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ABSTRACT

Thl.s report, descrLbes work on nunerLcal reservolr sedimentation modele to
iuprove the predlctl.on of reservolr sedlmentatl.on. Reservoir sedLmentat,Lon
presenta a ^Jor rater resources problern ln tropLcal and sub-tropical
regLons of the sorld. UntlL the developneot of numerlcal rnodels reservolr
eedlnentatlon could only be predlcted uslng simple emplrical Dethods whlch
have on occasl.ons have proved unrellabLe. The recent development of
numerlcal models has greatly Lnproved the accuracy aad detall sltb which
predlctlona can be nade. The purpose of the sork ls to enable methods of
controlll-ng sedlnentatLon to be studLed. The etudy conslders the problems
of up-datl.ug sectLons eubJect to eroslon or depositlon, the consolldatlon of
deposlted eedlments and the defLnitlon requlred to model a conblnatlon of
sLlts and sands. A efunple method of assessing the economlc coet of
reservoLr aedl.mentatlon Ls presented. The sork ehould enable more accurate
predlctions of reservolr sedimentatlon to be nade and provides a nethod of
aseocLatLng a cost wlth the predl.cted sLltation. This better engineerl-ng
and econom{c asgesgmenta of reservol.r groJects s1.11 result.
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1 . 1

INTRODUCTION

Impact of

reservo i r

sed imenEaEion

I t .  is  of  the nacure of  the reservoi rs  Ehat  they lead

Eo a reduct ion of  both the veloc i ty  of  f low in a r iver

and the water  sur face s lope.  This reduces the

capaci ty  of  the r iver  to  t ransport  sediment  and

encourages the deposic ion of  sediment  in  Ehe

reservoi r .  The aecumulat lon of  sediment  reduces Ehe

amount  of  water  s torage avai lable and hence Ehe

ut i l iEy of  the reservoi r .  In  ext reme cases

ef fect ive ly  a l l  the usefu l  s torage may be lost ,  due to

sedimentat lon.  The rate at  which sediment  accumulates

has a major  impact  on the usefu l  l i fe  of  a reservoi r

and so is  s igni f icant  in  assessing the economics of  a

p roposed  rese rvo i r .  The re  i s ,  t he re fo re ,  t he  need  to

be able t .o  assess sedimentat lon when a reservoi r  1s

belng p lanned.

In considering the irnpact of sediment,ation on a

storage scheme l t  ls  important  to  know the loss of

ava i l ab le ' s to rage  a f t e r  a  g i ven  t ime  pe r l od  as  t h i s

d i rect ly  af fects the y ie ld of  the reservoi r .  The

dlst r ibut ion of  the sedlnent  deposl ts  af fects the

stage/storage curve and so may have an inpact on the

operat ing ru les of  ehe reservoi r .  For  the deslgner ,

therefore,  there is  a need Eo be able to predict  both

the amount  and d is t r ibutLon of  sediment ,at ion.

The adverse ef fecE.s caused by reservol r  sedimentat ion

nay inc lude:

(a)  a reduct ion in  the storage avai lable and

hence a reduct ion in  Lhe y ie ld prov ided by

the  rese rvo l r ,

(b)  degradat ion downsEream of  the dam. Thls nay

Ehrea ten  s t ruc tu res  assoc la ted  w i th  che  dam



L .2 Trapplng

ef f i c iency

and lead to problems at  s t rucEures fur ther

downst . ream such as br idges or  in takes,

(c)  deposi t ton at  the head of  Ehe reservoi r

leading to an increase in f lood levels in

the contr ibut ing sLreams upsl ream,

(d)  Lncreased evaporat lon losses for  a g iven

storage volume.

Unt t t  recenEly reservoi r  sedimentat ion could only  be

assessed using s inple,  empLr ica l  methods.  To est imate

the volune of  deposl ted mater ia l  the noclon of

t , rapping ef f lc iency \ tas in t roduced.  The t rapping

ef f ic iency of  a reservoi r  is  def ined as the rat io  of

the quant i ty  of  deposi ted sedLment to the tota l

sedinent  in f low.

Got tschalk (1948) re lated the t rapplng ef f lcLency to

the rac io of  the storage capaci ty  to the dra lnage area

of  the basl -n.  The t rapping ef f ic iency,  or

ef fect iveness of  a reservoi r  in  reta in ing sediment  '

however, can only depend upon the naEure of the

reservol r ,  Ehe f low in l t  and the sediment  enter lng.

It must be independent of the nature of the catehuent

ups t ream.  I n  GoEtscha l k t s  ana l ys i s ,  t he re fo re ,  t he

drainage basin area must  be act ing as a surrogate for

a more re levant  var iable such as in f low.  Got tschalk

appreciaEed that  t ,he rat io  of  capaci ty  to in f low eould

be used in p lace of  the rat io  of  s torage capaci ty  to

dra inage area but  preferred the la t ter  as iE was

amenable to measurement. IIe was, however, well aware

of  the shor tcomlngs of  us ing dra inage area.

r . . .  8  rese rvo i r  Ln  an  a r i d  o f  semL-a r i d  reg lon  may

have a 1ow capaci ty  -  watershed rat io  yet  noE receive

enough inflow ln any one year to cause \{ater to be

discharged over  Ehe spi l lway.  In  conErast ,  Ehe volunne



of  mean annual  f low f rom a watershed of  equal  s ize ln

a hunid area may be equivalent Lo 25 tlnes that of a

reservoi r  having the sarne capaciEy -  t ta tershed rat io '

In the drier reglon l00Z of the incoming load is

t rapped,  whereas in  the humid area possib ly  only  70%

is  t r apped .  I

Churchl - l l  (1948) pointed out  Ehat  Ehe rat io  of

capaci ty  Eo inf low ef fect ive ly  gave the per iod of

retent , ion.  Churchi l l  descr lbed how, based on thei r

exper ience,  the Tennessee Val ley Author i ty  had

developed a method re lat ing the t rapping ef f ic iency to

Ehe rat l -o of  the per iod of  retent ion Lo Ehe mean

veloc l ty .  This  rat io  was cal1ed the sedimentat ion

tndei. It was based on the observation that Ehe

greaEer the per iod of  retent ion ln  a g iven reservoi r

and the lower Ehe t ransi t  ve loc l ty  and turbulence,  che

hlgher wi l l  be the percentage deposi t ion of  incoming

sediment .  Churchi l l  po ints ouL thaE regardless of  the

per iod of  reEent ion in  a reservoi r ,  or

equivalent , ly ,  the capaci ty  -  in f low rat io ,  i f  the

velocity and resulting turbulenee are too high no

sedimentat lon wi l l  occur .

Bor land (1951) analysed data f rom the Imper ia l  Dam

Reservoi r  and showed how t ,he t rapping ef f ie iency for

th is  darn var ied wi th reEent ion t ime.  Though l t  was

appreclaEed that  such a re lat ionship was speci f ic  to  a

parEicular  reservoi r  and not  of  general  appl icabi l l ty

i t  is  in terest ing t ,hat  th is  is  an acknowledgernenE Ehat

the t rapping ef f ic ieney of  a reservoi r  is  not  eonstant

but  var ies f rom day to day as che inf low and storage

ln the reservoi r  changes.

The  work  o f  B rune  (1953 )  i s  s t l l l  f r equen t l y  re fe r red

to though one of  h is  conclus ions was that  a greac deal

of  addi t lonal  work is  requi red in  Lhe f ie ld of

rese rvo i r  c rap  e f f i c l ency .  B rune  po in ted  ou t  t he



inadequacies of  us ing the capaci ty-watershed area

rat io  and lnsEead analysed daca f ron 44 reservoi rs  in

terms of  the capacicy in f low raEio.

Since Ehe t , rapping ef f ic iency must ,  depend upon the

sedimenL s ize,  the f low Ehrough the reservoi r ,  the

dist r ibut ion of  f lows lnto the reservoLr  and the way

that  the reservol r  ls  operat ,ed,  i t  fo l lows that  such

est imates of  t . rapping ef f ic lency can only prov ide

approxi rnate values which on occasions nay be ser iously

l n  e r ro r .

1 .3  D i s t r l bu t l on  o f

sediment  deposi ts

Ilaving estimated, however inaccurately, Ehe volume of

the mater ia l  to  be deposi ted,  methods were developed

for  the predict , lon of  the d is t r ibut ion of  sediment

wi th in the reservoi r  (Bor land and t l i l ler ,  1960;  Lara,

L962).  These methods star t  a t  t ,he bot t ,om of  the

reservoir and work upwards towards the surface

deEermining the reduct ion of  s torage due to

sedirnent,ation. Thls cornpletely ignores the facc that,

mater ia l  is  only  deposl t ,ed in  the lower por t ions of  a

reservoi r  i f  i t  fa i ls  to  be deposl ted in  the h igher

reaches .  The  p rope r  p rocedu re ,  t he re fo re ,  i s  t o

progress f rom the sur face downwards.

I .4  Reservo i r

ha l f -1 i fe

Pit t  and Thonpson ( f984) ,  however,  have shown how

these approximate methods can be comblned with Lhe

not ion of  the hal f - l i fe  of  a reservoi r  to  g ive an

ln lL la l  assessment  of  the l ike ly  s igni f icance of

rese rvo i r  sed imen taE ion .  The  ha l f - l i f e  o f  a  rese rvo i r

is  that  t ime taken for  50% of  Ehe reservoi r  s torage to

be lose Lhrough sedimentat ion.  This can be rapid ly

est , imated us ing ernpl r ica l  t rapplng ef f ic iency curves.

The  rese rvo i r  can  be  c lass i f i ed  acco rd ing l y .



(a )  ha l f - l i fe  ln  excess  o f  100 years  -  reservo i r

sedimentat ion ls unl ikely Eo cause major

prob lens ,
I

(b)  hal f - l l fe  becween 20 and 100 years -  loss of

storage wi l l  have an lmpact  on the scheme.

ConsideratLon should be g iven to methods of

reducing the amount of sediment entering the

reservoi r  for  example:

land nanagement pracEices,

physical ly  prevenEing the

movemenE of sedl,ment, Lnto

.  reservotr  by prov is ion of  check

dams ,

encouraging the movement of

sediment  Ehrough the reservoi r

by f lushing or  ocher means.  The

circumstances under which

sediment  f lushing ls  feaslb le

have been discussed by l lhite and

B e t t e s s  ( 1 9 8 4 )

(c)  hal f - l i fe  less than 20 years -  sedimentat ion

wi l l  be a major  problem and methods to

conserve storage wi l l  be essent ia l .

I f  such s inple,  approximate methods suggesE that

reservoi r  sediment ,aEion might  be a problem then more

deta i led numer ical  nodel l ing of  the reservoi r  wi l l -  be

requ i red  Eo  p rov ide  a  more  accu raEe  and  be t te r  de f i ned

pieture of  the l tke ly  sedimentaElon.

As a resul t  o f  the lnadequacles of  these empir ica l

app roaches  based  on  t rapp ing  e f f i c i ency  the  es t ima t ,es

of  sedimenEat ion whlch they provide can be unrel iable.

The re  a re  i ns tances  o f  r ese rvo i r s  f i l l i ng  w i t h

sedlment  wi th ln one or  two years of  construct l -on.



l . lore recent ly  wi th the avai labi l i ty  of  compucers iE

has been possib le to develop numer ieal  nodels of

reservol rs .  These models calculate the water  f low and

sedlment, movenent throughout the reservolr. Numerical

reservoi r  models prov ide a re l iab le and decai led

esEimate of  the funpact  of  sedimentat ion on a

rese rvo i r .

Reservoi r  sedlmenEat l ,on resul t .s  f rom a complex

interact , ion of  a number of  physical  phenomena not  a l l

o f  which are ne yet  able Eo descr ibe in  deta i l .  Whi le

the water  f low can be descr ibed sat is factor i ly  our

understandlng of  the movement of  the sediment ,  ics

dis t r ibut ion ln  p lan and Ehe process by which i r

sect les and subsequent ly  consol idates is  incomplete

and requi res furEher work to e luc idate the mechanlsms

involved.  Despi te our  lncomplete knowledge,  however,

i t  is  cer ta in ly  posslb le to lmprove the descr ipt i .on of

var ious of  these processes Ln ex is t ing numer ical

mode ls .

In Ehe present  s tudy we have so far  considered:

1.  the way that  cross-sect ions are up-dat .ed

fo l lowing deposi t ion or  eros ion;

2 .  t he  conso l i da t i on  o f  depos i t ed  sed inen ts ;

3.  the amount  of  deta i l  requi red to model  a

conb lna t i on  o f  s i l t s  and  sands .

These investLgat , ions are descr ibed in the fo l lowing

s e c t i o n s .



2 NT]MERICAL ITODEL

OF SEDI},IENTATION

IN RESERVOIRS

The numerical  reservolr  nodel is a t ime-stepping

mode1. Given prescr lbed ini t ia l  condir ions t ,he

equat ions are used to predict  what happens in the

reservoir  over a short  t ime period lE, so that

condit ions are deE,eruined ac t ,he end of that t imestep.

A repet i t ion of the procedure predicts the condit ions

after a t ime 2Ar..  The process is Ehen repeated a

suff ic ient number of c imes t ,o make predict ions for the

required t ime period. The t l -mestep used depends upon

the size and nacure of the reservoir  but is typieal ly

of the order of a day.

To eharacter ise both the reservoir  and the nature of

the f lon and sedimenE, data must be specif ied. The

geometry of the reservoir  ls descr ibed using

cross-sect. ions along the length of the reservoir  and

cont,inuing for some distance up the incoming river.

Flows enEering the reservoir  nay be derived ei ther

using a flow exceedanee curve or from observed flow

records. The nature of the sedimenE is descr ibed by a

number of represenEative sedimenE diameters.

2 . L  R e s e r v o l r

sEorage nodel

To predict  sedimenEation in a reservoir  a knowledge of

how the reservoir  level var ies through t ine is

requ i red .  The ve loc i ty  o f  f low,  on  en ter ing  Ehe

reservoir ,  drops dramatical ly and the f low beconnes no

longer capable of t ransport ing the coarser sediment

fract ions which are then deposited. I f  the water

level in the reservoir  is near ful l  supply level then

the maEerial  wi l l  be deposited near the head of the

reservol-r .  I f  the reservoir  is part , ly drawn down then

- deposit ion wi l l  occur further into the reservoir  basin



2.2  Mode l l ing

f low

of

and at  a lower level .  I t  is  thus important  to  predict

the reservoi r  water  level .  The f lner  sedLmenc wi l l  be

carr ied fur ther  in t ,o Ehe reservoi r  where ics

depos i t l on  i s  con t ro l l ed  by  Ehe  oppos ing  e f f ec t s  o f

t ,he par t ic le  weight  encouraging deposi r ion and.

turbulence mainta in ing the mat ,er ia l  in  suspension.

To predict  Ehe reservoi r  rdat ,er  level  lhrough t ime,  a

storage model  is  used.  The model  uses a conEinui ty

equat . ion Eo re lat .e the ln f low of  water  in to the

reservoi r  Eo any out f lords p lus the change in s torage

in the reservoi r .  I lenee,  the waler  level  in  Ehe

reservoi r  may be det ,ermined as a funct ion of  t ime.

The inf low is  prov ided by the rLver  f low,  the our f low

is the sum of  any evaporat ion,  l ra t ,er  re leases or

abst . ract ion for  i r r igat ion or  other  purposes and

spi l lage f rom the spi l lway.  A reservoi r  s tage/storage

curve is  used to determine water  levels  for  a g iven

volume of  s torage.

A numerical nodel may be used to determine the

proport ion of  the sediment  that  is  t rapped by the

reservoi r  and the d is t r ibut lon of  deposi ted maEer ia l

throughouc Ehe reservoi r .  S ince both the t rapping

ef f ic iency and the locat ion of  deposi t lon depends upon

the volume of  waE.er  s tored in  the reservoi r  ic  ls

necessa ry  t o  use  the  s to rage  mode1 ,  desc r i bed  above ,

t ,o determine the water  level  and the volurne of  waEer

sLo red  i n  Che  rese rvo i r .

The waEer f low in the reservoi r  and the upstream r iver

is  decermined uslng a backwaEer calculat ion.  The

waEer 1evel  ca lculated by the storage nodel  is  used as

an init lal downstream boundary condi.t, lon at the dam to

enable Ehe backwi ter  ca lculat ion t .o  proceed upst . ream.

Thls calculat ion provides nater  depths,  ve loc i t ies and



s lopes  aL  each  c ross -sec t i on  a long  the  l engch  o f  t he

reservoi r  and up Ehe r iver  upstream of  t ,he reservoi r .

3 T]PDATINC

SECTIONS

The pr imary purpose of  a numer ical  reservoi r

sedimentat ion model  is  to  predict  che exteRt and

locaEion of  sedlmenE deposi t ion wi th in a reservoi r .

rn nodel l ing t .he sediment  movement the pr inary eoncern

ls  deposi t lon.  Since,  however,  the wat .er  level  in  the

reservoi r  f luctuates and the in f lowing d ischarge

var ies,  sediment  that  has previously  been deposi ted

may subsequent ly  be eroded.  I t  is  necessary,

therefore,  Eo be able to nodel  both the deposi t ion and

erosion of  sediment . .  In  model l ing deposi t ion and

erosion account  must  be taken of  the ef fect  that

deposl t ion and erosion have oa the cross-sect ions that

descrbe the geonetry.  Numer ieal  ca lculat . ions can be

made to predict  Ehe change in cross-sect ion area at  a

sect ion but  the pr imary in terest  is  in  the resul t ing

bed level .  Thus che change in bed level  musr be

der ived f rou a ehange in cross-seet ional  area on the

basis of  some assumpt lon about  the d is t r ibut ion of

depos i t . l on  o r  e ros ion  ac ross  t he  sec t i on .  I n  t he

ear ly  nobi le-bed numer ical  r iver  models i t  was s inply

assumed that  the sect ion was ra ised or  lowered

vert ica l ly  by the deposi t ion and erosion of  sediments

wi th no change in cross-sectLon shape.  Thls ls

sat is faccory prov id ing e i ther  the amount  of  deposi t lon

o r  e ros ion  i s  sma l l  o r  t ha t  l i t t l e  change  i n

c ross -sec t i on  shape  i s  expee ted .  I n  rese rvo i r

sedimentat ion nel ther  of  these condi t ions apply so

more carefu l  conslderat . ion musE. be g iven co Ehe

up-dacing of  cross-sect ions.  Since deposi t ion and

e ros ion  have  d i f f e ren t  impac ts  on  a  c ross -sec t i on  we

wi l l  consider  thern separat .e ly .



Depos i t i on

There are three s inple possib le a lgor i thns for

node l l i ng  depos l c l on  ( see  F ig  f ) .

(a)  Rais ing the sectLon bodi ly ,  wl thout ,  any

change of  shape.  Unfor tunate ly  where

changes Ln cross-sect ional  area are large

th i s  l s  noc  pa r t i cu la r l y  rea l i s t i c .

(b )  F i l l  i n  t he  sec t i on  f r om the  boccom.

(c)  Deposi t ion is  d is t r ibuted across c,he tota l

widEh of  the sect ion,  the amount  of
'  

deposl t ion at  each poinE assumed to be

proport ional  to  the depEh so EhaL most

deposi t ion takes p lace ln  the deepesc

pa r t s  o f  t he  sec t i on  w i th  p ropo r t i ona te l y

less i .n  the sha11o\der  areas.

E ros ion

There are three s inple possib le a lgor l thms for

rnode l l i ng  e ros ion  ( see  F ig  2 ) .

(a)  Lower ing the sect ion bodi ly  wLthout  any

change of  shape.  Unfor tunacely th is  is

no t  pa r t i cu la r l y  rea l i s t i c  f o r  r ese rvo i r

sed imen taE ion .

(b)  Erosion is  s imulated by calculat ing an

equi l ibr ium width of  Ehe r iver  enter ing

lhe reservoi r  and assuming that .  eros ion ls

conf ined Eo Ehat  width.

(c)  Erosion t ,akes p lace across the tota l  width

of  the secLion and is  taken to be

proport lonal  to  the depth so that  most

10



eros ion  takes  p lace  i n  che  deepesE  pa r t s

o f  t he  sec t i on .

For  both deposi t ion and erosion extreme types of

behaviour  have been eonsidered.  IE is  qui te possib le

to eonsider the eontinuum of behaviour bet,ween t,hese

extremes.

To decide how real is t ic  chese a lgor l thms are for

reservoi r  sedimentat lon i t  was decided Eo look aE

cross-sect ions der ived f rorn reservoi r  surveys.  The

ODA uni t  a t  I IR underE,ook an invest . igat i .on of  reservoi r

sedimentation in t,he Tana River Basin, Kenya funded by

ODA in col laborat ion wl th che Tana and Arhi  Rivers

Development  Author i t ,y ,  the lv l in is t ry  of  WaEer

Development ,  Kenya and the Kenya Pbwer and L lghcing

Company L ln i ted.  As par t  of  the work cross-sect ions

were surveyed on three reservoi rs ,  Kindaruma, Kamburu

and l , las inga and the cross-sect ions compared wi th those

de r i ved  f rom ea r l i e r  su rveys  (Woo ld r i dge ,  1984 ) .

F igure 3 shows Klndaruma reservoi r  and the conpar ison

between some of  che measured cross-sect lons.  For  che

most  par t  the sect ions appear to demonstrate a gradual

f i l l ing up f rom Ehe bot torn most  ak in to (b)  of  F igure

l .  F igure 4 shows Kamburu reservoi r  and the

compar ison of  some 'of  the measured cross-sectLons.  In

the seet ions f rom the upper par t  of  the reservoi r  the

or ig inal  sect ion is  a lmosL complete ly  s i l ted buL the

inf low of  water  has maint ,a ined a much smal ler ,  a lmost

t rapezo ida l ,  secE ion .  Wh i l e  some  o f  t he  o the r

sect ions demonstrate a gradual  f i l l ing f rom the base,

c f .  ( b )  o f  F igu re  1 ,  o the rs  s t i l l  demons t raEe  the

locat ions of  the or ig inal  channel  in  the s i l ted

c ross -secE ion  so  tha t  Ehe  pa tEe rn  o f  sed imenEa t l on

resemb les  ( c )  o f  F lgu re  1 .  The  o r i g i na l  i nves t i gaEors

a t r r i bu te  t he  d i f f e rences  Ln  the  s i l t i ng  o f  t he

cross-secLions of  Che two reservoi rs  to the r tay that

the reservoi rs  are operaEed.  Kindaruma is  present ly

1 1



3 . 1  A n a l y s i s

sec t ion

updat ing

of

operaLed E,o maint ,a in che water  level  at . ,  or  near ,  i ts

uaximum water  level  for  long per iods resul t ing in  even

sedimenEat ion across the sect ion.  Kanburu reservoi r ,

however,  is  subjected t ,o  a large range of  waEer levels

and th is ,  i t  is  c la imed,  leads to the preservaEion of

low waEer channels due to the re-worklng of sediment

when the waler  level  is  drawn down (Wooldr idge 1983).

Evidence f ron Chinese reservoi rs  suggests that  the

problem is  more complex.  Compar ison of  cross-sect ions

from Guant ing reservoi r  before and af ter  a per iod of

drawdonn demonstrated that a deep channel was formed

by sedlnent ,  re-eroslon,  see Fig 5.  Unfor tunaEely

there. is  no lndicacion of  wheEher chis  channel

corresponded wi th the or ig inal  r lver  channel .

Cross-sect , ions f rom Sanmenxia reservoi r  show

deposi t ion fo l lowed by erosion tak ing p lace across

approximately  the fu l l  width of  the cross-sect ion.

Thus erosion does not  necessar i ly  inp ly  che

development  of  a deep,  narrow channel .  A l l  th is

evidence suggests that  d i f ferent  a lgor i thrns for

nodel l ing erosion and deposi t ion are real is t ic  ln

cer ta in c i rcumstances but  posslb ly  less so in  others

and ac the moment i t  is  not  possib le to decide a

pr lor i  which is  the most  appropr iaEe.  The evidence

would suggest  that  the form of  che deposic ion and

erosl -on depends upon the way that  the reservoi r  is

ooe ra ted .

I t  should be noEed thac the d i f ferences beEween the

methods of  up-dat ing the sect ions depends upon the

shape of  the or ig inal  cross-sect ion.  For  an tn i t ia l ly

recEangular  sect , ion a l l  the methods for  deposi t ion are

t ,he same. .  For  a t r langular  sect ion large d i f ferences

may occur  beEween the three oeEhods.  IE can be

L 2



COUPACTION

SEDI}IENTS

OF

observed,  however,  t .hat  methods (2)  and (3)  under

deposi t lon tend Eo make the sect ion appear more

rectangular  so Ehat  as deposic ion cont inues the

di f ferences betr reen Lhe methods become less.  These

are real ly  speci f ic  examples of  the more general

observat ion that  the methods are equivalent  i f  the

area of  the cross-sect , ion is  proport ional  to  the depch

and that  the dt f ferences become nore accencuated the

fur ther  one goes f rom a l inear  funct . ion.

Me thods  (1 ) ,  ( 2 )  and  (3 )  f o r  depos i t i on  have  been

programmed and the results have been compared for a

t . r iangular-shaped reservoi r  to  accentuate the

di f ferences.  F lg 6 is  a longi tudinal  prof i le  down Ehe

reservoLr centre- l ine and shows.  the d i f ferences in  bed

Ievel  that  may ar ise.  By choosing a suf f le ieat ly  wide

ln l t ia l  sect ion Lhe d i f ferences may be made arb i tar i ly

1a rge .

In per forming calculat ions of  sedlment  t ransport  the

quant i ty  normal ly  ca lculated is  the weight  of  sediment

belng t ransported.  Deposi t ion or  eros ion is

represenced by the rat ,e of  change of  sediment

t ransport  wi th d is tance and is  thus expressed in terms

of  weight  of  sediment .  To detern ine the loss of

storage,  however,  th l -s  weight  has Lo be converted to a

volume using a value of  densi ty  for  the deposi ted

sediment .  The value of  che densi ty  wi th which

sediment  is  in i t , ia l ly  deposi ted on the bed is  a

funct ion of  the composi t ion of  the nater ia l .  The

densi t ,y  of  the mater ia l  once i t  has been deposi ted nay

also vary depending upon the t, ime and Ehe amount of

overburden to which i t  is  subjected.  As Ehe var iat ion

in densi ty  may be up to a faetor  of  2 i t  can be

s ign i f i can t  i n  t he  de te ru inaE ion  o f  s to rage  l oss .  We ,
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therefore consider  in fornat ion avai lable on uhe

densi ty  of  sedfunenc deposi ts  in  reservoi - rs .

Var ious measuiements of  in-s l tu  densl ty  of  sedinent

deposl ts  in  reservol rs  have been taken.  The chief

problen in  in terpreLlng th is  data,  however,  has been

that there has been no way of assessing the age of che

deposi t , .  Thus though intu i t ive ly  both age and

overburden should be s lgni f icant  i t  is  not  possib le

f rorn Ehe avai lable data to separaLe the ef fects of

b o t h .

Evidence suggests that  sands do not  consol idate but

achieve Ehelr  u l t imate densi ty  iurnediate ly .  The

in i t la l  densl ty  of  s i l ts  and c lays,  however,  depends

upon theLr  composi t ion,  as does the raEe at  which they

consol id .ate.  I le inemann (1962) measured sedinent  bed

densLt les in  Sabetha Lake,  Kansas,  us ing a gauuna probe

and a p is ton-Cype sampler .  I Ie  showed that  the densl ty

var ied wi th the c lay content ,  see Fig 7.  The scacter

is presumably due Eo Ehe varying age and amount of

overburden.  l lork by Burt  and Parker  ( f984)

demonstrates the ef fect  of  boch t ime and overburden on

t .he compact ion of  mud bed but  thei r  resul t ,s  seem to

indicate that  the u l t imate densl ty  achieved ls

independant  of  both.

Lane and Koelzer  (1943) col lected a large quant i ty  of

da ta  on  sed imen t  bed  dens i t i es .  Desp i t e  Ehe  fac t  t ha t

there was l i t t le  f i r rn data on the age of  the deposi ts

concerned,  Lane and Koelzer  postu lated an equat ion of

the forn

W  =  W l + k  1 o g 1 9 T

where

( 1 )
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W ls  t he  bed  dens i t y  i n  l bs / cu  f t  a f t e r  t i ne  T

W,  l s  Lhe  bed  dens i t y  l n  l bs / cu  f r  a f t e r  1  yea r

K is  a constant

T is  the age of  the bed in Years.

The constant  W 1 depends upon the s ize of  Ehe mater ia l

and the parameter K on the size of the sedinenc and

the type of  operat lon of  the reservoi r ,  see Table 1.

As even Lane and Koelzer point out the foru of

Equat ion (1)  is  c lear ly  wrong s ince,  according to the

equat ion,  the densi ty  of  s l l ts  and c lays increases

lndef in i te ly  wl th t ime.  I t  ls  much more real is t lc  to

suppose that  l t  asymptotes to soue u l t imate densl ty '

The values of  W t  for  the case of  reservoi rs  kept

near ly  enpty were selected on the basis  of  f ie ld data

and K \tas assumed to be zero, ie it was assumed that

the deposi ts  dr ied quick ly  to thei r  u l t imate densi ty '

The values of  K for  the other  cases were chosen so

that  the densi ty  at ta lned the reservoi r  near ly  euPty

value af ter  1000 years.  Thus lE can be seen that

whi le  there is  reasonable ev idence to supPort  the

in l - t ia l  Wt values the choice of  K is  arb i tary '  The

equat lon does not  take account  of  the ef feet  of

o v e r b u r d e n . .

luluch work has been done on the self-weight

consol idat ion of  s i l ts  (Gibson,  England and Hussey '

1967 and Been and Sl l ls  1981).  At tent l -on has been

chlef ly  d i rected at  the ln i t la l  development  of  sof t

so i l  beds.  Under cer ta in s inpl i fy ing assumpt ions the

process can be descr ibed by the equat lon

^o%
'  u ,2

( 2 )

where e is  the voids raEio,  C,  Ls the coef f ic ient  of

consol idat ion,  t  Ls t lme arrd z-  is  the ver t ica l

co-ord inate.  Descr ipc ions are being sought  for  Ehe

b =
&
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developmenE of  a consol idaced bed in typ ical ly  the

f i r s t  1000  hou rs .  I n  node l l i ng  rese rvo i r

sedinent .aEion,  however,  t . iuescales of  20 to 50 years

are f requent ly  considered.  0n such a t imescale rapid

consol ldat ion is  rest r ic ted co the very topnost ,  layers

of the bed. For the remainder of the bed only a small

rate of  change wi th t ine can be expected due to the

slowly lncreasing overburden so t,hat over a snall

t lmespan condi t , ions can be assumed E,o be wel l

approxlmated by steady re lat . ionships.  I , Ie  wi l l ,

therefore,  assume Lhat  in  any smal l  t ime inEerval

condLcions can be regarded as steady but. that, changes

can be expected in  the var ious quant i t ies involved

over a suf f ic ient ly  long tLme interval .  This  assumes

Chat  the rapid ly  consol ldat ing par t ,  o f  the bed is

smal l  ln  eompar lson wi th the tota l  deposi ted depth of

sedimenc.  This should be t rue except .  in  the ear ly

s lages  o f  t he  l l f e  o f  a  rese rvoL r .

I f  one assumes LhaE Ehe race of  increase of  overburden

is suf f lc ient ly  smal l  so Ehat  the xnajor i ty  of  t ,he soi l

column is in quasi-equll lbrlun then one ean ignore the

theory on E,he rate of  consol idat ion and just  look at

Lhe re lat ionshlp between the void rat io  e and the

overburden pressure p.  For  soi ls  th is  takes the form

. = 
"o 

- c. loero ,b#, ( 3 )

(Terzagh i  and Peck ,  L967,  p72) ,  where  C"  l s  che

compression index.

For a soi l  wi th a void rat io  of  e then the densi ty  of

a saEurated soi l  and wat ,er  combinat ion is

p  + e  p
S I,f

" s o l l  1 * e

l 6
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where p" and p,o are

rdaEer  respecE ive l y .

Us ing  equa t i on  (3 )

the  dens i t i es  o f the sol ids and

for  the void rat io  e we have

o' h?p
s

+ (eo - c" roero t$l
P so l l

I * eo - C" loer, tO#,
(s)

( 6 )

We wi l l  now consider  Ehe re lat . ionship between thLs

equacion and the Lane and Koelzer  equat ion.  Let  us

assume a uni form rate of  sediment ,  deposi t lon so that

the overburden pressure is  of  the form po + KT.

l le  can,  theref  ore,

r K
where  K r  =  ' :

po

Equatlon (5) Ehen becomes

D  + l D
r e p l a c e ' o -  

'  
b y  1  + K l r ,- D

' o

p" * (.o - c" loero [t + t]r ]1 pw
P sol- l  

=

The forn

proposed

of

by

equat ion (6)  has s imi lar t t ies wi th that

Lane  and  Koe l ze r ,

Fur ther  work on the densi ty  of  deposi ted sediments and

thel r  compaec, ion chrough t ime has been done by Bolcon

(1986 ) .  A f ce r  rev iew ing  ex i s t i ng  me thods  fo r

predict ing sediment  densi t ies and showing that  Ehey

conta in naJor  shor tcomings e i ther  in  thei r  technLcal

or  pract ica l  aspects he then goes on to consider  Ehe

posslb le contrLbut ion which could be made Eo improvlng

the avai lable Eechnlques through numer ical  model l ing '
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4 .L  l " l ode l1 ing

sediment

t ransport

laboratory s inulat ions,  eupi r ica l  formulat ions and

f i e l d  i nves r i ga rLons .

From Ehe ealculated veloc ic ies,  depths and s lopes the

sedLment concentrat ions aE each sect ion may be

calculat .ed.  The behaviour  of  sediments depends upon,

among other  th ings,  lhe sediment  s ize.  For  sedinents

of  sand s izes and larger  (approxinate ly  D > 0.O6nn)

the movement, of the sedirnent depends only upon the

local  hydraul lc  condi t ions.  As the sediment ,  s ize

decreases the speed with whlch the sediment,

concentraE, lon reacts to changes ln che f low condi t ions

din in ishes and so for  the c lay and s i l t  f ract ions the

sediment  concenlrac ion depends not  only  upon the

lnstantaneous local  hydraul ic  condl t ions,  but  a lso on

the previous hLsEory of  the f low.  Because of  th ls

d i f ference in behaviour ,  when model l ing reservoi r

sedimentac, ion i t  is  necessary to l reat  Ehe sand and

s i l t  f r ac t i ons  sepa ra te l y .

4. f .1  l lodel l ing movement of  sand f ract ions

The t ransported sand s izes aE,  each sect ion is

calculat.ed uslng tbe Ackers and White sediment

t ranspo r t  t , heo ry  (1973 ) .  I n  t es t s  on  an  ex tens i ve  se t

of  f ie ld and f lume data th is  Eheory produced the most .

sa t i s fac t . o r y  p red l c t i ons  o f  sed imen t  t r anspo rE  (Wh i te ,

Mi l l i  and Crabbe,  L973>.  The movement of  non-cohesive

sand is  dependent  upon the sediment  d iamet.er .  For

sedlments which do not  conta ln too broad a range of

d i f ferent  s izes a representat ive sediment  d iamet,er  is

selecEed.  In the case of  Ackers and Whi te Eheory for

sediment  Eovement  the D rU s l -ze is  chosen (Ackers and

Wh i te ,  L973 ) .  Fo r  w ide l y  g raded  sed imenrs  rhe . range

of  sedlment ,  s izes nay be d iv ided Lnto a number of

l 8



4 .2

d i f f e ren t  c l asses  and  a  rep resenca t i ve  d ianeEer  used

fo r  each  c lass  (Day ,  f 980 ) .

4 . L . 2  M o d e l l i n g  o f  s i l r  f r a c t L o n s

The concentrat ions of  the s i l t  f ract ions on ent ,er ing

the reservoi r  is  based on the sedinenE y ie ld and cota l

annual run-off. The behaviour of the sllt and clav

f racElons depends upon the fa l l  ve loc icy of  the

sedlnent  and the turbulence of  the f low.  The s i l t  is

convected wi th Ehe f low buc the concentrat ion reduces

as some of  the nater ia l  set t , les out  of  suspension onto

the bed.  The rate of  set t l lng is  dependent  upon the

fa l l  ve loc i ry .  The fa l l  ve locr ty  iesel f  var ies wl th

the concentrat lon and a lso rd i th  the f low cond, i -Eions.

r f  the shear s t , ress ls  suf f ie lent ly  h lgh i r  is  assuned

that  the turbulence generated is  suf fLc ient  t ,o

mainEain a l l  the nater ia l  in  suspension buE. as the

shear s t ress reduces Ehe fa l l  ve loc i ty  tends to Ehe

st i1 l -water  va lue.

The s i l t  concenlrat ions are added to the sand

transPort  rates Eo obta in the tota l  sediment  t ransport

rate.  A sediment  cont inui ty  equat ion is  then appl led

to decermlne the change in bed level  at  each sect ion

due to the var iat ions in  sediment  t ransport  rate a long

the  reach .

Observed

d i s t r i b u c i o n  o f

sediment ,  s izes

in  rese rvo i r

sediment ,s

Heinemann (L962) took samples of sedimenr from Sabetha

Lake,  Kansas,  USA and showed chat  the composi t ion of

the sediment  deposi ted.  var ied wi th d is tance upstream

l9



4.3  Nuner ica l

experiments

f rom the dam, see Fig B.  At  each d is tance f rom che

dam the points appear as a ver t ica l  ser ies s ince a

number of  sanples were t ,aken at  each cross-secLion,

a l l  be ing the same dis tance f rom the dam. The average

percentage of  c lay of  che volumet, r ic  samples obcained

aE each cross-sect ion was a lso determlned.  The

resul ts  show Lhree separate re lat lonships,  the changes

bet ,ween each re lat ionship coinc id ing wi th the entrance

of  a t r i -butary.  As expect .ed the resul ts  ver l fy  the

general  p ic ture EhaE the more coarse sedinent  is

deposi ted near the head of  t ,he lake and Ehat  the

turbulence of  the f low malnta lns the f iner  par t ic les

in suspenslon though as the level  of  turbulence fa l ls

progressively  f lner  and f lner  mater ia l  is  deposi ted as

the dam is approached. l ' lore careful scudy of the

data,  however,  suggests that  th is  d is t r ibut ion of

sediment  does not  correspond to EhaE typical ly

obta ined using a s lngle representat ive sLl t  s lze or

fa l l  ve loc i t y .

Numerical experimenLs were performed using I and 5

rep resen ta t i ve  d iane te rs  f o r  t he  s i l t  s i zes .  A f te r

sLmulat ing Ewo years of  deposi t ion in  a reservoi r  a

mean sediment slze was calculated for the sediment

deposi ted at  each sect ion.  This was taken to be t .he

mean of  the sedinent  s izes weighted by the proport ion

of  the raater ia l  present  on the bed.  In  F igure 9 t t r ts

mean sediment  d iamet,er  is  p loCted against  d is tance

upstream of  the dam. The d is t r lbut ion of  sedlment  and

sediment  s izes depends upon a number of  factors such

as var iat lon of  water  level  ln  Ehe reservoi r  and the

dist . r ibucion of  ln f lows throughout  the year .  I t  can

be seen,  however,  thaE.  us ing one representaEive

di .ameter  for  Ehe sand and one for  the s i l t  g lves a

poor representat lon of  t ,he d is t r ibut ion of  sediment

s izes.  Uslng f ive s i l t  d iameEers improves the

20



5 OUTPUT FBOU

NIII,IERICAL }IODEL

nodel l ing of  the s l l t  s izes but  the use of  only  one

representat ive d iameEer in  che sand s izes leads t ,o  a

loss  o f  de f i n i t i on  i n  t ha t .  s i ze  range .  I t  i s ,

therefore,  c lear  t ,hat  whereas in  calculat ing sediment

t , ransport  in  a r iver  the use of  a represenEaEive

dlameter  sueh as D 35 has been shown to be sat l -s factory

(Whi te et  a l ,  1973) i t  is  unable t ,o  s imulate the

process at  the head of  a reservoi r  whereby the

d i f f e ren t  sand  s i zes  a re  so r ted  acco rd ing  to  Ehe

abi l l ty  of  the f low to t ransport ,  mater ia l .

A numer ical  reservoi r  sedimentat ion model  can

p r e d i c t :

o volume of  sediment  deposi ted over  a speci f l -ed

pe r l od

.  locatLon of  sediment ,  deposi ts

o annual  s tage/storage curves

o longi tudinal  profL le of  the reservoi r  at

specl f ied t imes

Numer ical  nodels can a lso be used to s tudy the

feaslb i l l - ty  of  us ing sediment  f lushing to mainta in the

storage capaci t ,y  of  the reservoi r .

Slnce the geometry of  the reservoi r  !s  speci f ied by

cross-sectLons i t  is  s inple to caleulaEe the volume of

Ehe reservoLr  below a gLven leve1 and hence deEermine

the storage.  -This in formaE, ion can be g iven e iE,her  as

stage/storage curves aE discrete t i rnes or  by showing

the var iat ion of  s torage wi lh  E, ime for  a f ixed level ,

mosE comEonly the fu l l -supply level .

SLnce the varLatLon in bed level  ls-  ca lculated i t  ls

s lnple to prov ide in i t ia l  and subsequent  longi tudinal

p ro f i l es .  I t  i s  o f  i n te res t  t ha t  t he  resu lEs  f rom

numer ical  models reproduce the c lass ic  top-set ,

fore-set  and bot tom-seE s lopes that  have long been
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I}IPACT OF

RESERVOIR

SEDI}IENTATION

TIPSTREA}T A}ID

DOI{NSTREAI,I OF

RESERVOIR

6.1  Degradat lon

downstream of

dam

6 .2 Increase of

f lood levels

upstream

TtrE

observed in real  reservoi rs .  The rnodel  ca lculaEes Ehe

amount  of  each sediment  s ize Ehat  ls  passing each

secE lon .  IE  can ,  t he re fo re ,  p rov ide  i n fo ruac ion  on

the  vo lume ,  l oca t l on  and  compos i t i on  o f  depos i t s .

The loss of  s torage is  noE the only sediment  re lated

problen associated wi th reservoi rs .  The t rapping of

sediment  in  the reservoi r  leads Eo a reduct ion of  the

sedimenE supply t,o t,he river reach downscream. This

may cause degradat ion to take p lace downstrean of  the

dam. This nay be a disadvantage if i t threatens Ehe

dam or oc,her structures or an advantage if tt

increases the head avai lable for  the generat lon of

hydro-power. The amount of degradatlon Ehat wil l take

place nay be predieted us ing a numer ical  model

(Be t tess  and  l l h i t e ,  1981 ) .

Considerat ion should also be given to the impact of

reservoir  sedimenEation on Ehe water levels ln the

r ivers upstream of the reservoir .  SedlmenE deposit ion

can lead to increased f lood levels in che r lver

upsEream o f  the  reservo i r .  Th is  can be  pred ie ted

using the numerical  reservoir  model.  An extreme

example of the lmpact of reservoir  sedimentat, ion on

f lood levels upsEream occurred during construcLion of
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APPLICATIONS

7 .L Chitowe darn

(I tR, 1983a)

che-Hongshan Reservoi r  on c,he Laoha River  in  China

(Sediroent  Research LaboraEory,  Ts inghua Univers i ty ,

f 9 B 5 ) .  A  v i o l e n t  s r o r m  b r o u g h t  1 1 7 5 0  x  1 0 5  n 3  o f

water  (1.9 t ines average annual  runof f )  and I72 x 105

tonnes of sediment (4 times average annual sediment

load)  Lnto the reservoi r .  The land inundated by the

f l ood  was  ra i sed  by  1 .5  t o  2 .0n .  The  bank fu l l

discharge of the river channel was reduced fron

approximaEely 100013/"  to  4On3/s so that ,  subsequent

f loods spi l led over  onto the f lood p la in.  Thls

provided an ideal  envi ronment  for  weed growth which

sprouted to a helght  of  2 to 3rn and formed a

vegetacive screen 4kn wide and 12krn long whieh trapped

907" of. Lbe incomlng sedinent load. The increase in

roughness due to the vegetat ion and the reduet , ion in

the capaci ty  of  Ehe main channel  caused che deposl t ion

t,o ext,end rapidly upstream. By L975 the sedimenc

deposi t ,s  extended to a level  a lmost ,  10m higher  than

the water level at Ehe dam.

I IR has used numerlcal  reservoir  sedimentat ion nodels

t .o sinulate histor ic sedimentat ion and also to predict

sedimentation l-n proposed dams. A number of case

studies are descr ibed.

The feasib l l i ty  of  construct ing a dam at ,  Chi towe on

the River  Sabl  in  Z imbabwe was being considered.  The

eatchment  was approximately  -25r650krn2.  The tocal

proposed l ive st ,orage was approxiuate ly  25 x 10 9m 3.

Iulean annual run-of f is 2.4 x 10 h 3. Flgure 10 shows

the  p red ie ted  l ong i t ud ina l  p ro f i l e  f o r  18 ,  36 ,  54  and

72 yeats.  F igure 1 l  shows the predict ,ed d is t r ibut ion

of  increases in  bed levels.  The composi t ion of  Ehe

deposl t .ed mater ia l  a t  var ious locaElons a long the

lengch of  the reservoLr  is  shown in F igure 12.  A
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7 .2 Kamativi dam

(I IR 1983b and

White and

Bec tess  1984  )

sens i t i v l t y  ana l ysLs  was  pe r fo rmed  to  see  the  e f f ec t

of  changing the assumed sediment  y ie ld f rom the

caEchmenE because  o f  unce rEa in t y  i n  assess ing  th i s ,

but  even wl th Lhe largest  assumed sedlment  y ie ld the

resul ts  showed chac in  72 years only  152 of  the l ive

s to rage  wou ld  be  l osc .

Kamat iv i  n lne adjacenE to Ehe Gwai  r iver  was

interested in  the feaslb l l t ty  of  obra in ing i t ,s  net

wa te r . , r equ i remen t  o f  I . 1  x  10 fo3  by  eons t , ruc t i ng  a  dam

on the Gwai river. The area of the cacchment is

38,600krn2 and the mean annual  run-of f  is  approxiuate ly

580 x 10 fo 3. Thus the rdat,er requirenent ls srnall ln

eoropar ison wi th the Eota l  r iver  f low.  A range of

heights for  che proposed dam were considered but  a l l

suf fered f ron s igni f icant  deposi t lon,  see for  example

Figure 13.  The loss storage against  t ime for  var ious

proposed dan heights is  shown in F igure 14.  The large

rat io  of  annual  f low to s torage requi remenc and Ehe

fact that the workings of the ni.ne would tolerat,e an

interrupEion to the.  water  .supply led to a srudy of  the

feasib i l i ty  bf  us ing sediment  f lushing through large

low- level  out le ts  to Bainta i .n the storage requi red.

This s tudy ident i f ied under what  condi t ions f lushing

is  a pracEical  means of  maj .nta in ing reservoi r  s torage.

In the case of Kanativi dan the work showed that

storage could be maint ,a ined for  a considerable per iod

of  t , ime,  F igure 15.
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7 . 3  A u s t r a l  W e i r

(r iR, 1985 )

8 PRESERVATION OF

STORAGE IN

RESERVOIRS

As part of t,he study of sedimenc yield in Zinbabwe

histor ic sediment,at ion in slx reservoirs ls being

nodel led. From measuremencs of the deposiced

sediments and sinulat ions of the sediment.  deposit ion,

est.l-maces will be made of the sediment yield from the

catchments. Results are presented here for one of the

reservoirs,  Aust,ral  l le lr ,  on t ,he Tokwe River.  The

reservoir  has a st ,orage capaciEy of 2.7 x l0 fo 3 ana

the mean annual run-off ls 470 x 10 fo 3. Durlng the

study samples of deposited mater ial  were obtained

along the length of the reservoir .  Figure 5 shows a

compa.rison of the predicted and observed values for

the D 5g sedinent size

A number of nethods have been used t,o reduce the

amount of sedlnentat ion in a reservoir ,  lhese

inc lude:

(a) reducing the lnf low of sedimenr by catchmenr

cont,rol ,

(b)  prevent ing the deposi t lon of  sedlment ,  l -n  the

storage par t  of  the reservoi r .  In  cer ta in

c i rcumst ,ances th is  can be achieved by naking

heavi ly  sediment- laden waE.er  by-pass the

rese rvo i r  o r  by  us ing  o f f - r i ve r  s to rage ,

(c)  removal  of  deposl ted sedinenE for  exaraple by

f lushing,  dredging or  syphonic act ion.
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8 . 1  S i l t a t i o n

reduct lon by

caEchment contro l

8 . 2  S i l t a t i o n

Prevent , ion

Sediment  in f lows to a reservoi r  can be s igni f icant ly

reduced by apply ing soi l  conserval lon Lechniques Eo

t.he catchment. Techniques which have been used

success fu l l y  a re :

(a)  contour  p loughing

(b)  crop contro l  to  ensure vegeEat ive cover  of

s o i l

(c) control of aniual gxazing Eo Prevenc

over-grazing

(d )  a f f o resEa t i on  to  con t ro l  wa te r  run -o f f ,

Lmprove ra in ln f i l t ra t ion and protect

aga ins t  soL l  e ros ion

(e)  const , ruct ion of  d i t ,ches,  dams and other

st ructures to encourage f i l t ra t ion of  water

( f )  protect ion of  l ra ter-courses againsE erosion

(g)  prov is ion of  check dams.

The ef fect iveness of  such methods are hard to

quant i fy .  Carefu l  measurements on a number of

catchments in l4alawi with slzes ranging frorn 5 to 8

hectares,  however,  have shown Ehat  conservat ion

teehniques can lead up to a 100- fo ld reduct ion of

sedi .ment  y ie1d.

In s i tuat ions where the najor i ty  of  the sediment

enters Ehe reservoi r  dur ing a shor t  f lood per iod i t

nay be possib le to regulate Ehe f low so as to ut i l lse

the sedinent  carry ing capaci ty  of  the f low to carry

the sediment through che reservoir and downsEream' In

ar-eas of China where B0% to 9O% of the annual sedimenE

load occurs in  July  and August  t ransported by only 25

to 5O7" of  the annual  runof f  reservoi r  levels  are
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reduced during this period Eo encourage the passage of

this heavi ly si l t - laden water through the reservoir .

AdoprLng this operacional procedure at,  I leLsongl in

Reservolr  on a EribuEary of the Ye1low Rlver reduced

the rate of sedimencat ion frorn 540r000n3/y""t  to

93,OOOn 3 /y"^ r .

8.3 Sedlmenc removal

8 .3 .1  Sed inent  f lush ing

In sedimenE flushing the flow of wacer through the

reservolr  is used t ,o erode deposited sedlmenE and

carry i t  downsLream of the dam. In a study of

sedLment f lushing White and Bettess (1984)

demonstrated the conditions under which sediment

f lushlng could be effect ive:

(a) where there were adequace low-leve1

o u t l e t s ,

(b) where low reservoir  levels could be

maLntalned during periods of f lood f1ows,

this latter condicion irnplying that Ehe

required waEer yteld of the reservoir  is

signi f icant ly less than the annual r iver

f  low.

Sediment f lushlng is not appropriate

(a) where a reservoir  is used for over-year

s to rage

(b) where the required water yield of the

reservoir  is comparable with Ehe annual

r i ver  f low.
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( c )  whe re  pe r i od i c  i n te r rupE ions  t . o  Ehe  use  o f  a

reservoi r  cannoE be t ,o lerated.

Sedlnent  f lushing has been used successfu l ly  to  reduce

sedimentaE. ion at  a number of  reservoi rs .  Hengshan

Reservoi r  in  China was bui l t  wi th a storage capacl ty

o f  13 .3  x  10  fo3 .  A fEe r  e igh t  yea rs  o f  ope ra r i on  3 .2  x

10 fo 3 of  s torag e (247")  had been losr  through

sedimenEatLon.  Subsequent  f lushing removed 1.03 x

10 fo 3 of  Ehese sedlments thereby regain ing 8% of  the

o r i g l na l  s to rage .

8 . 3 . 2  D r e d g i n g

Deposi ted sediments may be removed by dredging.  In

general  th is  is  an expensive method of  restor ing lost

storage and is  in f requenEly resor ted Eo.  Dredglng nay

also be used to a l lev iace problems generated by

sedimentaEion at  Che head of  a reservoLr ,  for  exanpl_e

to maintaln a navigat.lon channel.

8 .3 .3  Syphon ing

The head d i f ference between upstream and downstream of

a dam can be used Eo drlve a syphon. This can then be

used in a s imi lar  fashion to an ord inary suct ion

dredger.  Uslng a syphon provides a s igni f icant

reduct ion in  cost  over  us ing convent ional  dredging.

Though th ls  mechod has been used successfu l ly  in  a

number of  cases pract ica l  consideraE, ions,  however,

n_ormal ly  l in i t  Ehe area of  operat lon t .o  that

immediate ly  adjacent  to t ,he dam. The method is ,

therefore,  generalJ-y only  of  va lue for  smal ler

r e s e r v o i r s .
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ECONOUIC

ASSESSI{BNT OF

RESERVOIR

SEDIMENTATION

I tuch of  the work descr ibed on reservoi r  sedinentat ion

is  d l rected towards deEernin ing the hal f - l i fe  of  a

rese rvo i r  o r  esE imaE ing  the  l oss  o f  l t ve  s to rage  a f t e r

a g iven per iod of  t ime.  The real  concern,  however,  is

the impact  chat  t ,he loss of  s torage has on Ehe y ie ld

f rom Ehe reservoi r  and the economic lnpl icac ions of

th is .  Wal l  Bake ( Incerconsul t )  descr lbes a s imple

me thod  fo r  assess lng  th i s .

Y le ld f rom a reservoi r

The f i rs t  requLrement  is  Lo establ ish how the y ie ld

f rom a reservoi r  var ies as Ehe avai lable sEorage

var ies.  As the amount  of  avai lable storage reduces so

the quant i ty  of  water  prov ided by the dan d imin ishes.

Mi tchel l  (L977 )  has indicated how the Transi t ion

PYobabi l i ty  l la t r ix  method ean be used Eo develop sets

of  curves of  s torage rat io  (s torage volume/mean annual

runof f )  against  y ie ld rauio (y ie ld/nean annual  runof f )

for  vary ing r isk levels  and vary ing evaporat ion races.

In the subsequent  analys i -s  Mi tchel l 's  cur  s  wi l l  be

used but  any nethod of  appropr iate ly  re lat ing y ie ld to

sLorage may be used.  I t  should be noted that  as

sedf-ment ,at lon increases noE only is  sEorage lost  but

evapo ra t i on  l osses  i nc rease .

In the subsequenc calculat lons,  fo l lowing Wal l  Bake '

we wil l assune that the rLsk remains const,ant and Ehat

due t ,o sediment ,at ion c.he y ie ld ls  reduced.  In

praccise usual ly  the reverse happens,  the y ie ld

required remalns f ixed but  the r isk that  Ehis may not

be  sa t i s f l ed  i nc reases .
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EconomLc loss

It ,  should be relat ively straighEforward to assign a

value to the yleld generated by the reservoir .  One

can then assign a value Eo the loss of y ield result ing

from sedimentat ion.

An exarnple set of  calculat ions is presented for a

reservoLr  w iEh a  s to rage o f  1 .5  x  101m3,  a  ca tchment

area of 30kn2 and a mean annual run-off of 100rnru.

Assuning a sediment yleld from the catchment,  of  600

tonnes/km 2/y"^t  then over a 20 yeat per iod the net

yleld fron the reservoir  aE a f ixed level of  r isk

drops. from 330,000n3 to 270,000rn3. Thts i rnpl ies rhar

on average an extra 13r500rn 3 1o"" of y ield occurs each

year.  I f  one assumes that 7r500n3 of wat,er are

required to l rr igate one hectare then the loss of

yield of 13r50Orn3 p.r  year lmplLes a reduct ion each

year  o f  the  i r r igaLed area  by  1 .8  hec tares .

If one assunes that an average annual income from I

hecE,are of land can be increased by t5r000 by

lrr lgacing rather than dry-cropping then the cost of

th ls  loss  o f  13r500n3 o f  water  fo r  one year  i s  t9 r00o.

As the loss of water is eumulative through Lhe life of

the reservoir  this iupl ies that t9,000 is lost in the

f i rs t  year ,  t18 ,000 the  seeond and 3  x  t9 r000 the

third year.  Over a Ewenty year period the loss of

Lncome due to reservoir  sedimentat ion is f ,1.89x105.

Assuming an annual discount rate of 10% che loss ls

approx imate ly  t0 .9x105.  Th ls  denonst ra tes  tha t  an

ini t la l  substant ial  capital  expenditure Eo reduee

sedimentat ion can be just i f ied.
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10 coNcl.nsroNs

Numerical  reservoi . r  model l ing of fers a s ignl f icanc,

lmprovemenE over  other  meEhods for  predict ing

reservoi r  sedinenEat lon.  IE can readi ly  take accounE

o f :

.  var iable f lows

. var iable water levels

o sedinent size

o reservolr  geomeEry

o reservoir  operat ing rules

The method can provide:

o volume of sediment deposi led over a specif ied t lne

per lod

o locat lon of sediment deposits

.  annual stage/storage curves

o longitudlnal prof i le of the reservoir

I t  can be used to study the feasibi l icy of using

sediment f lushlng to maLntain storage capaciCy"

This report dlscusses a number of developments t.o

improve the accuracy with which predictlons can be

nade of reservoir  s i l tat ion. A number of methods of

up-dat ing cross-sect lons have been discussed in the

l lght of  observed changes ln reservol.r  secEions. The

consol idat ion of deposited sediments has been

lnvest igated and a new equat ion has been proposed to

describe the change in density through Eine. This

work should enable improvements to take place in the

asseasmenc of the inpact of sedimentaElon ln

reservo i rs .  I t  shou ld  a lso  enab le  a  rea lLs t ic

assessment to be nade of methods to rel ieve Ehe

problem of sedimenEaEion, for example, the use of

sedimenE, f lushing to maintain t .he storage of the

reservo i r .
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