 13

I{ater depth, H

t le tgh t  o f  je r ,

Je t  ve loc l ty ,

15cm

h 22crn

uo 155cn/s

t

( s )

1 0

30

60

120

300

1 2 0 0

3600

Lp

(cn)

D

(cm)

r3
15

15

I5

L7

L7

t8

20

24

27

27

28

28

33



TABLE 14

Test Number 14

I,Iater depth, H

Hetght  o f  je t ,

Je t  ve loc i ty ,

I5cn

h 32cn

uo 207cn/s

t

( s )

Lp

( cn)

D

(en)

15

I7

18

20

20

22

22

10

30

60

120

300

600

3600

24

3 I

34

3B

42

42

47



TABLE 15

Test Nunber 15

I{ater depth, H

Heigh t  o f  Je t ,

Je t  ve loc l ty ,

38cn

h 32cn

uo 205cn/s

t

( s )

l 0

30

60

rBo
600

r800

3600

Lp

( crn)

24

29

30

35

39

43

47

D

( cn)

1 3

L 7

18

r9
20

20

20



TABLB 16

Test Nunber 16

Water  depth ,  H

Hetght  o f  Je t ,

Je t  ve loc i ty ,  u

54cn

h 32cm

o  
2 1 5 c n / s

t

( s )

t0

30

60

r20

360

1800

3600

Lp

(cn)

4L

42

43

44

49

55

59

D

(cn)

L 7

1 8

1 9

20

2 T

2 3

2 4
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