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1. Introduction

Hydraulics research has monitored the design and per-
formance of irrigation offtakes for three wadi systems
(Rima, Zabid and Mawr) in the Yemen Arab Republic.
This paper is drawn from the experience gained during
these projects, and from research into improved design
methods for sediment control structures,

The wadis that cross the Yemen coastal plain (Tihama)
havesteep, (0.5t0 1 percent)bedslopes,andflow inaseries
of multipeaked flash floods. Discharges can rise to more
than 1 000 m®/s, returning to less chan 1 m%s in 4 to 10
hours, and stream velocities can exceed 4 m3/s (Lawrence
1982).

In floods the wadi bed scours to depths of 1 mormore,
and very high concentrations of bed material are trans-
ported. Data collected with automatic sediment sampling
equipment in Wadi Zabid shows that such concentrations
will exceed 10 percent by weightin large floods, although
the sediment is mostly fine sand (Lawrence 1986a).

Sediment concentrations in floods exceed the capacity
of conventional irrigation canals by at least an order of
magnitude. Withouteffective sediment control canals silt
up reducing discharge and conveyance capacities. In one
silted wadi irrigation canal maximum discharge was only
40percentofthe canal design discharge, and this flow was
maintained for only a few minutes (Lawrence, 1986b).
Sediment concentrations must be reduced to match canal
transporting capacities to reduce the annual costs of canal
desilting.

Sediment deposition upstream from weirs increases
bedlevels, filling in the pool produced by a raised weir
crest. This can lead to difficulties in diverting low flows,
particularly if there are offtakes on both banks.

The design of an offtake or sediment control structure
forawadi irrigation system is problematic. Thereare very
large variations in the flows and sediment loads arriving at
the point of diversion, and for most of the time all of the
wadiflow will have tobediverted tothecanal. Tocompare
the various sediment control options, quantitative per-
formance prediction methods must be used. However,
reliable tested methods are only available for a few sedi-
ment control structures; in some cases the only informa-
tion will be some total load samples collected in bottles at
low flows.

In the absence of measured data, particularly at flood
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discharges, bed material sediment loads were estimated
using sediment transport equations. However, these can
have a very wide error margin when used to predict wadi
sediment transport rates (Lawrence, 1986b).

The first sections of this paper arethus concerncd with
the methods that are available to-measure or predict wadi
sediment loads and this is followed by some examples of
the effects of sediment in the Wadi Zabid irrigation sys-
tem. The sediment control options that are open to the
designer are then discussed in the context of a rational,
quantitative design procedure. The options thatare avail-
able include:

(a) Excluding,oratleastreducing, theconcentrationsof
bed material'sediments that are allowed to enter the
canal head reach at the headworks.

Removing excess sediment with a sediment extrac-
tor, usually located in the canal head reach.

®)

{¢) Designing the canal to transport the high sediment

concentrations that will be admitted.
(d} Acceptthataconventionallydesigned canal will silt
up, and make the appropriate arrangements for rou-
tine desilting.

The recurrent costs of desilting will not usually make
the last option (d) very attractive for an operating author-
ity, while option (¢) will result in a cheap {(no drop struc-
ture), unconventional design, and high bed material sedi-
mentconcentrationsentering the ficlds. Howeveritshould
not be rejected out of hand, traditional canal systems ap-
pear to have functioned effectively, in some cases over
many centuries.

The final section of the paper presents the case for
further sediment monitoring at existing wadi offtakes and
main canal systems (o provide the data that is required for
improving both the design procedures and the perform-
ance of wadi sediment control structures.

2. Sediment transport in wadis

2.1 Definition of terms

There is still a greatdeal of confusionconcerning the terms
used to describe sediment transport mechanisms and the
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size range of the transported sediments. In this paper the
definitions adopted are those presented inthe FAO Irriga-
tion and Drainage Paper 37 (FAO, 1981).

‘Wash load concentrations are seldom very well corre-
lated with channel parameters such as discharge, and can-
not be estimated using sediment transport functions. The
capacity of a stream to transport washload isalmost unlim-
ited; washload concentrations are supply controlled.

Secondly, defining washload in terms of size can only
be true for one set of hydraulic conditions. Silt carried as
washload in a river can be transported as bed load in a
reservoir. There is no general agreement as to when wash
load becomes suspended bed material toad or vice versa,
although definitions for wash load based on suspension
criteriahave been proposed, De Vries (1981). In this paper
we adopt the usual convention that material smaller than
63 microns should be treated as wash load. A justification
for this assumption for flows in Wadi Zabid ispresented in
Lawrence (1986).

Thirdly, a similar problem of definition occurs be-
tween suspended bed material load and bed load, particu-
larly when attempting to define what is being measured
with field sediment sampling equipment as discussed by
Bolton (1985). In wadis, thebed material usually contains
a widerange of sediment sizes, and the transport rates are
dominated by the finer materials which are transported as
suspended bed material. In wadis, however, bedloadisun-
likely torepresent more than about 10 percent of the bed
material load (FAQ, 1981).

The first two points may seem a little academic to an
engineer concerned with the design of a spate wadi irriga-
tion system. The last is not. Wash lozad is usually trans-
portedthrough irrigation canal systems and deposited onto
the fields. Therefore concentrations of bed material are of
interest in the design of canal systems or sediment control
structures. Unfortunately many hydrological studies in
which sediment is measured do not distinguish between
wash load and suspended bed material load. Bottle sam-
pling techniques providing estimates of total suspended
load are employed. providing little useful data for the
design of sediment control structures.

3. Field measurements

3.1 Introduction

Effective sediment control is necessary for the viability of
wadi irrigation systems, but there hasbeen little collection
of sediment transport data. Much of the data that hasbeen
collected in conventional hydrological studies is for total
load. In this section the requirements for data and the

‘application of conventional bottle sampling methods are

briefly discussed, followed by amore detailed description
of automatic pump sampling techniques.

3.2 Data requirements

The data needed to check sediment transporting capacity
and to design sediment control structures will depend on
the severity of the sediment problem, and the methods
chosen foritsalleviation. The following listis aminimum
requirement:

(a) Concentration and size range of bed material sedi-

ments as a function of wadi discharge. (Discharge

should always be measured at the same time that

sediment concentrations are measured).

Bed material size grading curves, where flows and

sedimentloadsare measured,and atthesiteorsitesof

the offtake structures. Collect samples from at least

five trial pits at each location. As the size of the

material forming the channel will probably be very

varied, bed engineering judgement is needed to as-

semble a “representative” bed material size grading

curve.

Bed material specific gravity.

(d) Wadi bed cross sections and stage discharge curves

at the measurement and offtake locations.

(e) Watersurfaceslopeatknowndischargesatthe meas-
urement locations.

(f) Channel bed slope at the measurement and offtake
locations.

®

Water temperature.
This list is not exhaustive. Flow statistics for different
return periods will be required to compute seasonal

®

©

Figure 1 Sketch
of typical pump
sampling
installation
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(a), the measurement of bed material sedimentconcentra-
tions.

3.3 Sediment measurement with bottle samplers
Despite a large number of methods for measuring sedi-
ment transport rates, most hydrological studies use one or
another of the “standard” bottle sampling techniques.
Methods and procedure, to evaluate and standardise these
techniques, are described in ASCE (1975). An excellent
description of bottle sampling methods in wadi conditions
is presented in FAO (1981). However, it is worth high-
lighting the reasons for proposing, as we do later in this
paer, thatan alternative sediment sampling method isused
in wadis.

Floodsin wadis usually lastonly afew hours, and most
primary gauging sites are located several hours drive from
the headquarters of the monitoring organization, Thus, to
collect data in floods, when most of the transport of bed
material sediment occurs, a team of observers has to be
permanently stationed at the gauging site.

Bottlesare lowered from acableway into the flow,and,
if depth integrating samplers are used, moved to the chan-
nelbedand back atconstantrates. Asvelocitiescanexceed
4 masecond, very heavy counter weights, which are diffi-
cult to handle, have to be used. Athigh flows itis usually
impossible to get the bottle to the near bed zone with
weights of a practical size. In addition large quantities of
trash, transported by the leading edge of a flood wave, are
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It is thus understandable that little sediment data has
been collected with bottle samplers during the important
high flow periods. Inthe dataset, presentedin FAO (1981),
for Wadi Najran only three data points were measured for
adischarge larger than 200 m®/s, while the stage d:schargc
relationship has data points up to 1000 m*/s.

The highestflow at whichabottiesample had been col-
lected in a study carried out in Wadi Zabid prior to the
construction of the diversion structures was 50m3/s. Flood
discharges in excess of 1700 m*/s have been recordad in
this wadi,

Summarizing, conventional bottle sampling techmques
aredifficultto usein high flows. Thismeansthatlittle data
have been collected during the highest flow periods.

A further objection to bottle sampling techniques is,
Bolton (1983), that the samplesare toosmall tobeanalysed
to yield size grading curves of the suspended material,
However, in wadi measurment applications, at least at
high flows, the sediment concentrations are orders of
magnitude larger than those observed in perennial rivers
with milder slopes, and a reasonable quantity of sediment
can be collected in a sample bottle.

3.4 Pump sampling

Because of the limitations of bottle sampling Hydraulics
Research has used Pump Sampling techniques for many
years. A sketch of a typical pump sampling installation is
showninFigure 1. Thisshowsanumberofnozzlesfixedto
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can be suspended from a cableway. Where stream veloci-
tiesare very large,asinwadis, nozzlescanbe bolted torock
outcrops or onto smatl purpose built concrete structures.

Water is pumped from each nozzle, in turn, through a
63 micron filter toremove washload which can be sampled
atthe filter outlet if required. Normally at least 10 litres of
water should be pumped, depending on the application.
Sampling at each nozzle lasts several minutes, providing
some temporal averaging. More importantly, at least in
perennial rivers where sediment concentrations are usu-
ally low, enough bed material sediment can becollected to
enable individual samples to be size graded.

Sediment flux is calculated first by fitting the point
concentrations to a theoretical concentration profile, and
then integrating the product of the concentration and ve-
locity profile through the depth.

The pump sampling methods used by Hydraulics Re-
search have been described by Crickmore and Abed (1975),
and Bolton (1983 and 1985). Atkinson (1987b)described
methods for assessing the accuracy of pump sampling.

Studies carried out by the overseas unit at Hydraulics
Research where pump sampling has been successful, are
reportedby Lawrence (1986aand 1986b), Fish etal (1986)
and Fish (1987), Atkinson (1986b), Bolton (1985) and
Amphlett (1984 and 1986).

Automatic pump samplers were developed for rivers
pronetoflashfloods. Thisequipmentcenbe solarpowered
anddeployed atremote sites. Sampling sequences are pre-
programmed, and activated by rising water levels. Samples
are stored in bottles which are retrieved after a flood for
filtering, weighing, and size grading. Bed material and
wash load sediment concentrations were measured using
such equipment in Wadi Zabid in 1982 and 1983 (Law-
rence, 1986b).

3.5 Sediment concentrations measured in Wadi Zabid

ured in Wadi Zabid during the Hydraulics Research study.
Very highconcentrations, approaching 100000 ppm, were
‘recorded in flood flows, but these are not out of line with
concentrations measured in similar rivers elsewhere (FAQ,
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The material that was collected by the bottle sampler was
very fine when compared with the size grading curve of the
parent bed material. The finer particle sizes dominate in
the suspended bed material load carried by wadi flows.
The ratio of suspended bed material load to total load is
showninFigure 3. Thcreisalotofscatter,dueinparttothe
poor correlation of wash load concentrations with dis-
charge. However there is a tendency for the proportion of
sand to increase at higher discharges. A similar result has
beenreported forriversinthe south-westofthe USA which
transport very high suspended sediment concentrations
(Beverage and Cuthbertson, 1964).

Figure 4 Canal bed levels, Wadi Zabid
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3.6 Measurement programme

Using automatic pump samplers it should be possible to
collect the data at high flows reguired to construct 4 rea-
sonably reliable bed material sediment rating curve. The
cost of the equipment required for a two-year feasibility
study, a few thousand dollars, is very small when com-
pared with the costs associated with the results of inade-
quate sediment control.

3.7 Sediment transport functions

If measured data are not available, or sediment concentra-
tions measured at low flows have to extrapolated, then
sediment transport functions have to be used.

The performance of sediment transport functions has
beenreviewed by ASCE, (1975)and by White (1973). The
former study showed that the mean ratio of observed to
predicted transport rate was between 0.5 and 2 foronly 64
percent of the comparisons for the best method that was
tested.

All sediment transport functions contain empirical con-
stants. The data use to develop and test them are derived
mostly from perennial rivers, canals and laboratory chan-
nels. Prediction of wadi sediment transport rates are far
more uncertain than indicated by White (1973), because of
wide bed material sediment size gradings, unpredictable
flows and high Froude Numbers. Therefore it is clearly
preferable to measure bed material sediment transport
rates daring the feasibility study phase of large irrigation
projects.

Figure 5 Bunay-Barry canal bed material size gradings

There are a large number of methods for predicting the
sediment transporting capacity of an alluvial channel. Some
of the more recent have the advantage of being developed
or tested using a wide range of field and laboratory data.
All these methods perform relatively well when tested
against the data that is available. However, their one
drawback is that they are not formulated to deal with wide
bed material size grading often found in wadis, although
some methods do take the grading into account. The
methodslisted above, when used with the single bed mate-
rial sediment size suggested by their authors, usually D50
or D35, predict very low concentrations for rivers with a
large range of bed material sediment sizes.

3.10 Predicting the size range of suspended bed
material ‘

An irrigation offtake is usually designed to exclude the
coarser sediment fractions which are transported as bed
load. The concentration and size range of suspended par-
ticles is likely to be of most interest in the design of acanal
system or sediment control works. A method for predict-
ingthe size grading of the suspended bed material hasbeen
presented by Lawrence (1986(a) and (b)), and later modi-
fied in Atkinson (1987a) and canbe used when suspended
bed material size gradings are required for the design of
sediment control structures,

4. Effects of sediment
In this section the effects of sediment on the performance

Figure 6 Bunay Barry canal discharge as a function of
weir discharge
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of a wadi irrigation system are discusse 1, using some data
from Lawrence (1986b).

4.1 Deposition upstream from weirs
Weir construction raises water levels, increases flow depths
and reduces flow velocities. This reduces sediment trans-
porting capacity upstream from the weircausing bed mate-
rial sediments from further upstream to settle close to the
weir, Bedlevels will starttoriseand, inwadiscan reachthe
weir crest elevation after one or two flood seasons, unlike
flatter, perennial rivers where it can take many years.
There will also be a width adjustment at the weir if its
crest length is larger than the “equilibrium” or regime
channel width at the diversion site. The channel just
upstream from the weir will return to its pre-construction
width, depositing sediment in a shoal that will make diver-
sion of low flows difficult if the structure is designed to
have offtakes onboth banks, However, inwadisa weircan
usually be designed with a crest length less than the full
channel width to pass the design flood. In this case the
structure is usually completed by a bund connecting the
weirabutmentto the bank. Sedimentdeposition willoccur

in'the dead waterregion in front of the bund, again making

itdifficult to divert water to an offtake located at the end of
the bund. In factitis usually impossible to divert water to
offtakes located on both b:.nks without mechanical inter-
vention to keep approach channels open.

4.2 Sedimentation in canal systems
Wadibedslopesareoften0.5 percentorlarger. Thisisvery
much steeper than the canals in irrigation systems which
therefore have a much smaller sediment transporting ca-
pacity. Unlesstheconcentration of bed material sediments
are reduced at or close to the intake, sediment will settle in
the canal.

Figure 4 shows the rise in bed levels in the first three
reachesof the Bunay-Barrycanal in WadiZabid. (Thereis
adropstructure attheend of eachreach. whichcontrolsthe
water levels, and thus bed levels, atthe Jownstream end of
each reach.) Deposition of bed material sediments has
increased the canal bed slope, as the system adjusted to
increase its transporting capacity to match the sediment
input and at the upstream end of the canal, were above the
design water level by the time of the last survey (sediment
was later removed during canal maintenance).

Figure 5 shows the variation inthe size of the deposited
sediment forming the bed of the same canal. Bed material
inthe head reach is almost as coarse as the parent wadi bed
material. Without maintenance desilting coarse sediment
would be transported further down the canal system, and
eventually to the fields.

Sedimentdeposition resulted inalargereductioninthe

quantities of diverted water. The effect, due totherisein

the canal bed level just downstream from the intake gates,
isillustrated in Figure 6.

In Figure 6 the quantity of water entering the canal is
shownasafunctionof the discharge flo vingoverthe weir.
Two cases are shown: (a) for design beu levels, and (b) for
the canal bed level at its higher 1982 elevation; in both
cases the canal gate opening was 40 cm to prevent flood

9

damage.

Curve (a) indicates that the weir does not begin to spill
until the canal discharge rises to about 8 m%s, a little less
than the maximum design discharge of 11 m*/s. The canal
discharge remains well controlled as the wadi discharge
increases. Whereas in case (b) the weir starts to spill water
atacanal discharge of only 1.7 m*s. The canal discharge
does not reach its design value until the weir is passing a
flow equivalent to the 1 in 50 year design flood.

Sedimentationinthe canal headreach and afixed canal
gate opening, dramatically reduced the quantity of water
diverted in flood flowsto only about 30 percent of the flow
that could have been passed (Lawrence, 1986b). (More
watercould havebeendiverted to thecanalifthe canal gate
openings had been adjusted through flood recessions.)

The second effect of sediment deposition is to teduce
the cross sectional area below the design frecboard. However,
the greatest deposition occurs upstream from the canal
reaches, which will usuatly be in a cut, and where water
levels higher than design freeboards may be allowable. As
thecanalslopeislarger thandesign whenthecanalissilted,
the flow velocities are also larger, therefore the reduction
in cross sectional area does not result in a loss in propor-
tional discharge ¢apacity.

Thisdoesnot mean thatcanal sedxmentamm andthere-
sultant increase in slopes is acceptable. Increasing the
sedimenttransportingcapacity of thecanatsimplieshigher
concentrations of bed material sediments being transported
to the fields, and eventually, problems of command at the
field outlets, ‘

5. Sediment control structures for wadi irrigation
systems

5.1 Existing practice

Many of the new wadi irrigation systems rep!ace “tradi-
tional” offtakes and canal networks. These (see LRDC,
1977, for a description of traditional systems in Wadi
Rima) haveevolved, in somecases over many centuries, in
response to the constraints imposed by the flashy nature of
the flows, the high sediment loads, and the local water
distribution systems.

Traditional offtakes consist of low stone and brush-
wood deflectors built out into the wadi bed tointercept the
low flow channels. The deflectors divert water to ungated
canals which, at least in the head reaches, have bed slopes
only a little less than the parent wadi. This system copes
with sediment quite well. High sediment concentrations
will enter the canal at medium flows, but athigh flows the
deflector washes out. The steep slopes produce high ve-
locities preventing sediment deposition, although there
will be some scour.

The sediment control measures thathave been adopted
in the “new"” wadi irrigation systems include headworks
with curved approach channels and vertical flow separa-
tion to exclude bedload. Sluiced settling basins, vortex
tube and tunnel sediment extractors have been designed,
although not always constructed, to reduce the sediment
loads passed to main distribution systems.

The curved approach channel arrangements described
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by Smith et al (1980), has been used with some success in
the PDR Yemen and Saudi Arabia. Most of the intakes in
recently designed systems have a gated sluiceway with
some vertical separation between canal and sluice flows,
although it is not always clear whether they should be
operated with continuous shuicing in floods or in the still
pond mode.

Sediment control in the Tihama wadi irrigation sys-
tems has become increasingly sophisticated. In Wadi
Zabid, thefirst tobe*improved”, sediment deposition can
only be cffectively controlled by dredging the canals dur-
ing maintenance periods (Lawrence, 1986b). Tunnel
undersluicesatthe offiake andanarrangement for flushing
the canal head reach were included in the design of the
Wadi Rima system. Twin sluiced se'tling basins and a
relatively sophisticated gate operations policy, to reduce
the entry of sediment, are to be used in Wadi Mawr.

5.2 Quantitative design procedures

Several differcnt approaches to sediment control in Tihama
wadi irrigation systcms have been, and will continue to be,
developed. However, thisdoes not mean that the design of
scdiment control structures should not take place withina
rational quantitative framework. A possible approach is
outlined below.,

{a) Estimatetheconcentrationofbedmaterialsediments
transported by the wadi at the proposed location of
the offtake.

(b) Decide on the maximum wadi discharge, and thus

the maximum sediment conczntration at which the

canal will divert water.

Determine the concentration enhancementor reduc-

tion factor that will occur at the point of diversion for

the bed load and suspended bed material load.

©

(d) Estimate the bed material load sediment transport-

ing capacity of the canal system.

5.3 Closure limit

Sediment can be prevented from entering the canal by
closing the headworks gates, and excluding all water.
Sediment concentrations will be reduced by limiting the
wadi discharge at which the canal is operated; this ¢an
make a significant reduction in the cost of the sediment
handling works.

A closure limit on the headworks will not necessarily
reduce significantly the quantities of water diverted. The
Tihama wadis of the Yemen Arab epublic often have a
small dry season baseflow, and alth ughmostof theavail-
abledischarge flowsin the flood season, a high proportion
of the discharge occurs at relatively low flows, as in the
case for Wadi Rima in the Yemen Arab Republic (DHV,
1979), tabulated below. Only 3 percent of the total annual
discharge flowsatdischarges greater than 100m?/s. Inthe
design that was eventually adopted for the Wadi Rima it
was planned that 85 percent of the total annual discharge
would be diverted (DHV, 1979). As very high discharges
only occur for short periods of time, typically minutes
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Table 1
Hydrograph range Annual discharge in range
(m3/s) {percent)
lessthan 2 53
2-5 21
5-10 11
10-20 7
20-50 4
50-100 2
100 3

rather than hours, closing the canal gates at a wadi dis-
charge of, say, 100 m3/s would result in a loss of canal
supplies for only a few hours in an average year.

5.4 Bed material load admitted to canal

Bed material sediment concentration in the water entering
thecanalisoften largerthan the concentration in the parent
river. Thisiscansed by secondary currentsgeheratedatthe
offtake. The extentof this phenomenon is very dependant
onthe configuration of the structure, its locationrelative to
channel bends and other factors. At present there are no
reliable tested methods of quantifying these effects at the
design stage. A well designed physical model can give
qualified quantitativeresults, and developmentsin mathe-
matical modelling techniques should make it possible to
makereasonable quantitative predictionsinthenearfuture
(Atkinson 1987). ‘

With frontal intakes the sediment concentrations of the
suspended bed material load entering the canal will be
approximately the same as those transported in the wadi.
The same will be true if the offtake angle is not too large.

5.5 Canal sediment transporting capacity

The qualifications concerning the use of sediment trans-
portequationsdiscussedearlierinthecontextofpredicting
wadi sediment transport rates do not apply for canal flows.,
The methodslisted earlierin the papercan be used:ocheck
on transporting capacity. However the usual tolerance on
sediment transport predictions is something like 0.5t02.0
times the predicted concentrations. The bed siopes of
existing systems can be used to indicate which of the
equations yields the closest fit to observed conditions.

5.6 Sediment removal
It may not be necessary, if, indeed, possible, to match
sediment input to transporting capacity atall times. How-
ever a sediment balance on aseasonal basis is necessary to
avoid regular desilting.

Most of the sediment control methods described in the
engineering literature were developed for run of river offtakes
in channels with milder slopes, smaller sediment loads,
and less extreme discharge variations than are found in
wadis. Whileconventional structurescanbeused, the flow
characteristics of wadis present some additional difficul-
ties for the designer, some of these are listed below:
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(a) 'When the wadi discharge is smaller than, or equals,
the canal discharge, all the wadi discharge usually
has 10 be diverted. Thus during the low to medium
wadi flows, ie most of the time, additional water for
hydraulic flashing can only be obtained at the ex-
pense of irrigation supplies.

~When all the flow isdiverted, as is all the sediment
 transported by the wadi.

®)

The times when surplus water could be available for
hydraulic flushing, ie in flood peaks, cannot be pre-
dicted in advance. Water for sediment flushing will
be available only for short periods, in small floods
lasting only minutes. Thus theoperation of sediment
control structures are difficult to plan, and very flex-
ible operations rules will be necessary. In practise
structures thatusehydraulic flushing will havetouse
some of the water that could be diverted for irriga-
tion.

©

(d) Sediment conitrol structures are required 1o exclude
or eject sediments with a wide rar.ge of sizes and for

a wide range of concentrations.

Someofthestructures which, despite these constraints,
canbeusedtocontrol sedimentsin wadi irrigation systems
are described below. In some cases reliable methods of
predicting the performance of the structures described are
available and are briefly described. Inall cases itisneces-
sary tomake some estimate of the likely performanceif the
quantitative design procedure oytlined at the start of this
chapter is to be followed.

5.6.1 . Canal sediment extractors. Vortex tube and tuninel
type sediment extractors have been widely used, particu-
larly on the Indian sub-continent. Both function by divert-
ing the bottom layersof flow from a canal to waste, and are
therefore highly efficient at trapping coarse materials.
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Quantitative design and performance prediction methods
for vortex tube and tunnel type sediment extractors have
beendeveloped by HydraulicsResearch, Stanmuganathan
(1976), Atkinson (1987a).

A vortex tube sediment extractor consists of one or
more slotted tubes 1aid flush with the canal bed. Oneendof
the tube is closed, the other is open and connected to an
escape channel. Water and sediment flowing nearthe bed
of the channel upstream are diverted through the vortex
tube anddischarged from thecanal toanescapechannel. A
strong vortex flow is developed inthe tube, which, pro-
vided the tube dimensions have been chosen correctly,
prevents sediment from settling and blocking the tube.
(Figure 7 shows a plan view of a vortex tube extractor.)

A tunnel type sediment extractor consists of a row of
tunnels placed at the bed of a canal. Water and sediment
flowing near the bed of the canal are diverted, usually toan
escape channel. (This principle is shown in figure 8.) As
the velocities in the tunnels are lower than those which
occur in a vortex tube, the tunnels are prone to blockages,
particularly when coarse sediments have to be diverted.

* The sediment trapping efficiencies of vortex tube and
tunnel type sediment extractors can be estimated using the
method of Atkinson (1987a). A design manual with meth-
ods for determining the leading dimensions of the struc-
tures, structure location and the design of the escape chan-
nels is currently under preparation.

Both devices are relatively cheap to construct and can
have high sediment trapping efficiencies for coarse mate-
rial. However, their usefulness in wadisystems isreduced
by the need toextract, and divertio waste, about 10 percent
of thecanaldischarge. A method ofovercomingthisdraw-
back was proposed for the Wadi Mawr in the Yemen Arab
Republic. Vortextubes, located justupstream fromadrop
structure, were designed to discharge into a settling tank.
The water diverted through the extractor was returned to
the canal, and the sediment deposits from the settling tank
werereturnedtothe wadi using jetpumps. It wasestimated
that only a small percentage of the canal discharge would
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be diverted, so the system was not constructed.

Anextractor canbe combined with other forms of sedi-
ment tontrol. Intermittent use of the extractor would
reduce sedimentconcentration during flood flows without
reducing canal supplies.

5.6.2 Settling basins. Sluiced settliag basinscanbeavery
effective means of sediment control, although more ex-
pensivethana sediment extractor. The trapefficiency ofa
basin varies as it fills, therefore a prediction of the mean
concentration of sediments leaving the basin is necessary.
A section of canal isenlarged to reduce the velocity so that
the sediment settles. When the basin is full the trapped
sedimentisflushed back totheriverfromalow leveloutlet.

There are a number of methods of designing settling
basins, ranging in complexity from simple criteria based
on settling velocity, to simulations using mathematical
modelling. A fairly successful model that replicates ob-
served behaviour of settling structures in Thailand, China
and Indonesiahasbeendescribed by Atkinson (1986),Fish
(1987).

A relatively simple way to estimate initial basin size is
tousethecurvesdrawn by Camp (1946). Camp’scurvesdo
not account for turbulence at the inlet of the basin, which
increases adaption lengths. Dhillon (1980) suggests that
adaption lengths should be increased by about 20 percent
to account for this (this publication contains a very useful
practical review of methods of sediment control).

The maximum level to which sediment can beallowed
to rise in the basin, and thus the point at which the basin
should be sluiced, can be estimated from sediment trans-
port equations. Sluicing performance is best predicted
using the sort of model described by Atkinson (1986a),

Whatever design method is adopted, it should provide
the designer with the following key predictions:

(a) The time taken for the basin to fill with sediment.

(b) The mean concentration and size range of the sedi-
ments leaving the basin during filling periods.
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(c) Thetimeand sluicing discharge required to flush
the basin, and hence the volume of water required for
sediment control,

Very large amounts of sediment that will be trapped in
wadi irrigation systems, requiring frequent sluicing if the
settling basin is not 1o be too big. Twin basins enable one
basin to be sluiced while the other is filling, with no inter-
ruption to canal supplies provided that surplus water for
flushing is available.

5.6.3 Sediment exclusion at the headworks Methods of
sediment exclusion at offtakes are reviewed in Dhillon,
(1980), and are also covered in ASCE (1975).

Offtakes are usually designed on the basis of past expe-
rience aided by model tests. At present there are no gen-
eral, quantitative, and tested methods of predicting the
sediment control performance of offtakes at the design
stage.

6. Hydraulic models

Theprinciple application of hydraulic modelsis toassistin
the design of the of ftake and river training works. “Mobile
bed" models are usunally used, at a scale of around 110 30,
to 1t0 50. Important contributions to model design have
beenmadeby De Vries (1973), Novak and Cabelle (1981),
and White (1982). A modelfacility constructedatHydrau-
licsResearch to simulate wadi flowshasbeendescribed by
Sanmuganathan, Lawrence and Makin (1983) and Sanmuga-
nathan and Lawrence (1984).

Inthisfacility, flood wavesare produced usingan auto-
matic controller that can be pre-programmed with any
desired flood sequence. An automatic feeder adjusts the
supply of sediment as the model discharge changes. The
facility has also been used in a number of studies of the
performance of irrigation offtakes for wadis.

Itis impossible to simulate all the aspects of water and
sediment movement at a reduced scale when water is the
fluid in both the model and the prototype. A number of
compromises have to be accepted when mobile bed mod-
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elsareused tomodel wadi flowssincerapid flow vatiations
and the wide range of sizes present in the bed present
further difficulties. However, acarefully designed mobile
bed physical model can produce valuable information for
the designer. Nevertheless, some model predictions, for
example the proportion of sediments that will be excluded
with a particular intake geometry, will usually be heavily
qualified, or only comparative.

The advent of computers with ever increasing process-
ingpower, and developments inmathematical simulations
of the complex three-dimentional two-phase flows that
occur at offtakes, will lead to the increasing use of mathe-
matical models to predict sediment exclusion at irrigation
offtakes. .

However, monitoring the performance of existing struc-
tures could yield useful design information quickly, and at
relatively low cost. This is discussed in the next section.

7. Performance monitoring
Unfortanately there is very little information describing
the performance that has actually been achieved by sedi-
mentcontrol structures under operational conditions. This
can be contrasted with the large number of studies that are
carried out before new structures and canal systems are
constructed.

Monitoring of the performance of existing systems could
have many benefits. One, providing designers with
quantitative data to assist in the design of future
systems, was touched on in the previous section.
Others include improvement of the operation of ex-

isting structures, and the provision of data to develop and

test quantitative performance prediction methods.

8. Conclusions .
The following conclusions are drawn:

1. Sedimentcontrolin wadiirrigaticasystemsisvitalif
the operating authorities are not to be burdened with
high annual desilting costs.

2. The design of sediment control structures requires
some basic data, such as the quantity of bed material
sediments that are transported by a wadi at different
discharges. Itissuggested thatthisinfomationis best
obtained from automatic sediment sampling equip-
mentdeployed forone ortwo yearsduring feasibility
studies. Itis very important to distinguish between
washload and bed material load when field data is
collected and analysed.

3. Ifnodataareavailable, sedimenttransport functions
have to be used to predict sediment loads. Sediment
transport equations should be used that have per-
formed reasonably well when tested against large
datasets, withamodification to account for the wide
bed material size gradings that are often a feature of
ephemeralrivers, However, predictions made in this
way will have alarge uncertainty, and itisnot wise to
base the design of expensive structures on them.
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4, A rational quantitative approach to the design of
sediment control structures is advocated. However,
design options can only be compared if the perform-
ance of sediment control structures can be predicted
atthe design stage. Reliable methods exist for some
structures, but for offiakes it is still necessary torely
on model studies backed by engineering judgement.

5. Monitoring sediment loads at selected existing in-
takes and canal systems could provide data to im-
prove future designs and to test new quantitative
design procedures, as well as identifying ways of
improving the effectiveness of the structures moni-
tored. Itis suggested that provisions for some per-
formance monitoring are included in the funding
arrangements for new wadi irrigation systems.
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