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SUMMARY

Sedimentation generally limits the life span of reservoirs. The replacement of lost storage capacity 1s a

world wide problem and the need therefore exists to hmit reservorr sedimentation as much as possible

In 1992 it was envisaged that this study would be undertaken to

. evaluate reservoir sedimentation theory and to make contnbutions where possible

. define and cvaluate the most important measures to control reservoir sedimentation with the

cemphasis on engineering methods at the reservorr

. cvaluate the impact of the implementation of engincening or operational mcasurcs on reservoir
sedimentation, at existing/future reservorrs on the long-term viability and sustamable use of

reservonrs

This document is an addendum to the mam study report: Dealing with reservoir sedimeniation (Basson
and Rooscboom, 1997). It must be emphasised that dredging of reservoirs should be regarded as only one

of several available techmiques to manage reservorr sedimentation

Reservoir dredging is being carried out world-wide, but mostly on a small scale localized at intakes, or
storage dredging in small reservoirs. The cost of dredging 1s generally higher than the creation of
additional/new storage, but technical developments in the dredging industry have narrowed this gap to a
point where dredging has to be considered as a major technigue for controlling sedimentation. This 1s
especially true in sen-and to and regions where catchment or sediment control methods cannot be
mplemented successfully - Limited sutable new dam sites, socio-cconomic considerations when raising a
dam, and environmental concemns related to the construction of especially medium-scale to large-scale

dams, arc all factors favouring reservoir drodging

Dredging equipment suitable for reservorr dredging 1s evaluated in this report, including conventional
(mechanical and hvdraulic) and specialised dredging techniques Case histories have indicated that the
sclection of the correct dredging cquipment for especially reservoir dredging 1s essential. Boundary
conditons such as consolidated clay necessitate the use of a cutter The dredging industry 1s highly

specialised and it 1s difficult to recommend a specific dredger for general reservorr dredging apphication




The cutter-suction and bucket-wheel dredgers with floating pipeline do, however, meet most of the
requirements for reservoir dredging and should be considered in dredging depths of less than 30 m. For
decper applications, specialised grab or fluidization-pump systems are available

Siphon dredging systems with a cutterhead could result in a considerable cost saving by climinating the use
of pumps. These systems are, however, limited by the available head, required transport distance,
limitations on water loss and environmental concern with downstream disposal

Case studics of dredging carned out in Southern Afnica and on international reservoir dredging projects are
discussed in this report

A number of South Afnican reservoirs where severe sedimentation has occurred, have been used in an
cconomic analysis to determine whether the umit costs of dredging could compete with conventional
measures 10 Increase reservoir capacity, such as raising of the dam. The results of the analyses are shown
in Table 1. It is clear that at many reservoirs significant relative increases in water vields could be achieved
through drodging. The estimated umit costs of dredging were however, only in the case of Prinsnivier Dam
found to be lower than alternative measures to increase the reservorr capacity

Some key findings of the dredging cconomic analysis arc:

. Although difficult to generalize, the required dredging unit costs need 1o be in the order of less than
R1,50/m’ scdiment excavated.

. To obtain the same vield benefit, a much smaller volume can be dredged compared to a rased dam
with additional storage created

. Dredging of all the sediment is not necessary and the required volume is determined by the water

demand, run-oft reservoir basin charactenstics, volume of sediment, ete

. At some reservorrs a dead storage zone for sedimentation has been provided with the lowest water
release valves located above this zone. Dredging of the dead storage zone can therefore not be
considered because the water cannot be utilized. It i1s recommended that the lowest valves are
installed close to the onginal river bed level




The general assumption in water resources planming that sedimentation fills the dead storage zone

with a horizontal surface level, should be analysed in more detail for existing reservorrs and for

the final designs of new dams, to evaluate the impact of loss of live storage due to sedimentation

Allowance in future for sedimentation of reservoirs can still be made, but the design of a dead

storage zone specifically for sedimentation should be discarded

project, because it can more than halve the umt dredging costs

of a dredging project

Flonskraal
Grassridge
Haz¢lmere
Ganep
Kommandodnf
Krugersdnft

Lake Arthur
Lake Arthur
Darlington
Darlington
Pongolapoort
Prnnsnvier
Prinsnvier

Vaal
VanRyneveldspas
VanRyneveldspas
Dnel

Notes: *

Table 1: Dredging costs

Scdiment to

Water yield

092
080
35
3

Diesel power dredging

- Electric power dredging

Dredged
yield/current
yicld ratio

The use of clectric power instead of diesel power should seriously be considered in any dredging

The cost of disposal should not be underestimated as it could casily make up 20 % of the total cost

Required cost
of non-
dredging
option (1994)

(R/m* storage
capacity)

0.75 (rmsed)

7.00 (rased)
700 (rarsed)
0.70 (LHWP)
(.55 (borcholes)
0.55 (borcholes)

Estimated
obtainable
dredging cost
(199%4)

(R'm*
sediment
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Typical dredging unit costs (actual and estimated) for Southem African reservoirs are indicated i
Figure 1 These costs should only be used as a rough indication because cach project has its own specific
boundary conditions. The unit costs of dredging given in Table 1 and Figure | include the cost of disposal
(Plcase note that all costs mentioned in the report has a base date of 1994, unless specified differently)

100 1  —— —— —
l 1 ‘ i l l . _ © NOTE DISPOSAL COST
Comrdrﬂl ! [ 1 ! ! ~INCLUDED IN UNIT COSTS
2 [ | i
-
o ! d ! ! { : 4
e {
=
E Zeckoedo | |
=
g |
R Wt et .
:“ .mw | I : : | : ! d 3 | ! | {
[ - | Ponsivigr | | Lake Anthur | I . VanRyneveldspas
‘ - =
T . __Pmn
- od ‘
-_—3 Mbashe VanRyneveldspas
‘ - ' 4 ' + [0 l | | '
1 . | — |
0 2 4 6 8 10 12 14 16

Sediment volume dredged (million m?)
= Diesel power v Electric power
Figure 1: Dredging unit costs

The beneficial uses of dredged sediment have been investigated  Clay bniquettes made of sediment from
Darlington Dam indicate that it 1s possible to manufacture bricks from the sediment. However, transpornt
distances to butlding sites could be a linmuting factor. The possible use of sediment for agncultural purposes
should be discarded because of the physical charactenstics of the sediment: 1oo coarse or 100 fine (uniform)

duc to the sorting process of reservoir sedimentation.
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INTRODUCTION
Reservoir Sedimentation - The Problem

During the past decades a great number of dams have been constructed in niver systems to create
storage capacity for power generation, ingation, dnnking water supply and flow regulation
Independent of the purpose of water resources schemes, they clearly have one thing in common - the
fact that they always constitute an artificial interruption in the hydro-morphological niver regime. The
practice of reservour operation teaches that such interference leads to sedimentation of reservoirs. As
a result reservoir sedimentation i1s one of the man threats to reservoir management regarding
operational cfficiency and effective lifetime. Typical problems are the reduction of live storage and
water vield'hydropower, the abrasion at hvdropower plants, clogging of bottom intakes, and forces
exerted on the dam by the sediment

Having in mind the relatively high capital costs of a reservoir, it 1s imperative for reservoir
management to develop and implement strategics to control reservorr sedimentation i an
cconomically viable way

This study, sponsored by the South African Water Rescarch Commussion, evaluates the available
techniques to control reservorr sedimentation as part of a world-wide combined rescarch effort 1o co-
ordinate knowledge on this subject. This report forms an addendum to a main study report. “Dealing
with Reservoir Sedimentation” (Basson and Rooscboom, 1997)

Reservoir Sedimentation Management Techniques

There are numerous ways of managing sedimentation:

a) minimize entry of sediment into a reservorr by

- watershed crosion control
- upstream trapping of sediment (debns dams or vegetation)
- bypassing of high sediment loads

b) minimize reservorr sedimentation by
- sluicng: passing of sediment-laden flood through the reservorr by partial drawdown

of the water level

- turbidity current venting
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c) remove accumulated sediment deposits by

- flushing by complete water level drawdown duning rainy scason
- excavation by dredging or conventional mechamical equipment

d) accept reservourr sedimentation, and
- maintain long-term storage by raising the dam
- abandon the sedimented reservoir and construct a new reservoir or water transfer

scheme clsewhere in the niver system

The techmcal, economical and environmental feasibility of the above measures depends on a great
number of factors:

- availability of suitable bottom sluicing facilitics

- surplus water available for flushing
- charactenstics of the sediment and reservorr basin
- purpose of storage and water demand

- consequences of flushing/dredging sediment disposal

consequences of control measures interfering with the mamn reservorr operation
- environmental impact
- nstitutional-pohitical limitations

Generally, dredging is an expensive means of restoning the storage capacity of a reservorr, and it
should only be conssdered if the use of altermative control strategics is not possible (Bruk, 1985) The
cost of rasing a dam or of constructing a new dam is generally believed to be lower per unit volume
storage than the umt dredging costs.

Most of the control measures have been implemented and tested at reservoirs. Dredging has largely
boen linuted to the removal of sediment which has accumulated in front of mtakes, or to recovery of
lost storage i small reservoirs. Although dredging equipment developed for general coastal dredging
1s gencrally sutable for reservorr dredemg. a number of speaific boundany conditions, and speaifically

hagh umt costs, himuted dredging as an economacal solution

In South Afnica sedimentation 1s controlled at a few small reservoirs by flushing during high-flow
penods. Due to the country's semi-and to and chimate, however, water losses by sedimentation
control strategies are not acceptable and management have had to accept reservorr sedimentation in
most Cascs
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Control of Reservoir Sedimentation with Dredging

The excavation of deposited sediment in a reservoir is one of the methods to regam lost storage due
to sedimentation  In this context excavation in nearly all cases mvolves dredging, being the
excavation of soil matenal from the underwater. Dredging s a hughly specialised technology and 1s
mostly used in ports, waterways and muming  Dredging, however, also takes place on a routine basis
in many reservoirs all over the world

In the development and operation of water resources many vanables play a role in the decision
support system.  One of the major factors 1s the economic feasibility of a project.  The cost of
dredging reservoirs has been relatively high compared to the provision of new storage or alterative
sediment control methods in most countries where it has boen implemented A more scientific
approach in recent years in the dredging industry can, however, possibly reduce costs and provide an
economically feasible method of ensuning a long reservoir life

Most of the problems encountered in reservorr dredging - large depth, consohidated sediment, debns
and disposal limitations - have been expenienced at dredging operations elsewhere and a great deal
of knowledge ganed 1s readily available for reservoir dredging The dredging industry s haghly
specialised, and cach progect has its own purposely designed dredging equipment. taking into account
soil propertics, water depth, environment and logistical constramts  The same applics to reservorr
dredging, where recently developed techmques could lower umt costs to an acceptable level

To date dredging of reservoirs in South Afnca has been on a himated scale, only in small reservorrs,
due to the hugh cost of dredging compared to the construction of new or enlarged storage. Histonical
quotations for dredging on a large scale in South Afnican reservoirs were generally more than 10 times
the umit cost of new storage  These quotations, however, included ligh mobilization costs from
overscas, no detadled ficld surveys were carmied out and therefore the umit dredging costs offered posed
a low nsk to the contractor. In recent yvears bocal dredging contractors have been established in South
Afnca on a larger scale than in the past, with links with intermational specialists

The purpose of this report 1s to assess techmques for reservorr dredging and the speaific boundary
condions mvolved. World-wide reservorr dradging case studies will be discussed, as well as the local
Southerm Afncan expenence. The main objective of the report, however, s 1o evaluate the economic
fcasibility of the dredging of specific South Afncan reservoirs compared to alternative options for the
control of scdimentation.  From this prehiminary evaluation, throe represemtative resenvorrs are
sclected and a detanled financial cost analvsis carried out, taking into account site specific conditions
such as pumping distances, disposal sites, sediment charactenistics and dredging depths
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A brief overview of the history of dredging and general available dredging equipment and ther
apphcations s presented, together with reservoir specific equipment and new developments Specific
items such as the disposal and possible uses of dredging matenal and environmental concems
associated with the dredging of reservoirs are also discussed

This report 1s wnitten for water resources planners and managers with the aim of providing a gencral
background of avaulable technology to cope with the problems of reservoir scdimentation. A review
of reservoir dredging practices world-wide, as well as in South Afnica, with specific emphasis on the
ecconomical aspects, will help the decision-maker in the sclection of altemative sediment control
methods. The dredging contractor will, however, also lcam from case histonies and the specific
dredging problems encountered in the dredging of reservoirs




HISTORY OF DREDGING

The term “dredging™ refers to those methods of displacing soil which are charactenzed by excavation
“in the wet” and disposal in strcam or onto the shore.  (Linssen and Qosterbaan, 1975)  The
development of dredging equipment 1s closcly linked with the suceessive stages of development of
human technology: hand power, the lever, the wheel, mechanical power and automation.  Dredging
15 an ancient art but a relatively new science. Although work on primitive dredging can be traced
back several thousand vears, it is only relatively recently that the art has been transformed into a

science covening the design of dredgers and dredging techmiques

The art of dredging began along the Nile, Fuphrates, Tigns, and Indus nivers many thousands of years
ago. (Gower, 1968) The carly forms of drodging were carned out by primitive methods with spades
and baskets. Canal dredging in Sumena and Egypt (400 B C ) and in Babylon under the direction
of Nebuchadnezzar (600 B C ) has been recorded. Agitation dredging was also used in carly times
Tree trunks weighted by stones were dragged behind a boat on the Indus River to stir the mud into
suspension.  The suspended matenal was then carned downstream by the niver current. The seraper
dredger relving on this principle was first used in Zecland in 1475 A D In the Netherlands a new
basic drodging tool was developed dunng the Middle Ages known as the "bag and spoon”™  This spade
and basket was an efficient tool operated by two men

The horse-dnven “mud mull” was developed towards the end of the sixteenth century in Delft. Holland,
over a penod of more than two centunes. The mull, activated by a revolving chan, scooped up the
mud onto a chute (Figure 2.1)

Figure 2.1: Mud Mill
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The need to dredge harbours and ship channels quickly developed in England in the second part of
the sixteenth century. The first known offshore mining operation was off the Essex coast in England
when bisulphide of ron was dredged from the sea bed

A grab dredger (Figure 2.2) was developed in the sixteenth century both in Italy and Holland. The
main problem in the ficld of dredging, however, was the lack of sufficient energy. Development of
a steam engine by James Watt in the eighteenth century finally gave the long-needed energy to propel
ships and dredgers, and the development of a centrifugal pump by Le Demour in 1732 gave birth to
modern dredgers.

Figure 2.2: Grab dredge (Lorini, 1597)

Bazin(1867) presented the idea of a suction dredger in 1867 His design, which incorporated a
rotating harrow under the bow of a ship and suction pipes under the stern, was apphied in the dredging
of the Sucz canal. Lebby(1855) conceived the first hydraulic hopper dredger which operated in 1855
(Figure 2.3)

The penod between 1890 and 1930 can be charactenized as one of consolidation. Due to a lack of
major capital dredging projects in Europe the activities were restricted to mantenance dredging It
was in these times of recession that dredging companics became aware of the importance of the
propertics of the soil in relation to the production capacitics of their equipment

In the 1950s dredgers developed gradually.  Certain types of equipment had become accepted in
particular regions: In Western Europe non-propelled suction dredgers and bucket dredgers with
barges and pump-ashore units were most commonly used, while in the UK much grab dredging was
carried out. In the USA cutter-suction dredgers, dippers and suction hopper dredgers carnied out the
bulk of the work




Figure 2.3: First hydraulic dredger

Since 1960 a more scientific dredging approach was followed, cg

- clectronic measuring devices led 1o the optimization and astomatization of dredging

- a new approach to soil mechanics resulted in dynamic soill mechanics

. survey methods and equipment were developed to obtain accurate hvdrographic sounding and
positioning

- hydro-geologacal scanning methods were developed to obtan detanled information on i situ

scdiment charactenstics

Modem dredging covers the fickds of hvdraulic engincening, soill mechamics, mechanical engincenng
and industnial engincening. The dredging industry is now charactenzed by a wide range of enterpriscs,
varying from local contractors to large compamics operating all over the world. The diversaty of jobs

to be carned out by dredging have expanded enormously, lcading to a high level of specialization

Dredging equipment and techmgues have become haghly speaialised due to the nature of work to be

accomplished ¢g

- Reclamation of low-lving arcas

- Deepenung of water courses/harbours to be accessible to navigation under vanous conditions
such as currents, winds, cte

- Dredging of drainage/irngation canals

- Dredging in reservoirs at hvdropower intakes

- Environmental dredging to remove contaminated matenial

- Dredging for marine minerals nearshore and offshore in deep arcas
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- Dredging of reservorrs to recover lost storage duc to sedimentation and related problems such
as disposal, deep dredging, clayey and consohdated matenal

- Beach nounshment by dredging in the ncarshore region

- Landfill progects - anrports, artificial islands

- Land-based dredging such as dredging open-cast coal mines

The dredging industry has the charactenstic of high capital-intensity in common with other industnes
Labour has become very important in the dredging industry both for highly qualified personnel and
the lower ranks  In certain cascs the employment of local labour 15 recommended and requires
ntensive on-the-job traming

Many types of equipment are used i dredging and can be classified nto two broad categones
mechanically or hydraulically operated.  The greatest improvements duning the last 30 years have
been in the dredgers operating on the hydraulic principle. These modem dredgers are more efficient,
fully instrumented and partially or fully automated which results in a lower cost of dredging
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DREDGING EQUIPMENT

In this chapter a distinction 1s made between conventional and speciahised dredging equipment

Conventional Dredgers

Dredgers can be classified as aither mechamically or hydrauhically operating as illustrated in
Figure 3.1

Mechanical Dredgers

The man advantage of mechanical dredgers hies i their ability 1o operate i restncted locations and
to remove matenal at low sediment-water ratios. On the other hand they are all charactenized by their
inability to transport dredged matenial over long distances, by their lack of self-propulsion, and
relatively low production rates The dragline, dipper and bucket-ladder dredgers also cause excessive
turbidity in the water

The mechanical dredger 1s not only used for removing coarse matenal such as sands and gravels
deposited at the head of a reservorr where the water depth is shallow, but also in localised arcas such
as at hydropower intakes, sometimes at great depths

a) Grapple/Grab

The grab dredger (Figure 3.2) 1s usually dernck mounted on a barge and equipped with a clamshell
bucket. The grab dredger breaks the cohesion and excavates the sediment in a single procedure. The
excavated sediment 15 usually transported in barges  In some apphications a dredger pump 1s installed
directly above the shovel with a pipeline to transport the scdiment accumulated in the shovel
(Rokosch, 1992)

It works best in soft underwater deposits. Large dredging depths are possible from 30 mto 150 m.

In cohesive clavs difficultics may be encountered in emptving the bucket
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Figure 3.1:  Classification of dredgers: Conventional and specialised




Figure 3.2: Grab dredger

b) Dragline

The dragline system (Figure 3.3) consists of a steel bucket suspended by cable from a moveable

cranc. Large dredging depths are possible

LDragline dredge

Figure 3.3: Dragline dredger (San Lameer)




c) Dipper/Back-shovel

The dipper dredger (Figure 3.4) 1s the floating counterpart of the famihar land-based mechanically
excavating shovel. It has a shovel with the opening either towards the back (back hoe) or to the front

It works best in hard compact sediment or rock.  The maximum dredging depth 1s 20 m and dredging

1s restricted to non-cohesive sediment
d) Bucket-ladder

I'he bucket-ladder dredger (Figure 3.5) has a cham of buckets with a continusous work cyvele The
top of the chain 1s thrust into the underwater deposit so that cach bucket digs its own load and carnes
it to the surface. This dredger 1s expensive, but the continuous process results in higher production
rates than for grapple or dipper dredgers. The efficiency in highly cohesive sediment 1s, however, low

The maxamum dredging depth s generally 12 m, but some can work to 30 m depths (Wittke, 1970)

Figure 3.4: Dipper dredger
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Figure 3.5: Bucket-ladder dredger

Hydraulic dredgers

By hydraulic dredging is meant a system in which hquid plays a part throughout all phascs of the

process: in the breaking of the cohesion, excavation and transport in a papeline

Hydraulic dredgers are self-contained units which handlc both phases of the dredging system:  they
excavate the matenal and dispose of it either by pumping through a floating pipchine to a placement
arca, or by stoning it in hoppers which can be subsequently emptied over the disposal arca. These
dredgers are more efficient, versatile and economic to operate because of this continuous, sclf-

contained digging and disposal prninciple of operation

In a hvdraulic dredger the matenal o be removed is first loosened and muxed with water by cutter

heads or by agitation with water jets and then pumped as a flud

Hydrauhic dredgers can be grouped into the following main groups

a) Hopper

A tratling suction hopper dredeer (Figure 3.6) 1s a sclf-propelled dredging vessel that excavates the
sodiment via one or two suction mouths (Figure 3.7) and pumps it into its own hopper via pipelings

As soon as the hopper 1s full the dredger sails to the relocation site, where the dredged matenal 1s

discharged cither via its bottom doors or by pump




Figure 3.6: Trailing-suction hopper dredger

I'he draghead configuration varics according to the type of matenal  The trailing suction hopper
dredger 1s extensively used in nver channels and port mamntenance, in all but hard matenal. The

maximum dredging depth i1s 20 m, but 40 m s possible with a submerged pump on the drag-arm

Figure 3.7: Hopper drag head




b) Cutter-suction (Figure 3.8)

The rotating cutter cuts the sediment, which 1s discharged by the dredger pump via a floating and
shore pipeline to the disposal arca. The cutter 1s capable of vertical and honzontal movement by
raising or lowening the cutter ladder and by moving the vessel across the cut by cables and spuds

The dredger rotates around the working spud which is located at the stem, resting in the sediment

The front 1s winched from one side of the sweep to the other by using two anchors

Cutter-suction dredgers are most well known, efficient, reliable and versatile  An important
development was the installation of a submerged dredger pump on the ladder of the dredge, thereby
increasing the concentration of slurry in the pipe and making deep dredging possible.

The cutter-suction dredger can cffectively dig and pump all types of alluvial and compacted deposit
such as clay. Rock, coral and limestone can also be dredged. The maximum dredging depth s in the
order of 30 m without a submerged pump

Cutters are used with and without tecth depending on the hardness and compactness of the matenial
to be dredged.  Several types of cutter design are used (Figure 3.9)

The transportable cutterhead pipeline dredger is of specific interest to reservorr dredging. In recent
years many dredgers even larger than 500 mm (discharge pipe diameter) have been designed in the
portable range  These dredgers can be dismantled and transported by truck or ship to where they are
required

Especially for dredging on inland water, a much highter superstructure consisting of floats can be
utilized. The same safety aspects as for scagomng dredgers are not required, resulting in capital cost
reductions

In deep dredging (depths >30 m) conventional cutter-suction methods wall be unsuitable for reservorr
dredging duc to limited suction capacity which would lower the solid content ratio and the associated
cavitation problems

The cutter-suction dredger is capable of handling cohesive and consohidated sediment and works with

a water-sediment ratio of 4:1 or even 3.1 under favourable conditions



Figure 3.8: Cutter suction dredger

Figure 3.9: Cutter-head
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¢) Bucket-wheel

The bucket-wheel dredger (Figure 3.10) has a rotating wheel with bottomless buckets Soil 1s cut and
directed mto the intenor of the wheel and conveved into the suction hine The dredger 1s sutable for

the removal of thick layers of sediment (bulk dredging) and strongly cohesive sediments such as clay

Figure 3.10: Bucket-wheel dredger

Bucket-wheel dredgers have been extensively used in open-cast mining under aquatic conditions. A
comprehensive range of sophisticated bucket wheel dredgers from 150 to | 500 m'/h exists. Water-

sodiment ratos of 3.1, or even 2. | under favourable conditions, can be achieved (Scheuerlcin, 1987)
d) Plain suction/dustpan

The dustpan dredger ( Figure 3.11) 1s a stationary suction dredger that 1s usually moved by means
of anchor wires. It has a wide flat suchon mouth which 1s suntable for the removal of thin lavers of

scdiment. When dredeing in sand and consohidated silt, water jets are used to break the cobesion

The dredger works hike a large vacuum cleancr with the dustpan head (without a cutter) as wide as

the dredge. It is suitable for high-volume, soft matenal dredging
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Figure 3.11: Dustpan dredger

Specialised Dredging Equipment
General

Several umique aspects of reservoir dredging and other dredging operations have prompted dredger
designers to come up with new ideas to solve problems such as decp dredging depths, consolidated
clay-silt sediment, etc. Low-cost dredging techniques have also been developed, mamly for gencral
maintenance dredging, but some techniques also apply to reservoir dredging  The specialised
techniques/equipment discussed are:

- Water ijection
Jet pump
Air ift pumps
Pncumatic pumps

- Siphon dredging

- Decp dredgers

- Underwater rotary hoe
Walking dredgers

- Disc bottom cutter

Ploughs

- Permanent dredger installations
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Water injection

The water injection dredging techmque induces a density current by injecting water into the bed
scdiment. The density current transports the sediment to the dam where it can be flushed out through
bottom gates. It should be possible to reduce flushing water losses by adopting an intermuttent
operation, thereby allowing some consohidation (Estourgie, 1988). Instead of flushing, the movement
of sediment from live storage to dead storage space (designed for sedimentation) could be carried out
Water injection dredging should provide a low-cost option compared to most conventional techniques,
but there may be some complications, for instance:

. control/monitoring of the density current is difficult

. the reservoir basin charactenstics may not be suitable for the development of a density
current

. induced turbadsty and nutnients released from the sediments may cause environmental concern

- highly consohidated clay-silt sediment may not be casily fluidized and a mechanical loosening
of matenal 1s required.

The combination of water injection with flushing and lateral crosion (Xia Mading, 1989) looks
promising. Estourgic (1988), rcported that the water injection dredging techmque has been
successfully used in many ports with vanving sediment charactenstics. Some details of these projects
arc indicated in Table 3.1. The highest production obtained was in silt. Although the projects in
Table 3.1 arc not representative of reservoir conditions, ficld results look promising for application
IN 1CSCIVOIrs,

Table 3.1: Water injection project information
Material Production (m’/h)

Dense fine sand, 10 % silt of low 800 (160 000 m*)
rmeability Density current concentration

jof sand and silt: 20 000 mg/?
“lay and consolidated silt max shear 800 (15 000 m")

trength of 25 kPa. (Normally in

maintenance dredging < S kPa)
Ferny harbour, the  [Silt 1 500 (20 000 m")

Netherlands

Vestbuitenhaven, the [Loose silt 1 500 -3 000 (500 000 mY)
Netherlands




3-12

Dunng water imjoction drodging, water s ijjected into the sediment creating a water-sediment mixture
with flusd properties and an extremely low viscosity. Duning the 1980s a water injection dredger was
constructed in the Netherlands, Jetsed, and extensive in sifuw measurements were taken to ascertamn
conditions during the process, such as soil propertics, turbidity, dispersion of the sediment, current
velocities and working methods (Estourgie, 1988). Jetsed has a 14 m wide jet pipe hanging just above
the bed and a pumping capacity of 12 000 m*/h (Figure 3.12)

Figure 3.12: Water injection dredger Jetsed

'ests showed that i silt the determuming factors for jet penctration are its i situ density, vViscosity
and permeability, and the jet charactenstics: jet diameter, exat velocity of water, pipe veloaity and
surface distance from the pipe. Field results indicated that very hittle turbadity 1s induced outside the

turbidity current. The induced turbidity currents had varving thicknesses from | to 3 metres

The use of water jets at the suction pipe for disintegration and flusdization of sediment 1s most suitable
if the sediment is permeable and cohesionless (Wakefield, 1992) Nevertheless, it may still be used
for impermeable sediment such as mud and fine silt provided cohesion 1s not high. The water jets

cause flmdization of the sediment for casvy suction and transport

Water jets use more power than docs a cutter, but capital cost 1s much lower due to less structural

loads induced by water jets
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Expenence with water jet disintegration in reservoirs showed that clay lavers cannot be disintegrated
effectively, with the resultant lumps of sediment causing blockage of pipelines

Jet pump

The jet pump 1s a svstem which uses the kinetic encrgy of pumped clean water to entram sediment-
laden water The motive power of a jet pump is a hugh velocity jet of water, entramment occurning
in a suction chamber, energy shanng in a mixang chamber, followed by pressure recovery in a diffuser
(Figure 3.13) (Wakeficld, 1992)

The main charactenstics of the jet pump system are

- Sedument acquisition is extremely constant. By avouding the fluctuations which are mevitable
with a simple suction pipe, the average output may be tnpled

- The excavation of sand and gravel 1s possible from great depths: 50 10 70 m

- The installation of a jet pump on the dredger head of a hyvdraulic dredger will improve
production, especially in deep dredging

- A major benefit 1s that the driving pump need not have coarse matenal pass through it
thercby reducing mantenance
- The jet pump has a low efficiency, rarcly over 25 % (Sheng, 1983). In some cases however,

the overall system efficiency may be greater if a jet pump is used. By matching jet pumps
and centnfugal pumps in senes, dredging can be carned out at mimimum power.  The
application 1s chimination of cavitation in decp dredging, but even more important is the
reduced unit cost of dredging due to the combination of pump charactenstics

- The jet pump 1s capable of discharge up to 200 m above water level in one stage. but as the
head increases, the system efficiency becomes more related to the hvdrauhic efficiency and
the power consumption 1s no longer acceptable (Wakeficld, 1993)

. Jet pump mauntenance 1s mmmimal, the ifctime of wearning parts varving from four months for
the most abrasive matenals to five years  If a centnfugal booster pump s used in
combmation with a jet pump, its wear and tear is greatly reduced by the constaney of flow,

resulting in hife increases of up to 200 % (Wakeficld, 1993)




Dredge Pump —typical arrangement

Figure 3.13: Jet pump working principle

Blockage of the suction can be resolved by backflushing, but normally choking s rare owing to low
suction velocity at hagh concentration. Dunng backfilling the primary flow from the jet is continuous
down the discharge pipeline, keeping evervthing moving and progressively reducing the average
concentration in the pipeline, until the concentration of sediment in the pipeline 1s low enough for
shutdown, if required, without the danger of sinking a sediment-laden pipeline.

In Japan a st of five small to large jet-cjector dredgers ranging in depth capacity from S0 m to 100 m
was manufactured i 1963 These dredgers had been in service for several vears in Osaka and other
ports, dredging sand, with agitation by water injection
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Air lift pump

The aur hit pump consists of a pipe into which pressunzed air 1s injected (Figure 3.14) 1t s one of
the simplest methods of hydraulic hifting and works like a vacuum cleaner (Van Qostrum, 1990 )
Aur under pressure 1s et into the suction pipe and the lower density of the water-air mixture inside the
pipe relative to the water outside, lifts the mixture, carrying sohds in suspension.  This method 1s
applicd at great depths, even over 100 m. The system has been used world-wide for mining and the
cleaning of sands and lakes (India)

The pump efficiency 1s usually only between 25 % and 50 % (Sheng, 1983) The Z & J compressed
air dredger has a rotary head with a cutting apphance and sprayving device which agitates the
sediment. In case of blockage of the suction pipe by debnis, reversal of the waterflow 1s possible

Z & ) (Zwmmermann & Jansen, GmbH, Germany) developed a compressed-air dredger in 1970 which
1s used pnmarily for the recovery of sand and gravel from great depths (120 m)  In order to dredge
mud and very fine matenals, Z & J designed a hvdraulically-driven rotating head wath a cutting
appliance at the lower end of the convevance tube. The slurry nuxture thus obtained contains up to
50 % sohids. The dredging device has operated successfully in the case of firm and sohd lavers of
material such as clay and silt. A maximum production of 300 m'/h has been reached (Sheuerlemn,
1988).

The air lift pump has been used in China since 1976. The man advantage of this dredger 1s the
relatively high efficiency of excavating sediment: 50 - 80 % sediment in volume.  The abrasion of
machine parts 1s limited and the cost is gencrally low. In the Wanpayon reservorr, Chanxi Provinee,
a unit dredging cost of 0,6 yuan/m* was obtained

The air ift pump consumes a large amount of encrgy at substantial depth, has a high water
consumption and cannot handle cohesive sediment (Roovers, [989).
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Pneumatic pump

A pocumatic pump consists of a tank with a system of valves and is operated by filling the tank with
water sediment due to pressure difference, emptying the pump by pumping compressed air into the
tank, and lastly rekcasing pressure to repeat the process (Figure 3.15). The advantages of this system
are that there are no dredging depth limit, it is suitable for dredging polluted matenals since it docs
not disturb the bed, and there is practically no wear since there are no mechamisms in contact with the
dredged matenal (apart from the valves), the water-sediment ratio 1s also lower than for conventional

dredging equipment.

In dredging depths over 20 m the encrgy consumption of the air pump s ligh. In the Oozer pump the
suction capability 1s improved by mamtaining negative pressure in the tank, by using a vacuum pump
The pncumatic pump 1s free from cavitation problems and moves sediment in higher concentrations
than centrifugal pumps. Consolidated clay and debris in the sediment make the use of a pncumatic
pump undesirable (Scheuerlen, 1988)

The EPI pump (EPI Pncuma systems SPA| ltaly) consists of three tanks to allow a continuous
sediment discharge. The EPI pump also has a shovel installed to the cyvlinder of the pump n order
to dredge sermi-hard or hard matenals

It has been used in:

a) the Ofima reservoir at Palagnedra (Swatzerland) for hard bottom matenial with dredging
depthsupto Sl m

b) the Gibraltar Lake, Califorma, USA, to chiminate matenal deposited on the bottom of the
lake: mud, sand, gravel, up to depths of 48 m

¢) the SAIPEM SPA of ENI Group (ltaly) burying scaline project, working in depths up to
100 m

d) Shihmen reservoir, Tamvan, with dredging depth up to 30 m. In both the Gibaltar and
Shimen reservoirs, units with a capacity of 600 m*/h were used  The water-sediment ratio
achieved averaged |1, with the sediment consisting of clavey silt and clay

Another system, the Oozer (Japanese) uses one tank only, with a vacuum pump. Its range of working
depth, capacity and water/sediment ratio 1s similar to the EPI svstem
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3.26 Siphon dredging

Siphon dredgng (also called hydro-aspirator) (Figure 3.16) in a reservorr makes use of the hydraulic
head of the stored water in a reservoir to aid in the transport of dredged sediment through a floating or submerged
pipeline linked to an outlet at the dam or discharging over the dam. This principle has been practised in Italy and
China and resulted in reduced dredging costs. A relatively new approach, referred to as a Sediment Evacuation
Pipcline System (SEPS) (Hotchkiss, 1992), 1s similar to a siphon system. The svstem consists of a pipeline, either
flexible or fixed, linked to a low level outlet at the dam and the suction end at a sediment source. Unlike with a
siphon, the SEPS requires no priming and 1s not subject to low pressures. Pipeline sediment concentrations by
volume vary up to 8 % (Eftckharzadck and Laurren, 1990), which means that a relatively low sediment-water ratio
compared to conventional dredging and water losses, especially in semi-and arcas could be unacceptably high

Figure 3.16: Siphon dredging

The use of the availabke hvdraulic head i1s not new . As carly as 1892 - 1894, such a svstem was used
by Jandin to remove 1,4 million m’ of sediment from the Djidiouia reservoir in Algena (Fan, 1983)

The system consisted of a 61 ecm diameter pipehine, 1,6 km in length with a moveable pontoon to
manocuvre the suction end  Pipe discharge was about 1.5 m'/s A company in ltaly has used the
concept to remove sediment from reservoirs  The method was imtially applied in Lake Sassogattono
and Lake Molato in the 1960s. Subsequently the method has been used in the Abato Aloma project,
Italy, to prohubit the free discharge of dredged matenal in the river downstream of a dam. Details of
the Molato and Aloma Lake dredging are given in Chapter S In Italy booster pumps along the
pipeline were in some cases added when the hvdraulic head was insufficient
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In the design of a conventional dredging discharge pipeline system, sediment charactenstics and other
factors require that extremely high discharge velocitics are used, in the order of 4 1o S mv/s. This is
to prevent blockage of the pipcline which could result in senous production delavs and ultimately loss
of a complete pipeline. With siphon dredging these high velocities are only obtainable under specific
boundary conditions: high dam walls and full storage, and relatively short discharge pipelines. The
sclection of a suitable pipe diameter based on pipeline length and available water head 1s presented
mn Figure 3.17 (Geolidro, 1990 ) and was used in the siphon dredging of Itahan reservoirs. Typical
maximum and mean productions (with the ad of a cutter) obtained in Italy are shown in Figure 3.17

The main features of the siphon dredger are:

- Low cost. capital and running.

- Discharged water can be used for irngation and the system can be operated when required.,
having a permanent reservoir installation

- The sediment-water ratio obtained in the Geolidro (ltaly) system vaned from |:2 for clay,
to 1 3 to 4 for sand and gravel

In practice, where the sediment contains a high percentage of consolidated clay, the usc of a gravity
system such as siphon dredging without a cutter at the suction end will result in low production rates
Agitation by water jets or air will not solve the problem and large blocks of clavey sediment could
block the pipeline.

Siphon dredgers operating at a number of reservoirs in the semi-and regions of China have the
following advantages:

- Low unit cost of dredging

- The water sediment mixture discharged is used for irngation and serves as fertilizer

. The siphon dredger 1s casily manocuvred,

Problems expenenced are
- flexible joints in pipeline provide lugh flow resistance, resulting in large head losses
- at high concentration discharge, blockage of the pipeline may occur duc to low velocities and

abnormal pressure distnbutions

Downstream niver disposal could cause undesirable environmental effects and must be carcfully
evaluated at cach project. In Swatzerland, for example, the induced turbidity 1s himated by law to 4 %
by mass. Downstream disposal could, however, also have a positive cffect on the niver system by
improving the sediment imbalance caused by the dam.  If other reservoirs exist downstream of the
dredged one, disposal into the river will only mean a displacement of the sedimentation problem and
disposal sites in arcas next to the nver wall have to be investigated




In Atkinson reservoir, Nebraska, USA, a flexible pipe was installed, leading over the top of the dam
and discharging downstream (Hotchkiss, 1993). With this expenmental system 1t 1s hoped to optimize
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siphoning with a permanent, unsupervised installation.
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Figure 3.17: Siphon dredging efficiency
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Deep dredgers

Conventional dredging equipment can casily handle dredging depths of up to 30 m. In decper
reservoirs deep dredging equipment ( Figure 3.18 ) have been developed and used for the speaific
boundary conditions (sce the discussion on specific projects in Chapter S for details of case studies)

Although it 1s difficult to gencralize, a silt-tight remote-controlled grab system is probably the best
solution for the removal of sediment in localized arcas in deep reservoirs. The benefits are

- Dredging depth 1s unhimited

- The system can remove any kind of sediment, including debns
. Water consumption is minimized by excavating matenal i situ
- No turbidity 1s created

Figure 3.18: Deep dredging
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Although high hoist velocities of 9% m/min and a descent velocity of 135 m/mun are designed
(Deepdredger THL-3) (Roovers, 1989), the process is still not continuous, and theoretically higher
production rates can be achieved by pumping.  Features such as computer-aaded depth positioning
under vanable water level conditions, help to mimimize deep dredging costs

Underwater rotary hoe

The underwater rotary hoc 1s a new techmque based on excavation techniques used in mining and
tunnel construction. The matenal picked up by the hoe 1s carned on as a solid mass by means of an
Archimedean screw, then, in adding a little water, the consistency of the matenal is adjusted to the
requircments of a pump similar to those used in conventional dredging technology  No suction 1s
required and consequently no water 1s required for the excavation process. The man advantages are
high excavation rates at low water consumption, and avoiding pollution of the working area
(Sheuerlein, 1987).

Equipment based on this principle was developed by Hinteregger & Sohne (Austria), and has been
used under laboratory conditions and i a small-scale pilot project, achicving water sediment ratios
up to 1.5'1. Large-scale apphication will give final proof of its application

Walking dredger
Two types of walking dredger have been developed for small-scale dredging work, eg

a) The crawl-cat has four hydraulic spuds for vertical movement, cach spud having a crawler
for forward movement ( Figure 3.19 ). A swinging cutter ladder, which 1s moved by means
of hydraulic cylinders, is attached to the front of the pontoon. Normal maximum dredging
depthis Sto6m.

b) The roll-cat has 4 drum wheels, with a dredging depth of 3 m.
The main advantages of these dredgers are that no cables and spuds are required for positioning and

therefore no down-time during forward movement of the dredger is required (Van Dee, 1984). The
soil-bearing ability must be high enough to allow the use of a walking dredger




Figure 3.19: Walking dredger - Crawlcat

3.2.10 Disc bottom cutter

The disc bottom cutter ( Figure 3.20 ) 1s a special cutter head used in a cutter-suction dredger which
14 i .

rests honzontally on the sediment.  The sediment 1s loosened by rotating vertical blades and the

dredeed matenal sucked into a pump. Thas tvpe of dredeer 15 used for strongly consohidated silt and
E I | .

used i the dredging of Zeckoevler, discussed in Chapter S

sand A disc bottom cutter has been

P

Figure 3.20: Disc bottom cutter
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Ploughs

Ploughs arc used as low-cost dredging devices for the movement of matenial close to its in st densaty
over distances of up to a few hundred metres, for movement over short distances for localized
levelling, and the placement of matenal into suspension to allow removal by density current or niver
flow (Mohammed, 1994). In reservoir application a plough could be pulled by boat or by cable
svstem from land.  Figure 3.21 schematically indicates the use of a plough for agitation

Permanent dredging installations

The use of a system of fixed silt pumps (submersible or with suction pipes in the sediment) may be
consadered in reservoir dredging in a sediment trap. Thas type of installation has been tried out both
in Holland and Belgium in coastal applications (De Viieger, 1991). Tests led to the conclusion that
the "influence radius” of the pumping nstallation 1s limited, because the sediment processes a certamn
internal friction which causes it to adopt a certain “equilibrium slope”, preventing the gravitational
flux towards the suction mouth

Suitable Dredging Equipment for Reservoir Dredging

Although cach project has its own unique boundary conditions, it 1s gencrally accepted that for
reservoir dredging in depths of less than 30 m, especially with consolidated clay, the cutter-suction
or bucket-wheel dredgers should be utihized for large-scale bulk dredging projects.

At greater depths, the grab dredger could be used for locahized dredging.  Under suitable conditions,
siphon dredging will also provide a cheap dredging solution.

Selection of suitable reservoir dredging doces not only involve selection of the dredger, but also of a
sodiment transportation and disposal system. The boundary conditions in reservoir dredging, selection
of dredging and transportation equipment, and means of disposal, are discussed in Chapter 4
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FACTORS INFLUENCING THE SELECTION OF DREDGING EQUIPMENT FOR
RESERVOIR DREDGING

General

Any dredging operation consists of

- excavation of the sediment,
- transportation of the dredged sediment, and
. disposal.

The selection of dredging equipment 1s highly project specific and depends on a number of boundary
conditions. Reservoir dredging boundary conditions are discussed in this chapter, together with the

sclection of appropriate dredging systems: excavation, transportation and disposal
Reservoir Dredging Boundary Conditions

The cost of dredging differs from project to project, depending on specific boundary conditions. The
boundary conditions which determine the type of cquipment, method of operation, disposal,
production and ultimately the costs, are:

- Sediment characteristics
a) Geotechnical propertics of the matenal
b) Total volume of matenal to be dredged: localized or bulk dredging
c) Geometry and location of matenal: layer thickness
d) Quantity and nature of impunties: trees, construction and other debns, etc
¢) Presence of hazardous matenals for staff or equipment

- Hydraulic and hydrological conditions
a) Water required for hydropower or irnigation may be limiting on dredging
b) Current/waves: Flood conditions could limit dredging to the dry scason
c) Water levels: vanable due to vanable inflows and dam operation
d) Depth of dredging
c) Available hydraulic head for siphon dredging

- Water quality conditions
a) Sediment/nutrient dynamics
b) Algal/turbidity dynamics
c) Fe, Mn and heavy metal dynamics
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- Meteorological conditions
a) Rainfall
b) Temperature
c) Humidity

d) Wind velocity
¢) Visibility

- Environmental considerations
a) Turbadity
b) Dissolved oxygen, etc

- General site information
a) Accessibility of reservoir: hmitations on weight and dimensions for road transport
b) Availability of labour and matcnals
c) Operational restnctions. mght operation, public holidays
d) Availability of clectric power
¢) Restrictions on dredged matenal transport and placement
)] Environmental restriction, 1 ¢ turbsdity

Some of the major boundary conditions and their impact on the dredging operation are discussed
below:

Sediment constraints

Sediments carried by a river will settle in a reservoir as soon as velocity and turbulence have
decreased sufficiently.  Consequently the upstream section of the reservoir will take most of the
coarser matenal, while the finer sediment 1s deposited closer to the dam. The upper zone of the live
storage 1s subject to drying, consolidation and cracking when exposed during low operating water
levels. The fine matenal, which usually remains submerged, consolidates considerably over vears due
to the thickness and water depth. The finer sediment closer to the dam consists mostly of silt and clay
with a highly cohesive nature. (Breusers ot al | 1982)

The sediment encountered in reservoirs usually contams silt and clay, with very little coarse matenal,
except in the upper reaches of the reservoir. Compared 10 port silt, the density is relatively hugh, 1100
to 1700 kg/m’, with cohesions higher than 10 kPa ( Basson and Rooscboom, 1997 ) Nather plain
hydraulic suction nor jetting offers feasible means of dislodging the sediment  Expenience has shown
that the sediment has to be mechanically disintegrated before hydraulic transport
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The consolidated fine sediment remains stable at steep faces dunng excavation, something not
normally encountered in coastal dredging, with the result that dredging with the usual cutter-suction
dredger can only be done laver by laver, because of the danger of collapse when dredging at depth
(Korver, 1988) The typical excavation charactenstics of dredgers in different soil types are
presented in Table 4.1

Table 4.1: General characteristics of dredgers in different soil types

Excavation charscteristics
[Buckes] P12 T eurgee.| Traiting fg p,
Grab | Dipper |, o ader] SUction’ [g ciion| SUCtOn | omcel | PO | o rcavation
Dustpan Hopper
Difficult, Faur Very NA NA NA NA NA NA
bat large show
hinits copy
Fair Far Fair | Difficalt [Difficult] Dafficult | Faur Poor NA
Fair Fasy Fair | Difficult| Fair | Dafficult | Faur Fair
to L 1o fur
Fair to Easy Fair to | Daflicult | Fawrto | Fairto | Fawrto | Farto
casy casy | to far casy casy cusy | pood
Fasv | Easy but low| Fasy Fasy Fasy Fair o | Fasy Good
production casy
Very good
Daflicult Faw Faur NA | Easy o] Dafficult | Fasy Bad o
far pood
Fawr NA Easy | Difficult | Fasy Farto | Easy | Very pood
to fr Casy
Dafficult Far  |Iafficuld NA  [Difficult] NA Fant Only
10 fair to far to fair possible
after
disintegra~
Lon
sofl silty clavs Fasy NA Fairto| NA Fasy Fawr Fasy Fair
¢ alluvial clay) CASV
wm o stiff sty | Faur | Faur 1o casy | Easy NA | Fair to | Difficult | Easy Only
clays casy 10 far possible
after
disintegra=
hon
Easy NA Easv NA | Easvil Fawr Fasy | Very good
no gas
encoun=
teved
—— —_— ==

NA = Not applicable
Note Thas table only gives a rough indication and should be used with caution.  The qualifications used

(bad, poor, fair, casy, very good, ¢tc ) are meant to show the degree of suitability but should not be
related to the output or unit cost of production
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The total yvolumg of sediment to be dredged and the required production rate have a major influence
on the sclection of dredging equipment and the unit dredging cost: With large-scale bulk dredging in
excess of say 5 million m’, the costs of disposal and mobilization constitute a relatively small portion
of the total cost, and the umit dredging cost is therefore much lower than with small-scale dredging
projects (say less than | million m')

The thickness of deposited sediment 1s important in reservoir dredging.  Although millions of cubic
metres of sediment could be deposited in a reservoir, it could be distnibuted over a wide arca in the
rescrvorr, in a thin layer of sediment. Dredging under such conditions where the availability 1s poor
will lead to hugh dredging costs because the dredger has to be moved frequently.

The presence of debris 1n the sediment or plants, root systems of reeds, et could lead to slowing of
the dredging operation due to blockage of the cutter and/or the suction pipe. The root systems of
especially reeds are quite extensive and should not be underestimated. The only dredgers that can
handle debns are bucket, grab and dipper dredgers

When dredging reservoir sediment which is polluted, special care must be taken in the dredging
process as well as disposal of the matenial. 1t is however a misconception that all reservoir sediment
1s contammated. 1t s estimated that about 90 %% of sediment dredged from lakes 1s not contaminated
Turbidity should however be kept low when dredging contaminated sediment

Hydraulic/hydrological constraints

The loss of water from reservoirs in semi-and arcas due to dredging is of major concem.  Since the
sediment-water ratio with conventional dredging methods is normally in the order of 14, dredging and
disposal downstream of a reservoir could cause severe water losses and create a cnitical hydrological
condition for the dam. The problem 1s in some cases solved when npanan irngators can use the
scdiment-water discharge as part of the normal irngation release. This could linmat dredging to only
peniods with irngation relcases or at high storage levels

Placement of sediment docs not have to be downstream, however, but can be contained in dykes
around the reservoir just above the full supply level. Normally this arca also limits development
because it is in the flood zone. Flood flow velocities through a reservoir are normally low enough to
prevent damage to the dykes. After deposition in the disposal arca, clean water is returmed to the
reservorr

New dredging development reduces the volume of make-up water required for the dredging process
c.g dredger heads that can excavate with a low water consumption (Rosenbrand, 1991). Blockages
of the discharge pipeline may, however, be a problem.
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Vanable water levels and depth of dredging are two aspects of reservoir dredging that go hand in
hand If a conventional cutter-suction dredger with say a maximum dredging depth of 30 m is used,
the dredging operation can be moved scasonally along the reservoir to keep within the dredger depth
capacity. A probabilistic water resources model could be used to predict water levels in the reservoir
which will also help in selecting the correct dredger

If dredging depths exceed the normal depth working range of conventional dredgers, deep dredgers
have to be considered. In recent years the development of equipment has made dredging to depths

exceeding 100 m possible.
General reservoir dredging constraints

Transportability of the dredging equipment between reservoirs by road i1s in most casces a necessity
with reservoir dredging. This implics that the dredger must be dismountable which 1s normally not
a problem with reservoir dredgers which do not need the same superstructures as self-contained

occan-going dredgers.

Electric power instead of conventional diesel power could bring about a major cost reduction
Electric power is normally supplied by overhead lines on the bank, with a floating line to the dredger
which could be attached to the floating pipeline. Special precautions have to be taken wath the safety
aspects of the ckectnc power supply. Electnic power is often used at hvdro-clectnic power generation
reservoirs and 1s recommended for use at any large-scale dredging operation.

Apart from the excavation of the sediment, transportation and disposal of the sediment are of major
importance.

Transportation of Dredged Material to the Disposal Site

Various systems for the transport of dredged matenial exist, and it 1s possible to distinguish between
pipcline transport ( Figure 4.1) and mechanical transport:  barges, trucks, conveyer belts, cable
bucket conveyers

Pipelines pose the most attractive solution for both low-density and high-density transport.  In
reservoir dredging, flexible floating pipelines are used with cutter-suction dredgers. Steel or HDPE
pipe sections are used, with flexible joints and the pipe suspended by floats Combinations of floating
and fixed shore pipchines can also be used  Pipe diameters normally vary from 0.3 m to 0.8 m,
depending on the sediment charactenistics, pumping distance, etc Pipeline lengths of 2 to 4 km have
been used in reservorr dredging.  Normally booster pumpstations along these long pipelines are
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required to give sufficient head  In the Netherlands a temporary pipeline of |8 km with 10 pumping
units has been used to discharge dredged matenal (Breusers et al |, 1982)

The design velocities for these discharge pipelines are in the order of 3 to 5 m/s, to limit possible
blockage of the pipeline. The high velocities cause highly abrasive action in especially flexable jonts

Figure 4.1: Floating discharge pipeline at Mkinkomo reservoir, Swaziland

When mechanical dredgers are used much less water 1s contained in the excavated sediment, which
makes the use of barges or floating convever belts a necessity. A special positive displacement pump
can, however, also be used to pump the sediment at high densitics A concrete pump was used to
pump 20 000 m’ sediment over a distance of | 540 m with a 125 mm diameter pipe at a reservoir in
Germany. Loading shovels excavated the sediment which was subsequently sieved (50 mm) and
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pumped with the ijection of small amounts of water  The average sediment content pumped vaned
from 50 1o 54 per cent.

In transport from the dredger to shore, the dredger manocuvrability has to be maintained, while
shifting of the transport system must be simple and its workability good.  In most cases reservorr
conditions rule out the usc of floating conveyer belts or cable conveyer systems. Barge transportation
1s a well-known traditional method and could be successfully used with mechanical dredging
equipment, especially when dredging coarse sediment in the upper reaches of the reservoir: Double
handling of the sediment and low production rates could lead to high umit costs, however

On land, transport by convever belt i1s possible, but apphcability depends largely on capital cost and
expected lifetime (Korver, 1988). Trucks can be used for transport depending on distance and cost

Disposal
Dredged reservour sediment can be disposed of in several ways
Directly downstream of dam

This is one of the cheapest methods of disposal, but hugh sediment concentrations could cause
environmental concerns if not properly managed. In many countrics the maximum allowable induced
concentration in the downstream river is imited by legislation, for example, in Switzerland the
concentration limit is 4 % by volume (Pralong, 1986) In most Third World countries no legislation
exists to limit induced turbadity, but environmental concern will defimitely require a thorough study
of cach project.

If properly managed, discharge of dredged sediment to the downstream niver could be beneficial to
the environment by restoning the sediment imbalance caused by the dam

The dredging discharge could be used as part of the normal irngation water demand. therehy
munimizing water losses caused by dredging I the downstream irngators have weirs oa the nver,
sodiment releases from the maun reservorr will however fill these weirs within a short penod and it wall
only be dunng a high flow peniod that some of the weir sediment could be flushed out to obtain the
onginal regime

When siphon dredging 1s considered downstream disposal is the only option, but dredged sediment
could also be contained in disposal arcas along the nver  If downstream dams exist and sediment 1s
disposed directly downstream the sedimentation problem will only be transferred to another location
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When dredging 1s carned out under low flow conditions, downstream disposal could result in setthing
of most of the sediment directly downstream of the dam which will only be washed away under flood
conditions. This situation could, however, be beneficial to the environment by limiting turbidity
dunng low flow conditions, while at hagh flows the nver will only transport sediment according 1o its
equilibnum transport charactenistics

In the dead storage zone

Many reservoirs have dead storage zones, which are volumes of water below the lowest outlet which
were created by topographical outlet mitations and/or allowance for sedimentation during the design
phasc of a dam The dead storage zone can be used to dispose of sediment, but a minimum volume
of water should normally be mamtained for the preservation of aquatic life. Dredging therefore takes
place in the live storage sediment and it 1s transported and disposed of in the dead storage  Silt
screens should be used in the disposal arca to limat excessive turbadity and the release of nutnients in
the sediment which could lead to eutrophic conditions

Artificial islands may also be created by the dredged matenal, but the volume of water in the live
storage arca taken up by the island should be analysed in terms of water vicld/hyvdropower benefit
Disposal in the dead storage zone is not a long-term solution to the sedimentation problem

Next to the dam basin

By using containment dikes, it is possible to dispose directly next to the dam basin, above full supply
level. With thus approach the disposal arca will become temporanly unsuitable as a habitat for
animals and birds, but within a short penod of time, particularly in warm climates, the arca should
quickly revegetate and regain productivity.  Dikes allow the retention of ¢ffluent until it attains
suitable quality to be relcased back to the reservoir. Apart from additional evaporative losses, no
major water losses are incurred using this disposal method. The topography and recreational use of
the dam may cause limited sites for disposal, and consequently larger transport distances and higher
costs

By constructing dikes with say maximum heights of 3 m, disposal in layers of 0.5 to 1,0 m in depth
1o allow dryving, the use of a dramage system, and revegetation with natural flora, the environment will
not be harmed.  In some cases (Mkinkomo reservoir, Swaziland), the disposed sediment 1s used for
land reclamation next to the reservoir ( Figure 4.2 )
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In cases where land ownership 1s a problem, the arca between full supply and the high flood levels
could be used, or even just below full supply level in the hive storage zone.  Dikes should, however,
be designed in such a way that they are protected against the wave action, and the wetting and drving

caused by nsing and falling reservorr water lkevels

Figure 4.2: Disposal site (Mkinkomo)

Because of bulking of excavated sediment, iatially up 1o 2 or 3 umes the in site volume, and the slow
sctthing velocitics, the silt dam arcas must have sufficient volume and surface area to allow for quick
drving. It 1s possible to accelerate dewatenng of the deposits.  Breusers et al (1982), discussed a

possible procedure for reservorr sediment disposal: Dikes can be constructed from suitable dredged
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sodiment and subsequently filled with the disposed sediment to a depth of 1 m, and the surface water
dramed. The laver is then allowed to dry, a crust forms and cracks appear on the surface (Figure 4.3)
To mprove drainage and increase the surface arca, an amphirol can be used in the fresh mud  The
amphirol 1s an amphibsous vehacle supported by two counter-rotating cyvlinders to which a spiral blade
has been attached (Figure 4.4). Further furrowing maght be accomphished by the use of disc wheels
Once natural plant growth starts m the haghly nutnient-nich sediment, the deeper lavers are dewatered
by evapotranspiration (Figure 4.5)  After 6 months to 1 vear, depending on the chmate, the mud has
been converted into clay and a new laver of sediment can be placed on top of the former one
(Figure 4.6). This can be repeated several imes and 1n the end one 1s left wath a site suitable for
agnculture or other land uses

Figure 4.3: Disposal site after 3 months (Mkinkomo)
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Figure 4.5 Cross-section through disposal area
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Figure 4.6: Disposal site after 6 months (Mkinkomo)

Arcas downstream of the dam

If suitable open arcas are available, sediment can be discharged i contaned arcas next to the river,
downstream of the dam.  Unhke with deposition next to the reservoir basin, water will be lost
downstream. If irngation or compensation water has to be released in any case the dredged water

could be utihized for this purpose, thereby himiting losses
Off-site disposal
Roovers (1989) proposed a system of quick dewatening to reduce the volume of dredged matenal

when the sediment 1s to be disposed of at off-site spoil arcas by truck. Instead of using a diked arca
at the dam with its associated long drving time, hydrocyclones and a belt filter process can be used
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RESERVOIR DREDGING - INTERNATIONAL EXPERIENCE
General

Dredging of reservoirs 1s carned out on a routine basis in many countrics all over the world. The
purpose of this chapter is to discuss some of the case historics and hopefully to leam from the
histonical expenience with regard to the problems encountered with new technology applied,
consolidated clay, deep dredging. the cost of dredging, disposal, environmental aspects, etc. General
conclusions about the feasibility of dredging should not be drawn from the information provided.
because cach dredging project is to a certain degree unique.  Very few technical details have actually
been published on ficld reservoir dredging, probably due to the fierce competition amongst contractors
in the dredging industry

Chinese Experience

China expenences a highly vanable climate with rainfall of less than 200 mm in the north to more
than 2 000 mm in the south. Where surplus water s available the reservorr sedimentation problem
1s resolved by shuicing and flushing of incoming and/or deposited sediment. In the semi-and region,
however, sedimentation is to a large extent being controlled by dredging

The Xuanwei reservoir is a small (small in terms of Chinese reservoirs) lake-type reservoir built on
the Panlang River in the Yunnan Province. It has a mean annual run-off of 220 mullion m* and annual
incoming sediment load of 200 000 m* By 1980 the dam had lost half its storage due to
sedimentation, but since then dredging with one dredger was undertaken to maintain the remaining
storage capacity. The average efficiency of removing sediment has been 120 000 to 193 400 m' /a

The Shuichaozi reservoir, Kuengming Province, China, had an onginal storage capacity of
9,58 million m’, designed for power generation. The MAR and mean annual sediment load 1s
608 million m’ and 1.9 mullion tons respectively.  After 7 years of operation (1959 1o 1966).
5.1 million m’ of storage was lost by sedimentation.  Although a new reservoir was constructed
upstream in 1966, the loss of storage mereased 10 8,21 mallion m' (86 %) by 1981 With the original
capacity compnsing only 1.6 % of the MAR, a logical sediment control method scems to be flood
flushing. No sluice facilitics were, however, installed and dredging was the only way of preventing
total loss of the reservoir function

Two TYP-250 type dredgers have been used since 1979 dredging | to 3 km from the dam. The
scdiment consists of fine clay and silt. The average dredged discharge concentration obtained was
220,36 kg/m’, with a production of 242 4 vh
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In the Tianjiawan reservoir (onginal capacity 9,42 million m’), Shanxi Province, China, a siphon
dredger (also called hydro-aspirator) is used, consisting of a barge made up of six steel floats and a
floating pipeline of 229 m, 550 mm in diameter, connected to the dam outlet The siphon dredger was
installed in 1975 after the reservoir lost 40 % of its storage duc to sedimentation and the lack of
flushing water. The sediment deposits are composed of fine grans with a median diameter of 0,006 -
0,008 mm and a drv density of 0.8 - 1,27 Um’, with most of the sediment close to the dam, an idcal
condition for siphon dredging The annual run-off 1s 3,95 million m' and the annual sediment inflow
is 250 000 m'

In 1977 the annual run-off and sediment load were 4,16 million m’ and 298 000 m’ respectively
Water used for removing sediment amounted to 2,05 million m* and 320 000 m' of sediment was
dredged  An average concentration of 190 kg/m' was obtamed duning 695 hours of operation All
the water and sediment released were used for irngation. The production rate was 460 m' /h at an
average unit cost of 0,045 yuan/m’. A sediment-water ratio of 15,6 % by volume was obtained A
suction head of dustpan shape and nozzles were first used but a rotating cutter was later attached
The total head of the project 1s 17,4 m but the effective head 15 only 7.9 m

Followad by the expenence ganed in the Tanpawan reservoir, siphon dredgers have been widely used
m several small-sized reservoirs i the and and semi-and regions in the north and north westen parts
of China, such as

- the Xiaohuasan reservoir, Shanxi provinee
- the Hongqui rescrvour, Qinhuar provinee
- the Xintiau reservorr, Gansu province.

The United States Experience

In the USA it 1s estimated that $ 50 mallion is spent annually on reservorr dredging (Crowder, 1987)
at a cost of approximately $ 2/m* Most of these dredging projects involve relatively small-scale
dredging operations and also include dredging for environmental purposes

Lake Herman, South Dakota, USA

Lake Herman is a natural lake used for recrcaton. Due to sedimentation the average depth of the lake
15 1.7 m, with sediment approximately 2 mdocp. Dredging of 47 860 m' of sediment was carnied out
during the summers of 1970, 1971 and 1972 The silt was transported via a pipeline to a silt deposit
arca next to the lake. The average water depth was increased from 1,7 m to 3.4 m. No sigmficant
changes in the levels of organisms or nutnients were observed. Water returning from the deposition
arca to the lake, was lower in nutrients than the water in the lake
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A hydraulic cutter-suction dredger was used. with a floating discharge pipeline. The sediment-water
ratio obtained was 18 %. The dredging showed that not only could the depth be regained, but also
that the nutnients in sediments could be efficiently removed

White Tail Creek project, USA

Although on a very small scale, this project (Hotchkiss, 1992) illustrates the possible use of a
submerged pipeline siphoning device. At a trout farm, sedimentation of a weir disrupted the farming
operation and a dragline was required to remove sand for about 2 hours per woek.  In 1990 a
siphoning svstem was installed, consisting of a 150 mm diameter uPVC pipe with slots cut into the
top of the pipe 2,54 em x 50 em long The slotted arca is bigger than the pipe flow area and several
slots are therefore covered with cut-off hight-weight plastic pipe and moved once or twice a day

Other charactenstics of the scheme include

- pipehine discharge 0,05 m's

- pipeline length 11O m

- avaulable head 1.3m

- maximum design sediment load 140 000 ke/d

- maximum design sediment concentration 5.3 % by waight

- obscrved maximum mput to system 4 R00 kg/d

. observed sediment concentration: 0,06 % per weight

The low sediment-water ratio obtained i1s not acceptable for general application of the system on a
larger scale

Billings Lake Hydropower Reservoir, Sao Paulo, Brazil

A somewhat umque sedimentation situation developed in Billings Lake  The lake 1s located on a
watershed and 1s maimnly fed by water pumped into the lake by the Padreiro pumping station with a
maximum capacity of 380 m"s, at the 25 m high Rio Grande Dam. The pumped water contains fine
sediment which deposited and blocked the discharge outlet from the pumps

Dredging was carned out in 1990 by a contractor for Eletro Paulo  Channels were dredged in the
deposited sediment by cutter-suction dredger and the excavated matenal was transported by floating
pipehine away from the outlet and deposited into the lake  The dredging was considered feasible
(Eletro Paulo, 1990)  No dredging would mean loss of hvdropower and an increased rate of upstream
flooding
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Roseires Dam, Sudan

The Roseires Dam 1s located on the Blue Nile, near the Ethwopian border and provides imgation water
and water for the generation of clectricity which supphies approximately 80 % of the Blue Nile gnd
arca. Dunng the rany scason large quantitics of tree trunks, sediment and other debnis are deposited
ncar the intake of the hydropower station. Dredging has to be carned out dunng this penod to prevent
the silt and debnis from partially or completely blocking the water intakes to the power station

Dredging started in 1984 wath two clamshell dredgers A dredging programme with management and
training under Dutch bilateral axd was executed until 1986 Every year from November to July, when
current velocities permitted working with floating equipment, the arca in front of the intakes was
dredged  During the flood scason, when high curremt velocities prevent safe navigation on the
reservolr, the intakes are kept free by dredging part of the silt deposit directly in front of the intakes
by means of a dredger pump suspended from a clamshell dredger

Figure 5.1: Grab dredger - Roseires Dam intake dredging

Dredging experience at Roseires Dam indicated that merely keeping the inlet open can be a major
task, resulting in high dredging cost per cubse metre. No dredging would result in the loss of the dam's
function (Demas, 1991)

Reservoir Dredging in Switzerland

Lausanne Dam, Switzerland

Dredging of the Lausanne Dam involved the excavation of sediment 180 m deep to clear the water
intake (Pralong, 1986). A total quantity of 17 000 m’ sediment was removed at a cost of $ 11,70/m’

during a period of six weeks  Despite the relatively high cost per cubic metre, the dredging was

considered successful  No dredging could have resulted in total loss of the reservoir’s function
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Palagnedra Dam, Switzerland

The Palagnedra reservoir, which is part of the Maggia power plant, has been subject 1o quick
sedimentation which would have imited power gencration if dredging was not carned out

Evaluation of different solutions for cleanng the lake bottom led to the development of a dredger with
a floating pipcline (350 m) connected to a valve at the dam, and capable of dredging to depths of
50 m. The dredger consists of a dredger head suspended from the dredger by cable wath its own
underwater pumps to provide the suction and transportation of dredged matenal via a 350 mm
diameter pipeline to the surface, as well as water injection to loosen the sediment (Figure 5.2). At
the surface a discharge pump on the dredger pumps the matenal to the dam where it i1s discharged
downstream.  The dredger capacity is 120 000 m'/a, corresponding to 1% times the mean annual
sedimentation, considering that the dredging 1s limited to two flood penods of two months cach

Expenments on the cffects of discharging silt downstream of the dam have shown that this will have
no adverse effects on the quality of the water (Liechti and Hacberl, 1970)

Shihmen reservoir, Taiwan

Continuous maimntenance dredging was considered effective in the Shihmen reservoir. A hyvdrauhic
dredger was used to remove sediment from a depth of 80 m. The annual sediment removal was
estimated to be between 300 000 and 600 000 m*, while the cconomic life of the dredger was
estimated to be 10 years (Wu, 1986)

Reservoir Dredging in Italy
Molato Lake, Piacenza, ltaly

The sediment at the dam reached a thickness of 8 m to 10 m and obstructed the two main bottom
outlets and the powerhouse intake.  Sediment removal had a double aim:  to recover the useful
capacity and to free the bottom outlets

The dredging involved a cutter-suction dredger with a flexible submerged pipeline linked to the dam
to discharge sediment downstream  Although the sediment was cut with a normal cutter no pump was
used to provide suction and discharge. Instead, the hydraulic head of the reservoir was used A
booster pump was, however, emploved in cases of insufficient hydraulic head, such as when a long
pipeline would be used




Figure 5.2:

d
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Longitudinal section of dredging operation (Above)

Vertical section of the dredger (left)

1 Pontoon 8 Suction head

2 Frame, height 26 m 9 Upward pipe,
350 mm dia

3 Lifting winch 10 Flexible pipe

4 Float 11 Discharge pump

52 12 Cabin

6 2 pressure water pipes 13 Transformer

7 Hydro-ejector 14 Anchoring winches

Palagnedra reservoir dredging
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Alonia Lake, Potenza, Italy

The initial live storage capacity of this reservoir was 22,8 million m*  Dug to sedimentation however,
375 000 m'/year was lost. Dredging up to 1974 removed 5.2 million m' of sediment up 1o
1 500 metres from the dam The same dredging principle as described for the Molato lake, was
emploved

Design entena provided by the contractor (Geolidro, 1990) indicated production rates for hydraulic
head, pipeling lengths and pipe diameter. Mcan and maximum sediment removal rates are provided
in Figure 3.17 At high dams, with limited lengths of pipeline required, the cost (1990) could be
approximately $0.17/m’ of sediment dredged, which is much lower than conventional dredging
methods. Water loss depends on the sediment charactenstics for clay 2 m’ of water per | m' of
sediment while for sand-gravel 3 10 4 m' of water per m' of sediment. Disposal downstream could,
however, pose environmental concerns which are addressed in Chapter 4

The Algerian Experience (Bellouni, 1984, Balachir, 1980, In Bruk, 1985)

Dredging has been carried out in a number of reservoirs in Algena during the irngation penods to
recover lost capacity. A suction and force dredger with rotating cutterhead was used A sediment-
water ratio of 1:5 was obtained, but when plugging occurred in the floating pipchine the ratio
increased to 1:9. The dredger production was approximately 340 000 m*/month

The dredging procedure involved excavation from the dam to the upstream end to open a channel in
the deposits, to facilitate the movement of density currents towards the bottom outlets. Dredging
undertaken between 1957 and 1968 1s summanzed below:

_—
Year Sediment dredged (million m’)
1958 - 1961 10
1962 - 1964 i
1965 - 1966 1
1967 « 1968 12

Dunng 5.5 months of dredging in Hanmuz reservoir, 2 300 hours of effective dredging were recorded,
while 730 hours of stoppage occurred dunng the operanon.  The main causes of stoppage were
mechanical incidents, plugging of pipelines (235 %6 of the ume). changes of location, and changes in
discharge pipe lengths. In this case a production rate of 76 % of the nominal dredger capacity was
achieved, shghtly more than the roughly 70 %6 availability which 1s normally allowed for in dredging
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The method of siphoning sediment deposits was first suggested by Jandin (Brown, 1944) in the last
century. The method was used from 1892 to 1894 in the Djidiouia reservoir where 1,4 million m’ of
silt and clay were removed. Most of the sediment was, however, thought to be unconsolidated, only
498 000 m' was previously accumulated sediment.  The reservoir had an onginal capacity of
2,4 million m'  Jandin's equipment consisted of a flexible pipe, 61 cm in diameter, capable of
discharging 1,53 m'/s under normal operating conditions  The average content of sediment in the
inflow was only 3 %, with a maximum concentration of 7 % dunng flood flows. The pipeline was
connected to an opening at the base of the dam and could be moved around the reservoir within a
radius of 1.6 km What made this method different from other simple siphon pipe systems, or the use
of a siphon for transport while using a conventional cutterhead to disintegrate the sediment (Geolidro,
1990), was the use of a turbine near the mouth of the pipe actuated by the pipeline flow, coupled to
a whecled chopping instrument ncar the intake end of the pipe. This chopping instrument was
designed to agitate the sediment.

Austria (Kobilka and Hauck . 1982)

In Austria a chain of hydro-electnic power stations on the Danube River was constructed from 1957
to 1968. At the Ybbs-Persenbeug power station reservoir, sedimentation in the upper reaches caused
flood risk and navigational problems. During the first four vears of operation, 800 000 m’ of
sodiment was deposited in the 76 million m* reservoir. The same problem occurred at the upstream
power station with a storage capacity of 54 million m*. During years with floods up to 400 000 m'
of sediment was deposited. These gravel deposits were penodically removed by dredging which was
considered cconomically viable since the dredged matenal could be used for construction purposes
clsewhere

The problems encountered in Austnia are not unlike the recent investigation in South Afnica where the
sedimentation in a senes of possible reservoirs on the Vaal and Caledon nivers to facilitate upstream
pumping. was analysed

Reservoir Dredging in Japan

Akiba Dam, Japan

The Akiba Dam, 34 mullion m’ in capacity, 84 m high, was constructed in 1958 for power gencration.
Annual removal of 400 000 m’ of sediment is required to mantain the onginal river bed and is

obtained by

- dredging of 150 000 m’ /a of silts and clay up to 4,5 km from the dam, and disposal
upstream of the dam, to be released with flood discharges
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- dredging of 200 000 m'/a of well-graded sediment 4.5 km 1o 8.2 km from the dam, used for
concrete aggregates

- excavation of 50 000 m'/a of gravel upstream 8,2 km from the dam by drv mechanical
cquipment, of which some is used as concrete aggregate

Sakuma Dam, Japan (Murakami, 1979)

The Sakuma Dam had an oniginal capacity of 330 million m®, is 155 m high, and 1s used for power
generation. A volume of 73 million m* of sediment accumulated in the reservoir during its first
24 years of operation since 1956, equalling a rate of 3 million m'/a

Approximately 0,3 million m'/a is dredged in the upper reaches to counter niver bed aggradation. The
coarse matenial 1s used as fine aggregate for concrete (Bruk, 1985), and road construction

Only the upper reaches, 22 to 30 km from the dam, were dredged. Two dredgers were used to dredge
and haul 750 m'd to the disposal site § km from the dam, making one round tnp per day  The

number of working days 1s himited by reservorr operation for power generation and flushing to
270 d/a

A combination of flushing, watershed crosion dams and dredging of the coarser sediment in the upper
reaches of the dam is practised to reduce sedimentation of the reservorr

Miwa reservoir, Japan
The Miwa reservoir, with an onginal capacity of 37 million m’, with a dam 69,1 m high, was
constructed in 1959 for flood control, irngation and power gencration. In 1972, 9.5 million m' of

storage capacity had been lost due to sedimentation

Dredging began i 1965 and 2.3 mullion m' had been excavated by 1974 The dredged sediment was
used as concrete aggregate (Bruk, 19K5)

Rioumajou Dam, France (Evrard. 19%0)

A hvdraulic siphon device was installed at Rioumajou Dam to clear the water intake and sluice from
sodiment. The siphon straddles the 21 m high dam, with the 450 mm diameter, 20 m long upstrcam

pipe located ncar the mlet. The discharge 1s | m'/s with a scdiment-carrying capacity of 15 kg The
siphon device operates with remarkable efficiency and its cost was recovered almost within one vear




Deep Dredging (Newman, 1992)

Dredging had to be carned out at a hydropower intake at a 120 m high dam, with water depths
ranging from 110 mto 55 m  The sediment consisted of clay (27 %), 67 % silt and thick mud  The
required production per annum was 500 000 m’ of sediment at 150 m'/h, while the dredged area
covered a strip 500 m from the wall, 400 m wide. Furthermore the equipment had to be clectrically
powered and transportable

Exasting decp dredgers used in muning were first investigated.  The soft silty sediment precluded the
usc of a remotely operated tracked vehicle with bottom stationed pumps, which would have sunk into
the soft silt. Sinular jet pumps mounted in flotation buoys hovenng above the work site would have
resulted in the suction head picking holes i the silt. Grabs and centrifugal pumps hung over the dam
were tnied but tended to create holes.  This was because the silt, although soft, was still too stff to
flow into the hole created by the suction tube.

The dredging solution adopted consists of a surface pontoon, from which the dredging 1s controlled,
an 800 m long floating power cable, a 550 m long floating pipeline which discharges sediment over
the crest of the dam, and a submerged dredging umit (Figure 5.3) The 18 m x 18 m steel frame
submerged unit has 3 pumps

A water pump supplics the luidizing jets.

- A pnimary jet ventun pump picks up the silt and ensures complete disintegration of the
sediment,

- A centrifugal pump discharges silt to the surface 1o a booster pump on the pontoon

Blockage of the suction pipe 1s solved by using the jet pump in reverse flush mode. The dredging
module contains multiple fluidizing heads on three levels. The module 1s operated by lowening it at
a rate of S cv/mun to a maximum depth of 4 m into the silt. The whole system (pontoon and dredger
madule) can be moved progressively forward through the silt, again at about 5 cVmin.  The system
is capable of production rates of up to 750 m'/h. No indication of the unit cost of dredging or actual
production rates was given
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Figure 5.3: Tailored intake dredging suspended jetting suction unit
Chiryurt reservoir, Russia (Vorobev et al | 1939)

The Chiryurt reservoir was constructed in 1961, Sedimentation reduced ats hive storage from
9 million m’ to 1,5 nullion m* by 1968 After conducting a series of flushings it was, however
possible to remove the deposited sediment.  Two hvdropower reservorrs, the Chirkey and Maatla
plants, were constructed upstream in 1978 and 1988 respectively, which reduced the sedimentation

at Chirvurt reservorr

Since 1985 the sediment has been removed by dredger in combination with hvdraulic flushing
Dredeing was carmed out at the imgation intake (260 000 m’) and at the nght bank ntake
(130 000 m’). The dredging cost was 387 000 rubles, too high for general excavation in the reservour

basin

T'o increase the effectivencss of removing sediments, the management of the cascade of Sulale hvdro
clectnic stations developed and tested a method of combined removal by dredging and hyvdraulhic
flushing. Pilot channels, curvilinear in plan, 10-20 m i width were to be cut as indicated in
Figure 5.4 The dredged channels increase the storage volume, reduce the water level and
subscquently lead to increased veloaties in the dredged channcls under slimemg conditions The

curvilincar shape of the channel also increases the crodibility of the concave part of the sediment




Schematic diagram of the loction of the cuts in the Chiryurt
reservoir: 1) intake works; 2) pilot channel of the first phase; 3) pilot channel
of the second phase; 4) pilot channel of the third phase; 5) zone of cleaning
by the dredge; 6) boundary of the reed beds.

Figure 5.4: Combined dredging - flushing operation

One cut, 180 m in length, 2.5 to 3.5 m deep and with a volume of 25 000 m* |, was dredged  Two
hydraulic sluicings were carned out, the first by lowening the normal pool level by 1 m for 9 days
and a sccond by lowenng the pool by 2 m for 26 dayvs  Surplus water was used which resulted in
maximum concentrations of 0.75 g/t at 600 m"/s (201 000 m' sediment removed) and | g/t at
550 m'/s (740 000 m’), for the first and second flushings respectively

Changes in the direction of the velocitics in the flow in the region of the cut led to gradual crosion of
the left bank deposits above the cut and to the crosion of the island. widening the inlet of the channel
by 10m

This combination of sediment removal techniques could be useful under specific conditions 1o remove
overbank deposits
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DREDGING IN SOUTHERN AFRICA
General

Dredging has been carned out for many vears in ports, beach nounishment projects, maninas and in
the mining industry in South Afnica. A number of reservoirs have also been dredged. While most of
the ports and major coastal projects are dredged by government in South Africa, numerous small
harbour, manna and environmental dredgings have been carned out by private contractors in recent
vears.

Although dredging has been with us for many vears, 1solation to some extent due to political reasons,
led to the use of relatively outdated equipment on projects not always suited to the avalable
cquipment.  This resulted in excessively high unit dredging costs ranging from R2 to R30/m’ of
sediment removed.

The Department of Water Affairs and Forestry (DWAF) has been approached by several European
dredging companies with proposals to dredge reservours dunng the 1980s - Although ficld visits o
some reservoirs were undertaken, the total water resources picture of the country was never
considered and costing of possible dredging was on a very general basis. Thus, obtained costs for
dredging were in the order of R4 to R12/m’, much higher than the alternatives such as the raising of
adam. These quotations were therefore never followed up by the DWAF . Dredging on a small scale
by private contractors have, however, been carried out in a number of reservoirs and inland projects,
although some at high cost

Dredging has been carnied out in Zeckoevier (Cape Town)., Campsdnift canal (Pictermantzburg),
Hermanus estuary, Richards Bay harbour and mining (Richards Bay Mincrals), miming at Ludentz,
Collywobbles reservoir in the former Transkeir, Mkinkomo reservoir in Swaziland, sandmining at
Mgemi River mouth and Caledon River, Mgem canalization, Kocberg (Cape Town), Manna
Martiiique, Saldanha Bay, San Lameer Lake, Club Mykonos, Vaal River (bndge construction), and
at several mines

Techmcal details of the dredging cartied out at some of the above projects are discussed in the
remainder of this chapter. The actual cost of histonical dredging s discussed in Chapter 7. These
projects include

Collywobbles (Mbashe), Transker
- Mkinkomo reservorr, Swaziland
- Campsdnft canal, Pictermantzburg
Zeckoevier, Western Cape
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- Canalization of Mgemi River, Durban

- San Lamcer Lake, KwaZulu Natal

Dredging Case Studies

Mbashe weir (Collywobbles), Eastern Cape (Rooscboom, 1993)

I'he first large-scale reservoir dredging in South Afnica to recover lost storage was carmned out in the
Collywobbles reservour (also known as Mbashe), in the former Transker. Collvwobbles had an
onginal storage capacity of 8.8 million m” and was designed for hvdro-power generation.  Severe
sedimentation prompted the owner of the dam to adopt dredging as a method of controlling the
sodimentation after the use of a low level outlet proved to be msufficient to flush deposited sediment

Figure 6.1 shows sediment removal after flushing, with the dredecr in the foreground
4 g \ §

Figure 6.1: Mbashe (Collywobbles) reservoir dredging




Investigation of the sediment load and charactenstics in 1986 led to the recommendations that both
a small (200 vh) dredger and a large (1 200 th) dredger should be purchased. The small dredger was
to be used for removing sediment withan a radius of 250 m of the penstock inlet and the large dredger

to regaun sufficient storage capacity within the reservorr (Rooscboom, 1993)

Whilst the smaller dredger did manage to keep the penstock arca clear, practical problems were
encountered with its operation especially when the dam was overflowing It required five full-time
emplovees to operate this dredger. As it had to operate dunng penods when the dam was not spilling

it used storage water which was lost for power gencration

I'he larger dredger, with a design capacity of 750 th (4 mullion m' sediment per vear), was used
from 1986 to 1989, and was sized to enable the removal of the estimated annual sediment inflow of
2.3 million m' by operating the dredger dunng peniods when the Mbashe River inflow exceeded
generabion requirements.  Dunng such penads of excess nver mflow no cost was assigned to the water
required for the operation of the dredger.  In addition, the installed capacity of the Mbashe hvdro
station exceeded the total Transker clectrical load in 1986, and the encrgy required for the dredging
operations could be provided by the hvdro-station at no addinonal cost. This was achieved by using

a floating power cable

Figure 6.2: Mbashe dredger (jet pump technology)

I'he dredger was operated by the Transker Electnety Supply Corporation (Tescor) between August
1986 and Apnil 1989 Tescor achieved only 16 % (800 000 m/a) of the maximum rated dredger

output of 5 mulhon m” sediment/a duning thas penod duce 10 a number of reasons
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a) The clay content of the sediment was much higher than onginally predicted, giving it a
cohesive nature

b) The dredger, a jetpump system with watenjets for agitation, had to be modified by adding a
hornzontal drum agitator to cope with the cobesive clay sediments.  Sediment-water ratios
obtained were, however, still low

c) Mcchanical failure of major dredger components was one of the main reasons for the low
dredging output. Mechanical components from different countnies used in building up the
dredger proved to be incompatible

d) Dafficult operating conditions.  The dredger could not operate properly under flood and high
wind conditions. Under low inflow conditions the limited quantity of stored water had to be
used both for power generation and dredging

The nominal dredger ratings were:
Avcrage sodiment discharge - 750 vh
Average pumping water discharge 2520 m'h (0,7 m'/s)

With the average dry density of silt, 1.3 Um', the average rated volume of sediment removed per hour
was 577 m' The rated sediment-water ratio 1s therefore 1:3.3 (23 %) which scems realistic with an
upper himit of 25 % sediment (ratio 1:3)

Although the nominal annual dredger rating is 5 million m* sediment/a (say 52 weeks @ 975 m'h @
5 davs/weck @ 20 h/d), a design average annual rating of 70 % of the maximum rating 1s normally
accepted due to availability, in this case equalling 3.4 million m*/a  The realistic average annual
dredging rate achicved by Tescor 1s therefore 23 % of the design rating. which 1s still extremely low

When dredging started, a concern was that discharged sediment might build up downstream of the
dam. This did not matenalize and no ecological problems were identified which could be attnbuted
directly to dredging.  In the case of Collywobbles the discharge flows to the Indian Ocean about
30 km away, with very hittle development along the nver

At the start of dredging operations a minimum storage of 1.5 million m' was required, but during the
course of dredging the clectnicity tanff scheme changed and resulted 1in a minimum required storage
of 1,0 million m". It was therefore decided to discontinue dredging in 1989 because it was felt that
by reconstructing the sluice gate at the dam, this mimmum storage capacity could be mantained by
flushing.
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The unit dredging cost determined for the Collvwobbles reservoir is approximately R2/m’ (1993
escalated) Details of how this cost was determined are given in Chapter 7.3.1

Mkinkomo reservoir, Swaziland

The case of Mkinkomo reservoir (Friede, 1994 and Haskoning, 198%) illustrates the scope of a
dredging project to restore lost reservoir capacity

The relatively small Mkinkomo reservorr (8 m high dam) located on the Lusushwana River, came into
operation in 1963 (Figure 6.3) By 1987, the deposition of nver sediment had reduced the onginal
capacity of about 3,2 million m* to about 0.8 million m"  The sedimentation resulted in a large
quantity of suspended solids entering the hyvdro canal, leading to the Edwalemi and Maguduza power
stations. Excessive wear on the turbines of these power stations occurred, despite continuous
dredging of the Edwaleni headpond, located just upstream of the penstock to the Edwaleni power
statwon,

The regime of the Lusushwana River changed after 1984, when the upstream Lupohlo-Ezulwini
hydro-ckectric scheme with a capacity of 20 million m' came into operation. The Lupohlo reservoir
permits the operation of the Edwaleni and Maguduza power stations at a hagher load factor and also
duning penods of lower river flow. The operation of the Mkinkomo reservour is integrated into the
whole hydropower system and functions more as a short-term buffer than a storage faciity  The
sedimentation reduced its power-peaking capacity

The feasibility study (Haskoning, 198%) indicated that a cutter-suction dredger should be used to
remove 2,5 million m’ of sediment, with transportation by floating and shore-based pipeline and
placing of the dredged material in confined disposal basins downstream of the dam along the main
strcam

The costs and benefits of dredging were estimated, based on repeat dredging after 12 vears, which was
calculated as the optimum penod.

The costs consist of’

- backlog dredging, duration 1% vears

- loss of power duc to water loss during the dredging process
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The benefits were the avoidance of

regular cleaning of the outlet by divers

power loss during the outlet cleaning

dredging of the headpond

power loss due to reduced reservoir capacity and related spillages

During the design phase of the project the land designated as disposal arca could not be made
available duc to problems of landownership. Another approach was used which involved stonng the
dredged matenal by building a sediment-retaiming dam about 6 km downstream of the dam  The
estimated cost for the retaining dam was no higher than the anticipated costs for the construction of
the disposal basins on the sloping area along the river

It was also calculated that it was feasible to build a sediment trapping dam upstream of the Mkinkomo
reservoir once it was dredged.

In 1991 tenders for the dredging of Mkinkomo were received  Although the dredging cost was
approximately R4,00/m’, this excluded the cost of the civil works of the disposal dam, ¢tc. The
relatively high tender prices forced the owner of the dam 1o resort to an altermative dredging approach

A RSA-based dredging contractor was approached in 1993 10 use a cutter-suction dredger with
disposal by floating pipeline, directly downstream of the dam A volume of 250 000 m* of sediment
was dredged at a umit cost of R4,50/m’ Duning this peniod of dredging there was hittle or no nver
flow downstream of the dam and disposed sediment was left directly downstream of the dam. The
clayey material caused concern to both environmentalists and npanan wngators.  Fortunately the
sediment was washed away during the rany scason.  Instead of downstream disposal, shimes dams
were constructed next to the reservoir and dredged sediment s currently disposed of into these dams

The dredged matenial is used for land reclamation.

A total of 700 000 m’ has been dredged since 1993 and it is estimated that a further 350 000 m* sull
had to be dredged. The dredger and disposal site are shown in Figure 6.4

The cutter-suction dredger used 1s ideal for the consohdated clavey sediment. A production rate of
180 to 200 m’/h under favourable conditions is achieved  Earlicr dredging using water jets showed
that clay lavers in the sodiment could be undercut and the laver eventually broken down, but the clay
blocks proved to be difficult to transport by pipchine.  The same problem was experienced at the
Collywobbles reservorr, Transker




Cutter-suction dredger

Cutter-head

Disposal site next
to reservoir basin

Figure 6.4: Mkinkomo reservoir dredging - Swaziland
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The maximum dredging depth 1s 8 m. A 300 mm diameter floating pipeline, 320 m in length, 1s being
used with the dredger The chient. the Swaziland Electneity Board (SEB) provided an overhead power
supply on land, as well as a floating power cable which 1s linked to the floating pipeline.  Electric
power results in a significant cost saving

Few major problems have been expenienced since dredging started. Only blockages by debnis in the
suction pipe have occurred, but these could be rectified quickly by raising the cutterhead and cleanng
it. The discharge pipcline flow is maintained by jetpump under these circumstances. A 24-hour
operation s mantamned.  The dredger 1s manocuvred by spuds and land-anchored cables. Discharge
pipehine velocities of 3 mv's ensure that no settlement wall occur, but as an extra precaution clean water
is pumped cvery 3 hours to flush the pipeline.

The use of conventional equipment on the disposal site proved to be more expensive than expected.
Fortunately most of the sediment 1s sandy and free-dramming which facilitates handling  The dredged
scdiment 1s disposed of by land-based pipeline with two discharge ends in order to discharge
alternately in newly constructed diked arcas. With the 24-hour operation of the dredger, it 1s quite
a formidable task to keep ahcad with the construction of new diked arcas, whilst muninusing the
unnecessary use of equipment and movement of matenal. 1t is foreseen that the disposed matenal will
be built up to a maximum height of 7 m and wall be left for 3 vears before it wall be used as industnal
site. The cost of disposal is estimated at R1,20/m".

The SEB foresces that dredging will probably have to be repeated in 8 vears” time, and although this
is highly expensive (at a current (1994) umit rate of R6,20/m’), no alternative exists.

Campsdrift canal

The Caty of Prctermantzburg canalized a portion of the Msunduze River in order to make available
additional land for industnal development and to create a recrcational facility. A sedimentation basin
was constructed at the upstream end of the canal, which could be drained after major storms to
facilitate removal of silt deposits by excavators and trucks. It had been estimated that 80 % of the
annual incoming sediment load of 100 000 m* could be trapped in this way

In September 1987 the canal expenenced a flood which filled the sedimentation basin wath silt to
capacity and deposited large quantitics of sediment in the main canal  Prior to this Nood, sediment
from the sedimentation basin and canal had been removed with excavators and rough-terram dump
trucks, with disposal on the canal banks in allocated arcas

In March 1988 a sigmificant flash flood deposited more sediment into the canal system and in July
1988 a contractor was appointed to remove 95 000 m' from the sedimentation basin with dry
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excavation methods previously used  The sedimentation basin has fairly coarse sediment which 1s
relatively free draiming. One problem using dry mechanical methods to remove the sediment 1s that
it has to be carned out in a short tme span dunng the low flow scason.  Pnior to the sediment removal
the use of aither a cutter-suction or jet pump type dredger was investigated, but it proved to be more
expensive than the use of conventional equipment. The dredging option included a dredger, a
permanently installed buned pipeline, and suitable shimes dams to be constructed to give landfill
depths of about 1,5 m, while drainage/drying times of about 6 months were anticipated

The main canal was cleared of silt twice dunng the dry scason by mechanical excavators. It was
necessary 1o dewater the arca to be excavated by forming drainage channels along the length of the
canal bed on both sides of the canal. Large submersible pumps were emploved to assist in draning
the body of sediment to be excavated and it took four months to remove 88 000 m” via numerous
ramps cut into the left bank of the canal  Draining of the canal meant total loss of the recreational
facility for four months

In 1990 a total of 275 000 m' was dredged from the man canal by cutter-suction dredger, and
disposed along the banks in allocated arcas by pipeline. The maximum pipehne length used was
approximately 1 S00 m ( Sce Figure 6.5)

The future approach by the City of Pictermantzburg will be to use conventional equipment to remove
sodiment from the sedimentation basin, and dredging in the main canal with disposal along the banks
in allocated arcas from where the dned sediment 1s removed to off-site spoil arcas within a 10 km
radius. The unit cost of the sediment removal, as discussed in Chapter 7, 1s extremely high

Zeekoevier (Anon, 1982), Western Cape

During 1982 dredging of approximately 200 000 m” of silt and sand was carned out in the Zeckoevier
A disc bottom cutterhcad instead of a crown cutterhead was sclected because of lower induced
turbidity. The head consisted of a number of cutting blades fitted between a bottom plate and top nng
with the suction head inside the cutterhead. The higher number of cutting blades than the crown
cutter also worked as a safeguard aganst obstacles

The dredging carmed out at Zeckoevier s generally termed environmental dredging today
Transportation of the sediment was by 400 mm diameter steel pipe, | 700 mon length. The disposal
sitc was a diked reclamation arca.

The unit cost of dredging and disposal, escalated to 1994 value, was in the order of R16/m’ of
sediment removed
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Canalization of Mgeni River, Durban

Dredging near the Mgemi River mouth from 1981 to 1984 was carned out by a Belgian contractor
with a cutter-suction dredger. The progect had the following boundary conditions and characteristics

. Volume dredged: 4,15 million m’

- Matcnal: Silt and coarse sand

- Availability: 15 755 h effective dredging/(7 x 24 hours per
week x 146 weeks) = 64.2 %

- Production: 263 m'/h

Of 8 800 hours of delays, 4 600 hours were duc to blockages of the pump and cutter

- Transportation was by 200 m floating pipchine and 3 000 m shore pipeline (450 mm
diameter)

- The average dredging unit cost achieved was 2 USD (1984), which 1s extremely high when
converted to a 1994 value

San Lameer

The San Lameer recreational lake had to be dredged in 1987 after high flows filled it with sediment
The average depth was only 0.3 m , instead of the required 1.0 m depth, and special precautions had
to be taken dunng the progect to protect the ecologically sensitive river banks. In 1987/88 tenders for
the project were asked, but the quoted R 1,6 mullion (escalated to 1994 cost) was considered too high
After discussions a smaller dredger was contracted at R750 000 (1994 cost). Disposal was by
pipeline at sca. The low production of the dredger, together with problems with reeds, resulted in only
20 % of the project being completed when it was decided that draglines and conventional equipment
for transport would be required 1o keep within the budget ( Figure 6.6 ) The final project cost was
approximately R9S0 000 (1994).

The lesson lcarmed from this project is that the selection of the appropnate dredging equipment for
a project is very important.  During the project the boundary conditions for the environment had to
be changed to keep costs down.




Figure 6.6: San Lameer dredging operation
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7.1

COST OF DREDGING
General

The use of dredging as a methad to control reservoir sedimentation has often been discarded duc to
the associated histoncally hagh umit costs. Despite the relatively high costs, dredging of reservours
has been, and is, practised throughout the world  Local Southern Afncan experience showed,
however, that dredging costs could be in the same order as alternative methods 1o deal with reservorr
sedimentation, such as the construction of new reservoirs or raising of a dam

Traditionally, the dredging cost expressed as a unit cost per cubic metre of sediment removed, was
related directly to the capital cost of say. rasing a dam expressed as a umit cost (R/m’), or in some
cases to a present value unit cost, calculated over a 45-vear penod.  Tyvpical hustorical unit costs of
constructing new storage range from approximately 10 ¢/m’ of storage to 50 ¢/m” (1994)  These

relatively low costs are, however, nsing duce to reasons such as

(a) limited wdeal dam sites

(b) nsing labour costs

(c) dam safety aspects in raising dams
(d) environmental concerns

(¢) SOCIO-CCONOMIC 1SSUCS.

Typcal costs of reservoirs (DWAF, 1994) in South Afnica, escalated to 1994 values, are indicated
in Table 7.1

Table 7.1: Historical South African reservoir construction unit costs

Dam River Constructed iy Uik ok (156 i
(million m”) (R/m’ storage capacity)
Zambock Slang 1987 193 0,71
Inanda Mgem 1989 256 0,94
Knellpoorn Rictspruat 1989 137 014
Wolwedans Giroot Brak 19%) pJ | 244
Dnchoppics Lomat 1M 251 200
Woodstock | ugcla 1952 X1 021

It 1s not quite clear how these reservoir umit costs were calculated, but it might be that some of the
overhead costs which normally form pant of private contractor comtract prices, were not included in

these government constructed dams
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The Drickoppics Dam with a full supply capacity of 251 million m’, presently under construction,
1s a recent example of where the capital cost i1s in the order of R500 mullion, thereby resulting in a
direct calculated unit cost of close to R2,00/m’ of storage capacity

On the other hand, dredging has a much wider range of related unit costs, ranging from R1,00 to
R30,00 per m’ of sediment removed  The cost of dredging is highly site-specific dependent on a
number of boundary conditions (see Chapter 4). Typical high volume (> 20 000 m’) mining dredging
in coastal arcas is in the order of R1,50/m’, and it is believed that this unit cost can also be obtained
in reservoir dredging in South Africa.  For smaller general dredging projects typical unit costs are
higher, in the order of > R4,00/m’.

In reservoir dredging the cost of dredging should. however, not be expressed and compared to
alternative methods in terms of a unit cost per m' of sediment removed, but rather in terms of the vield
or hydropower benefit (or other gains). This approach is necessary because compared to the
construction of additional storage or the raising of a dam, dredging gives a much higher vicld benefit
for the same capacity created or dredged  This 1s especially true in the semu-and to and regions of
our country. By raising a dam the additional storage created usually has basin charactenstics which
increase evaporative losses, while with dredging it is possible to make use of the onginal narrower
valley bottom, with a much better capacity-vield relationship  In decp deposits of sediment,
sometimes up to 20 m deep (Prins River Dam, Welbedacht Dam), dredging of a "reservour™ within
the deposits will create addional storage, with no increase in water surface arca and evaporation

A further advantage of the dredging of reservoirs is that costs can be distnbuted over a number of
years, resulting in a lower present unit cost of dredging than with capital investment, such as with the
raising of a reservoir. When a dam is raised (or a new dam constructed) it 1s necessary to allow for
future sedimentation, say 30 to 45 years ahead. The storage created imtially therefore has a higher
vield than is immediately required. With dredging, however, it is only necessary to dredge to obtain
a capacity and associated vield to supply the demand at a required assurance. Dredging costs can
therefore be kept to a minimum and by delaving dredging as long as possible, a lower present unit cost
of dredging can be obtained

Dredging of a reservoir will normally be carnied out to regain the required yield, which will involve
high volume dredging over a number of years. In order to mamtam the required water demand,
"continuous” maintenance dredging will be required to cope with annual sedimentation.  The unit cost
of this dredging could be lower than the imtial dredging because the sediment to be removed s less
consolidated, and by using dredging in combination with other control methods such as flushing or
agitation dredging and density currents, further cost reductions could be achieved
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The cost of disposal should not be underestimated and it could casily constitute 20 % to 40 % of the
total unit dredging cost (Korver, 1988)  In the case of Mkinkomo reservorr, Swaziland, disposal costs
are R1,20/m’ of sediment dredged, ncarly 20 % of the total umit cost

The unit cost of dredging can be reduced by:

- Limited capital cost A dredger for protected waters can be much simpler in construction
than a scagoing vessel and usually is constructed of a number of pontoons. In South Africa
the approach to build dredgers locally with importation of major components such as pumps
and cutter, has resulted in major capital cost savings (Mkinkomo). Incompatibility of
equipment could, however, lead to mechanical failure (Collywobbles).

- Using ¢lectric power instead of diesel power. When nearby power supply is available, a
floating power cable could be utilized  This could result in a major unit cost reduction.

- Working longer hours. Because of the relatively large capital cost of a dredger, working
hours of 20 hours per dav, for say 6 days per week, are often adopted.

- Minimizing manning  Manmng on reservorr dredgers can be substantially ehimimated because
of monitoring equipment which automatizes the dredging operation 1o a large extent

- Keeping cstablishment cost down. The case of transporting a reservoir dredger by road and
reassembling on site ensurcs low cstablishment costs The mobilization cost of intermational
contractors to South Africa is, however, high

- Ensuring high availability (the ratio of the time for which the plant is in actual working
condition to the time required to be in operation). Availability 1s affected by factors such as
starting up and shutting down, repositioning, pipeline moving and blockages, etc. The use
of suitable dredging equipment for a particular project will ensure high avalability  In
muning dredging, availability in the order of 95 % 1s obtainable. The same should apply in
reservoir dredging

- High volumes to be dredged On small dredging projects the cost of estabhishment and
disposal can casily outweigh the actual dredging cost, resulting in hagh unit costs In large-
scale reservoir dredging, the total unit cost can be more related to the dredging cost
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Example of Reservoir Dredging Costing

It 1s not possible to give a general estimate of costs for dredging reservoirs (or any dredging project),
because the cost level of dredging depends on the site-specific boundary conditions

Nevertheless, in this section a cost estimate 1s given for a more or less standard solution for dredging
a reservorr with conventional methods (Brabben, 1988), to indicate the vanous cost clements and their
sensitivity

Table 7.2 gives a breakdown of the estimated dredging cost for a project with these conditions. Crew
and labour costs arc an important item Labour costs vary greatly between countries and therefore
have a direct effect on dredging costs  Many countrics do not have skilled dredging personnel
available, which nccessitates the employment of expatriates

Fuel costs are estimated at 15 % of the total cost. This cost could be reduced if electnenty were used
as power, or if siphon dredging were used

The disposal cost of dredged matenial depends very much on local conditions.  In this case it has been
assumed that onc hvdraulic cranc 1s required to build spoil retaiming dikes dunng the whole penod

while the dredging 1s in progress

The mobilization estimate 1s based on mobilization from overseas and includes making the dredger
fully operational. When dredging 1s of a more permanent basis, the mobilization cost 1s minimal

The mamn boundary conditions in this example are

- Cutter-suction dredger (0.4 m diameter suction pipe)

- Dredging depth <15 m

- Volume to be dredged: 2 milhon m'

- Mainly fine sediment: <0070 mm

- Transportation by | km floating pipeline and 4 km shore pipeline, elevation difference 30 m
(down)

Placement in diked disposal arcas
- No significant delay due to debnis

- Power on pump 610 kW
- Power on cutter 110 kW
- Auxiliary power 100 kW
- Dredger cost: $1 250 000

- Discount factor 1.1
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- Lifetime 15 years

- Annuity: 013147

- Utilization: 45 weeks/a

- Operation gross: 144 h'week =6 x 24 h

- Opcration nett: 120 h'week =6 x 20 h

- Production 27 000 m'/week = 225 m'/h

Table 7.2: Breakdown of dredging cost for a typical international dredging project

Costrweek

$1 250 000 w¢ 6939
$1 250 000 $1 7%
SH ey
Tk 144 lww t S15h sis 10
1000 m @ $3mweck $3 000
4000 m @ S0 S mwedh £2 000
SS0he i 120 h'w $9 600
$1.000

2 %wvear wf S1 250 000 @ 45 weckaa $5%

$512%
Gemeral costs 10 *e of subtotal s
Mobilazation Demobaluzation S$1 200 00

Cont per m” (exclsdng mobilization) $2.16
$2.%

Historical Cost of Reservoir Dredging in South Africa

A number of case studics exist of reservoir dredging in South Afnca (as descnibed in Chapter 6), of
which costs are known.  Usually the umt dredging costs have been on the lagh side due to a number
of reasons

a) Reservorr dredging, especially problems with consoldated clay . is a relatively new ficld in
dredging world-wide, resulting in the incorrect choice of dredging techmigues, related low

production rates and high umit costs

b) South Afnica has been isolated from the rest of the world until recently, resulting in a lack
of techmical expertise and equipment. Fortunately the situation has changed duning the past
two vears, resulting in the establishment of co-operation between national and international
dredging organizanions. Smaller dredgers are also beng manufactured under hicence by local
contractors
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¢) In the past, quotations for reservoir dredging have been obtained from a number of mainly
European contractors. These estimates were usually R6,00/m’ of sediment removed and
higher, duc to limited knowledge of local conditions, high mobilization cost, etc The
competition between local contractors, the development of new techniques, and a better
knowledge of local conditions could reduce dredging cost cstimates to an acceptable level to
be considered by water resource planners and operators

A few case studics in Southern Africa can be used to best illustrate the histoncal cost of dredging
Collywobbles, Transkei

Background on the dredging of Collywobbles reservoir on the Mbashe River, Transkei, 1s presented
in Chapter 6. The dredging cost components considered (Rooschoom, 1993) compnise

a) Capital cost

b) Cost relating to staffing, operating and normal maintenance of the dredger

c) Cost equating the value of the water discharged by the dredger, and the energy utilized by
the dredger.

Capital cost

The cost of the dredger was R3.76 mullion (1987). The poor dredger output resulted in a ten-year
lifespan being adopted.

The residual value of the dredger is unknown. When the dredger was advertised for sale duning 1992
little serious interest was attracted and it 1s assumed that the dredger will have no residual value at
the end of the period of depreciation. The interest paid during the loan period was capitalized and the
dredger was depreciated at a uniform annual rate. The loan value was R3,379 million (1986 R) for
aperiodof I1Syearsat 13 %pa

Operating and maintenance costs

In 1986 imtial estimates of annual costs (excluding the value of water discharged and clectnety
utilized) were R393 700 (escalated to 1993 R). Following two years of operation, Tescor developed
an accurate record of histonical operation, maintenance, breakdown and repair costs. The 1989
dredger operating and maintenance costs (escalated to 1993 R) were R630 000/a,




Water and energy costs

The cost 1o Tescor of dredging of the water discharged and the clectneity utihzed vaned according
to the rate of flow into the Mbashe weir and the clectnical load on the Tescor network at the time of

dredger operation

The minimum present-day cost, assuming that Eskom's tanff A structure applics, concides with the
Mbashe weir spilling more than 0.7 m"/s. During this condition only the encrgy and power cost,
calculated at the tanff A, applics

The maximum present-day cost occurs when the Mbashe weir 1s not overflowing.  Durning this
condition both the equivalent cost of the energy and power which could have been gencrated by the
water discharged by the dredger, and the energy and power utilized by the dredger are relevant

Calculation of specific dredging costs

The specific cost of dredging was considered to compnse the three separate components, namely
capital, operating and encrgy costs. The average annual avanlability of the dredger 1s expressed as
a percentage and defines the actual annual sediment volume discharged i proportion to that which
could have been achieved had the dredger been operating at nominal capacity continually throughout
the year

The specific dredger costs were calculated for the following availabilities

16 % (300 000 m'/a), which was achieved by Tescor

40 % (2 000 000 m*/a), the minimum annual output required

70 % (3 500 000 m"/a), the design availability

100 % (5 000 000 m'/a), the maximum achicvable working 6 days/weck
@ +16 hours per day

The total annual capital cost of the dredger 15 independent of the volume of sediment actually dredged
in a particular year. The capital component of the specific cost for the varving dredger availlabihities
15 determined by dividing the total annual capital cost by the corresponding annual dredger output
The specific component of the operating and maintenance costs 1s calculated by a similar method,
while specific costs related to the water discharged and clectneity utihized by the dredger are
calculated for both the minimum and maximum cost scenanos. Specific dredging costs are indicated
in Table 7.3
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Table 7.3: Specific dredging costs for Collywobbles (1993 R/m’)

Avuilability o&Mm Water/Energy cost
° Capital cost 'F! Total cost
(%) cost Minimum Maximum

16 099 0,78 0.32 2.0
0,99 0.7% 0,18 1,9%¢

40 0.40 0.3l 032 1.03
0,40 031 0.18 0,89

70 023 018 0.32 0,73

23 0,18 018

100 016 0,13 0.32

0.16 0,13 0,18

Note * = Achieved

Comparative dredging costs (1993 escalated cost)

The oniginal (1986) estimate of dredging cost was R0O.29/m’ (1993 cscalated) based on 63 %
avalability, and assuming zero water and encrgy costs. The equivalent Table 7.3 total cost 1s RO 46

A quoted contract dredging rate of R1.60/m” (1993 escalated) was independent of the availability
achieved by the contractor, but excluded a lump sum prepavment for establishment (negotiable) cost

The umit dredging cost determuned for the Collvwobbles reservorr proved to be approximately
R2,00/m". It is behieved (Rooscboom, 1993) that this figure could have been brought down by more
efficient operation.  Better imtial sediment charactenstics determination and sclection of techmcally
suitable drodging equipment could have reduced the operational costs. Unit costs of dredging of even
less than R1,00/m’ of sediment removed are theoretically possible

MKkinkomo reservoir, Swaziland

Initial dredging in 1993, with disposal dircetly downstream of the dam, was at a unit rate of R4, 50/m’
(250 000 m"). This included mobilization, land and waterbased powerlines and the dredging, and
excluded disposal (no cost) and clectricity costs

Disposal next to the reservorr basin for land reclamation proved to be more expensive due mamly to
the use of mechanical carthmoving equipment. The dredging cost was in the order of RS 00/m’ of
sediment removed, while the disposal cost was R1.20/m’ of dredged sediment, bringing the total unit
cost (1994) to R6,20/m’
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Campsdrift canal

The excavanion and disposal of sediment from the Campsdnft canal as discussed in Chapter 6 proved
to be highly expensive n terms of umit costs.  This 1s manly because of the high cost of construction
of shimes dams and the additional use of conventional equipment to dispose sediment up to 10 km
from the canal.

A cost estimate carned out in 1989 for a cutter-suction dredger was
- Establishment and removal from site R 210 000

- Removal of £ 150 000 m' sediment from main canal @ R3 50/m"

(including all equipment necessary 10 pump to shimes dams

up to 1.5 km from dredger) R 525 000
- Formation of 7 shmes dams R1 050 000
Total cost (1989) R1 785 000
Unit dredging cost (excavation, transport and disposal) R 11,90

In 1990, 275 000 m' of sediment was dredged at a cost of approximately R14/m’

The removal of sediment by conventional plant to off-site spoil was priced (1989) at R15,70/m’,
assunming a maximum haul distance of 10 km . This results in a total cost of approximately RSO/m’
of sediment removed, escalated to 1994 prices.
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ECONOMIC YIELD/DREDGING ANALYSIS OF SELECTED SOUTH AFRICAN
RESERVOIRS

General

In thas study, because of the importance of cost, the approach followed was 1o determine the required
unat cost of dredging for a number of reservours by evaluating alternative methods of increasing the
vield, such as raising of the dam, new storage and/or groundwater use

Following the mitial economic evaluation, three reservorrs were sclected where dredging scems viable
and a detaled cost analysis was carned out incorporating ficld data, 1o establish dredging costs with
the specific site boundary conditions taken into account. The dredging cost analyses of speaific dams
mvolved the selection of appropniate conventional dredging equipment  The costing of possible non-
conventional dredger usage, such as siphon dredging. was addressed separately

Steps followed n the economic analysis of reservoir dredging, are

a) From the DWAF histed surveved reservours (DWAF, 1994) seleet reservorrs with the haghest
sedimentation in terms of percentage of onginal storage capacity and volume of sediment
compared to other reservorrs in South Afnca (Refer to Table 8.1, Figures 8.3 and 8.4) This
DWAF lhist only contains the larger DWAF reservoirs where regular basin surveys are
carned out and a number of privately owned and small dams are not hsted which might have
worse sedimentation charactenstics (such as Collvwobbles, Transker)

b) For the do-nothing scenano, determune the current vield and assurance of supply, using the
Water Resources Yiekd Model (WRYM), developed on the Vaal River Study by the DWAF

<) Determune the vear 2023 (30-vear) vickd with future sedimentation

d) If the water demand predicted for the next 30 years exceeds the vield from the dam
(determuned in (b) and (¢). analyse dredging




Table 8.1: Selected reservoirs for dredging analysis

2

River Construction Last survey |Last survey Sediment % Sediment

date date FSC volume of original

(million m3) | (1994) FSC
(muillion m3)

1952 1975 25.7 41 138
1960 1989 1791 402 18.3
1671 1983 10 02 16.7
1921 1979 20 46 69.7
1931 1983 204 143 412
1925 1980 44 1.3 228
1922 1980 63 1.0 13.7
1917 1981 ) 48 1.0 172
1935 1980 124.1 9.8 73
1922 1990 187 8 139 9 42 7
1969 1984 196 39 166
1974 1986 104 50 325]
1938 | 1972 | a7 35 265
1973 1981 9.7 25 205
1959 1987 2122 23 98
1957 1992 503 16.8 250
1969 1981 44 8 10.1 18 4
1971 1991 5342 5 545§ 93
1967 1991 200 29 12 7*
1924 1984 496 412 454
1923 1990 1951 200 93!
1975 1987 17.5 6.1 258/
1938 1990 3188 366 103
1923 | 1981 359 36 91
1954 1981 74 08 108
1956 198% 58 8 147 200
1811 1978 407 120 228,
1955 1983 94 23 197!
1970 1989 732 124 145
1924 1985 3 758 72114
1953 1981 42 78 %5
1909 1981 0.3 0.1 250,
1933 1991 270 32 106+
1566 1990 30 60 867
(1968 | 1881 X 06 22}
1973 | 1984 24452 55.0 22
192% 1981 54 20 270
1916 1981 23 53 697
1896 1992 0% 1.0 526
1935 | 1983 37 35! 486
eS| ves 853 64 104
1 1938 1986 25360 210.0] 76
1936 1991 487 416]  461]
1925 1978 474 ~314] 98
1973 | 1998 140 998, 87 7
1907 | 1ee2 B F ) B 379
1934 1979 51 13 203
1950 ~1986 08" 38 826
1974 1986 1351 225 143

Note  selected dams for economec dredging analyses shown in fakc
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For the dredging scenano, alter the current arca-volume relationship by removing just enough
sediment normally in the deepest part of the basin for maximum vield benefit to obtan the
required viekd  This would normally require large volumes of bulk dredging over a few years
at the beginming of the analysis period of say 30 10 45 yvears  The cost of mantenance
dredging 1o remove annual sedimentation and 1o supply the growth m demand was also
included in the analysis (Refer to Figures 8.1 and 8.2)

Compare the vicld benefit obtained by dredging to that of rasing (or alternative
storage/sources of water) Normally this means an increase in reservourr capacity at the
beginning of the analysis penod. which can supply i the future demand (or comparable vield
obtained by dredging) by taking into account future sedimentation. The same vield benefit
for dredging and the alternative must be obtained to make the costs directly comparable

In the economic analysis dredging versus rausing cost (or other alternatives) are compared
over a 45-vear peniod  Net present value costs (NPV) are determined for vanous real
discount rates, from 2 to 10 % (2,75 %6 1s the 1994 rate for the Lesotho Highlands scheme)
Dredging unit costs for vanous costs per m' of sadiment removed are determined as indicated
n Figures 8.1 and 8.2

Dredging water losses were not considered because it was assumed that disposal would be
upstream of the dam, along the reservoir basin and above full supply level, or in the dead
storage zone

It should be noted that only directly cost-related aspects were consadered in the analvses. In reality,
environmental, socio-cconomic and other factors may also play an important role in deciding on a
method of dealing wath reservourr sedimentation

The economic analyvses of 23 selected reservoirs are discussed in the remainder of this chapter The

positions of these reservours are indicated in Figure 8.5

Some of the terminology used in the vield analyvsis needs to be defined

Histonical firm vield A firm vicld of a reservoir based on the istonical hydrological
record which has been adjusted to the current development level

Probabilistic vield A firm vicld based on stochastically generated flow records and an
assurance of supply of the water demand, at current development
level.

FSC Reservoir full supply capacity
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Figure 8.1: Economic dredging analysis - methodology: yield can meet demand
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Reduction in raised dam due

to sedimentation and
Probabilistic
firm yield
(say 1.5 yr rsk)
Cost (R)
Annual maintenance and operational
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Conventional alternative: Raised dam
Water demand (irrigation)
. Y
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firm yield ¥
(1.5 yr risk)
0 30 your
' Annual maintenance
dredging
Cost (R)

Bulk dredging of all sediment
(or optimum volume in terms of yield/cost)

Note: Yield (v 1) of dredging should equal vield (v 1) i raised dam option

Dredging: Demand always > yield (typical irrigation)

»
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Net Present Value (NPV) of raising and alternative scheme cost

Figure 8.2: Economic dredging yield analysis - methodology: Demand > vield, and NPV calculation
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8.2 Economic - Dredging Analysis of Selected Reservoirs
8.2.1 Albasini Dam
a) General (Figure 8.6)
Albasini Dam on the Levubu River was constructed in 1952, and had an ongmal FSC of
29,5 million m*. Sedimentation reduced the capacity to 25,6 million m' (1975 survey). Further
sodimentation after 1975 wall have occurred but unfortunately no basin surveys have been carned out
The Northern Province has, however, expenenced a severe drought since 1983, and it 1s doubtful
whether sedimentation at the same rate as before 1975 occurred. Overgrazing and the recent drought
could lead to significant sedimentation in future, however
b) Water demand
Irnigation and domestic users in Lous Trichardt have been supplicd from the dam  Dunng the
drought, however, users had to rely on groundwater. Based on the histonical reservoir water relcases
when no restrictions were imposed, the water demand 1s in the order of 9 million m*/a
¢) Yield analysis
- Current situation
The current situation was analvsed based on the 1975 basin survey, and the hydrology and
svstem were obtaned from the DWAF (Swart, 1993)
The analvsis indicated that the current demand can be supphied at an assurance of better than
a 1 in 20 vear nsk of fallure
_ Dredging analysis
Dredging of all the sediment was analyvsed  The vield results are
S—— -
FSC Historical Probabilistic vield (million m'/a)
Description . . firm vield
(million m’) (million m’/a) 110 vr 1:20 vr LSOyr | 1100 v
“wrrent satuation (1975 survey ) 256 58 12,1 10,3 78 6,7
Dredging of all sediment 29.5 6.1 12,4 108 8.0 6.9
Yield benefit - . 03 03 0% 02 0.2




Figure 8.6: Albasini Dam

The dredging vicld benefit 1s in the order of 0.3 mullion m'/a

d) Economic analysis

No economic analysis was carned out due to the small vield increase by dredging, and because the
current demand s supphied at an acceptable assurance taking into account that groundwater has been
developed as altermative supply

¢) Kev results

Although the Albasine Dam has lost more than 13 %6 of its storage capacity, the capacity s still large

in relation to the run-off and therefore dredging gives a relatively small vield benefit




8.2.2 Allemanskraal Dam

a) General (Figure 8.7)

Allemanskraal Dam was constructed in 1960 mainly for irngation. Sedimentation has reduced the

onginal full supply capacity of 220 million m' by 20 % to the current 176 million m”
b) Water demand
The current demand 1s 47,44 mullion m
c) Yield analysis
- Current situation
I'he current hustonical firm vicld 1s 49 mullion m* and 1t 1s estimated that future sedimentation

will reduce the vield to 48 nullion m’ The current firm vicld approximately equals the water
demand

Figure 8.7: Allemanskraal Dam
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. Dredging analysis

If all sediment 1s drodged (43 million m’), a histoncal firm yvield of 52 million m"/a could be
obtained, not much more than the current vield ( 3 million m*/a)  The reason for this 1s that
a dead storage zone for sedimentation was provided in the reservoir and water cannot be
abstracted/relecased from this zone

d) Economic analysis
No economic analysis was carned out because the avanlable vield equals the demand
¢) Key results

The water demands and available yicld scem to be in balance at Allemanskraal Dam. The provision
of a dead storage zone without bottom valves to be able to abstract from this zone, results in a low
dredging benefit. With dredging to be considered as an option in future sedimentation control, it 1s
recommended that bottom release facilities are provided at a reservorr,

Boegoeberg Dam
a) General (Figure 8.8)

Bocgoeberg Dam is situated downstream of Vanderkloof Dam on the Orange River. The dam was
constructed in 1931 and had an onginal FSC of 34,66 million m’  Sedimentation has reduced the
capacity by ncarly 15 mullion m* and the last basin survey indicated a FSC of 20,4 million m’ (1983)
This capacity might be much less now after the floods in 1988

b) Water demand

The dam is currently being used as diversion weir and has to be kept at a high water level to supply
the imgation canal Increasing the reservoir capacity would therefore not create a large vield increase
because of the large dead storage of the irnigation canal supply  Furthermore, most of the run-off of
the Orange River system is generated in the cast while Boegoeberg Dam s situated w an and region

No economic-vield analysis was therefore carmed out for Bocgocberg Dam. (Duning 1996 1t was
established in the Orange River Replanming Study, that a larger Boegoceberg reservoir would help in
the low flow operation of the lower Orange River to himit spillage from the system)
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Figure 8.8: Boegoeberg Dam

Bon Accord Dam

a) General (Figure 8.9)

Bon Accord Dam was constructed in 1925 with an ongimnal FSC of 6.3 mullion m” (at current full

supply level) In 1937 the spillway was lowered and the FSC as surveyed i 1980 1s 4.3 million m*

b) Yield analysis

A recent vield analysis carned out by the DWAF dicated that the vield from the dam s sufficient

to meet the irngation demands.  Therefore no dredging-cconomie analvsis was carned out

Driel Barrage

a) General (Figure 8.10)
Dniel Barrage was constructed in 1974 as part of the Tugcla-Vaal transfer scheme  Sedimentation
caused a reduction of 4.9 mulhion m' capacity by 1983 (ongimal FS( IS mullion m’), and ncreasing

demands led to the construction of Woodstock Dam upstream of Drel Barrage in 1982 After the
construction of Woodstock Dam. sedimentation has reduced to 008 mallion m' (1983 1o 1986) At

lcast 32 per cent of the onginal FSC i Dnel has been lost to sedimentation
I i




Figure 8.10: Driel Barrage
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b) Yield analysis
- Current situation

The Vaal-Bloembof system was analvsed and the histoncal firm vield 1s 2 294 nullion m*/a
. Dredging analysis

If 5§ milion m’ of sediment 1s dredged from Dnel, the additional system vield is only

| mullion m'/a
c) Key results

Dredging of Dricl Barrage will result in a vield increase of 1 milhon m'a, which is relatively too

small to consader viable
Erfenis Dam
a) General (Figure 8.11)

Erferus Dam was constructed i 1959 with an ongmal full supply capacity of 235 mullion m*

Sedimentation however, reduced the capacity by 10,5 25 (25 mullion m”) and the current (1994) FSC

1s estimated at 210 mulhon m’

b) Water demand

The current water demand (mainly imigation) 1s estimated at 60,5 mullion m'/a
<) Yield analysis

- Current situation

The vield analvsis of the current situation indicates

h—-—‘ e — ———— e —— ——— — =
Probabilistic vield
Historical firm vield
Description (1:50 vears)
| (milllon m’/a) )
) R - - } ) L . __(million m'/a) -
Do nothang : 43 0
Do nott ng 2123 1 X 82 1 ]

Nothing has to be done because the demand can be supphed at a high assurance
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. Dredging analvsis

If all sediment 1s dredged. the histoncal firm vield 1s 46 milhion m'/a, which 1s only shightly

more than the current vield
d) Economic analysis
No economic analysis was carned out because the demand can be supplied with current conditions
c) Key results
Although the reservorr has lost 10.5% of its capacity due 1o sedimentation, the available vield 1s

sufficient. This casc illustrates that just because there 1s sediment in the reservorr does not mean it

has to be removed

P

A

> v -

Figure 8.11: Erfenis Dam
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8.2.7 Floriskraal Dam
a) General (Figures 8.12, 8,13 and 8.14)

Flonskraal Dam was constructed in 1957, had an onginal FSC of 67 million m* and has lost
17 million m’ of storage capacity duc to sedimentation

b) Water demand

The dam was constructed for irngation development and based on the histoncal use the current
demand is 20 million m’/a

c) Yield analysis
- Current situation

The | in S-vear nsk of failure vield from the dam 1s 12 million m"a, much less than the
demand, and the irngators will therefore have to rely strongly on the use of groundwater

- Dredain lyss

Dredging of all the sediment (17 million m') was analvsed  The vield analysis results ar:

FSC Historical Probabilistic yield (million m’/u)
Description firm vield
(million m”) - .

(million m’/a)

“urrent situation 6 12,0 0.8 83

Dredge all sediment ] Y 14.0 12.8 10.7

3 2.0 2.0 24

1S yr 110 yr 120 yr

The increased vield by dredging is in the order of 2,0 million m*/a for 17 mullion m* of sediment
excavated. It should be noted, however, that dredging of a much smaller volume will result in nearly
the same yvield benefit

d) Economic analysis

An coonomic drodging analysis was not carmed out for Flonskraal Dam because the vicld benefit was

considered too small




Figure 8.13: Floriskraal reservoir




Sedimentation at dam - 1993

Original reservoir basin

Figure 8.14: Floriskraal reservoir sedimentation
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¢) Key results

Dredging of Floriskraal Dam wviclds only a relatively small increase in vield because the current
reservoir capacity 1s much larger than the MAR

Grassridge Dam

a) General (Figure 8.15)

Grassnidge Dam was constructed in 1924 for irngation purposes. The onginal (raised) capacity of
91 million m* has been reduced duce to sedimentation to the current FSC of 47 mullion m*. The mean
annual sedimentation is roughly 0,69 million m'/a

b) Water demand

The imgation demand s approximately 50 mullion m*/a, most of which 1s supplied from the Ganep
reservolr

¢) Yield analysis

The current situation and dredging of all the sediment were analvsed

, T —— -
FSC Historical Probabilistic vield (million m’/a) |

Description anlliton firm yield e . .
(million m’/u) A0 yr 1:20 yr 1:50 vr 1:100 yr

17 2 7 6.5 18 29

all sediment 91 7 12,5 12 9 7.5

- 3 5.5 5.5 52 a6

It should be noted that much kess sediment can be dradged with almost the same vicld benefit indicated
above

d) Economic analysis (Figure 8.16)

Dredging at a unit cost of R2,00/m” will result in a NPV of RO_8/¢ at a discount rate of 2,75 %

<) Key results

Dredging of Grassridge Dam will increase the vield by 5.5 mullion m*/a. Currently sufficient water
1s available from the Orange River system
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Figure 8.15: Grassridge Dam

Hartbeespoort Dam

a) General (Figure 8.17)

Hartbeespoort Dam on the Crocodile River was constructed in 1923 on the Crocodile River The dam
was raised in 1970, and has a current FSC of 195 mullion m® Sedimentation has reduced the capacity
by approximately 20 pullion m’

b) Yield analysis

A recent vield analyvsis study by the DWAF indicated that the increasing return flows from the

Gauteng arca will in future cause an ncrease i vield and therefore additional supplics are not

currently required. No economic-dredging analvsis was thercfore carned out
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Figure 8.16: Economic dredging analysis: Grassridge Dam
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Figure 8.17: Hartbeespoort Dam

Hazelmere Dam

a) General (Figure 8.18)

Hazelmere Dam on the Mdlott River was constructed mn 1975 Sedimentation reduced the ongmal

FSC of 23,5 mullion m® by 25 % (6 mullion m’) to the current 1 7.5 mullion m
b) Water demand
he mam water use 18 irngation, but domestic use could mercase m the near future The current

demand s approximately 20 mulhon m Va, but future demands could exceed 30 mullion m/a within

) '\ W ONGES




Dam and basin

Flood of 1987

Figure 8.18: Hazelmere Dam
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Yield analysis

- Current situation

Yiclds of the current situation and in 30 vears time are as follows

Frobabilistic
Historical firm vicld

(million m'/a)

Description (1100 yean)

(million m’

vicld

— -

Current sitsahion - 194 23 28

Do nothing - 2021 22
J4 -

- Dredging analysis

If all sodument (6,035 nullion m') s dredeed. the hustonical firm vicld for the current condition

15 25 mulhon m'/a, a vield increase of 2 mullion m'/a

- Alternative - ransed dam

The option to rase the dam has been part of the onginal design and can be accomphished by

the installation of crest gates. The hustoncal firm vield for a rased dam s 31 malbon m /s

(benefit: + 8 mullion m'/a) and for a 1w 100 vear assurance. 35 nullion

+ 12 mulbonn m/a)

d) Key results

m /a (benefut

Although 25 % of the onginal FSC has been lost due to sedimentation, the vield benefit by dredeing

15 only 2 mulhon m'/a, much less than a vicld obtainable by rausing the wall

In the short-term with current demands, the reservorr vicld 1s sufficient to supply the demand at an

acceptable nsk of assurance

Gariep Dam

a) General (Figure 8.19)
Ganep Dam was constructed in 1971
t". 5 X4 llll”lx‘!l m |‘-.I‘- "\'t n l;l_,.A. .‘,| O S din E]|.»u m ’\ "r] n|'_|~.-1| suney)

- | . | »
546 mulbon m (9.3 %6 onginal capacity)

| and 1s the largest reservorr in South Afnica. The

onginal FS(

a reduction of




Aerial view of reservoir

Reservoir in flood - 120 5 full

Figure 8.19: Gariep Dam

Sedimentation in upper
reaches - Bethulie Bridge
(1993




b) Water demand

In the current situation svstem analvsed the available vicld stull exceeds demand. A recent analvsis
by DWAF, however, indicates future shortfalls in the vield, especially at the Orange River Mouth
with the phasing-in of the Lesotho Highlands scheme and increased demands

<) Yield analysis

- Current situation

A system without phase 1A of the Lesotho Highlands scheme was analysed 1o determune a
svstem vield at the river mouth. A histoncal firm vield of 3840 nullion m*/a was obtaned

- Dredging analysis

The Easterm Cape Orange-Fish tunncl intake clevation was considered the mmimum
operating level in the reservoir in both the current situation and dredging analvses. Dredging
of all sediment above this mimimum operating level was considered, resulting i a total
volume of 480 million m’ of sediment to be dredged.  The histonical firm yicld with the
rescrvorr live storage dredged to s onginal capacity 1s 3900 mullion m*/a, a vicld benefit of
60 million m"/a

- Alternative source

No alternative source was considered because the current svstem vield exceeds the water
demand

d) Economic analysis

Dredging of all sediment above the Orange-Fish tunncl intake was considered. Bulk dredging over
I5 years and annual mamntenance dredging of 27 mullion m'/a were analvsed.  The annual

sedimentation 1s extremely high with related high dredging NPV

¢) Key results

The Orange River System currently has cnough water to supply s demands 1t s only in future when
development upstream of Ganep Dam can kead to faslure of supply mamly on the lower Orange River
and Eastern Cape  Gancp Dam has lost ncarly 10 % of its onginal capacity in 20 vears, of which

88 % i1s in the hive storage above the Orange-Fish tunncl intake  The high annual sedimentation leads
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to a hugh NPV of dredging. A syvstem vicld increase of 60 million m'/a can be obtained by dredging

all sediment in the reservoir at a level above the Orange-Fish wunnel intake
8.2.12 Kalkfontein Dam
a) General (Figure 8.20)

Kalkfontein Dam on the Rict River was constructed i 1938, mainly for irngation use. The onginal

FSC of 355 milhon m' has been reduced by 10 % to the current 318 mulhon m”
b) Water demand
Ihe current water demand 15 56 36 mullion m'/a

c) Yield analysis

- Current situation

A vicld analvsis carmed out by the DWAF indicated that the demand can be supplied at a nsk
of falurc of | m 6 yvears. Thas nisk was acceptable for the arca and theretore nothing has 10
be done 1o augment the current vicld

d) Key result

The current demand can be supplicd at an acceptable assurance

8.2.13 Kommandodrift Dam
a) General (Figure 8.21)
Kommandodnft Dam on the Tarka River was constructed in 1956 to support irngation upstream and

downstream of Lake Arthur. Sedimentation has reduced the ongmal FSC of 73.5 million m’ by

16,5 million m* to the current 57 milhion m'’




8.20: Kalkfontein Dam

igure

F

Figure 8.21: Kommandodrift Dam




b) Water demand

Although previously the reservorr was used to support irngation downstream of Lake Arthur as well,
a transfer scheme from the Great Fish River recently constructed now supports most of the irmgation
downstream of Lake Arthur. The current arca of irrigation supported by Kommandodnft Dam s
705 ha, with a demand of 9,5 million m'/a

c) Yield analysis

- Current situation

The current demand has a nsk of fallure of 1 in 10 vears. Future sedimentation could,
however, cause failure of supply

- Dredging analysis

Dredging of all the sediment was considered.  The vicld analysis results are

rsc | Historial Probabilistic yield (million m’/a) I
Description u(mlllbl m’ firm yield .
(million m*/a) 10 yr 120 yr 1:50 vr 1100 vr I
urrent situaton 57 32 10,0 LR 6.5 50
Jredging all sediment (16,5 million m') 735 5.0 132 12,5 9.0 8.0
Yield increase - 1.8 3.7 3.7 2.5 3.0
d) Economic analysis (Figure 8.22)

Although the yickd benefit of dredging s relatively small, the assurance of supply will be considerably
improved

In the cconomic analysis only a NPV for dredging was determined, because the current demand can
be supplied from the reservoir at an acceptable assurance  For the mitial bulk dredging,
3,3 million m"/a for 5 years was assumed, as well as annual dredging of 0,51 million m'/a

¢) Key results
Kommandodrift Dam currently supphies the irngation demand at a nsk of farlure of 1 i 10 years

which 1s acceptable.  Future sedimentation mught, however, reduce the vield, and dredging (Just
enough to supply the demand) should then be considered together with other altematives
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Cost (R) Anmul maintenance dredging
@ 0,51 million m’/a

Bulk dredging: 16,5 million m/a@®
3,3 million m'/a for 5 years

Proposed dredging

Figure 8.22 Economic dredging analysis: Kommandodrift Dam
Koppies Dam
a) General (Figure 8.23)
Koppies Dam was constructed in 1911, and raised in 1925, 1954 and 1969 The ongmnal FSC
(raised) of 66 million m' has been reduced by 47 % (31 million m' ) to the current FSC of
35 million m’

b) Water demand

The current water demand is 18,6 million m"/a with littke future growth. The main use is for imgation
with some domestic use




e

c) Yield analysis

Current situation

Yiclds for the current situation are as follows

jem— — —— - -

Probabilistic vield
Historical firm vield
Dese ription ) l (1:29 yeans)
(million m*/a)
(million m’/a)

S - - ——————————————————— -

Do nothang - 1994 2 2
Do nothang - 2023 )

I'he current firm vield (1 20 years) exceeds the demand

Figure 8.23: Koppies Dam

d) Key results

I'he current vield 1s sufficient 1o supply the imgation at a nisk of falure of £ 1 n 30 vears

8.2.15 Krugersdrift Dam

a) General (Figure 8.24)

Krugersdrnft Dam on the Modder River was constructed in 1970 with an onginal capacity of

85 million m”. Sedimentation reduced the capacity by 12 mullion m”* (1970 10 1989), 15 % of the

ongmnal full supply capacity




Figure 8.24: Krugersdrift Dam

b) Water demand

The current irngation water demand 1s 41 million m'/a

c) Yield analysis (Figure 8.25)

Current situation

I'he current hustonical firm vield equals 12 milbion m*/a. whale the 1 in 5 vear nisk of falure

firm vield 1s 24 mulbon m'a  Itis clear that the water demand exceeds the avanlable vickd by

tar It nothing s done, tuture scdimentation will dimimish the listonical firm vield to

9 mulbonnm’/a

. Dredging analy sis

If all the sediment 1s dredecd the lastoncal firm vield waill increase to 16 millhion m

and 14 malhion ma (2023) respectively For the current sitwation, dredging of 12 mulhion m

of scdiment will result in a 4 mulhion m/a vicld increase
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Dredging

Note:  Dredging and raising have approximately the same long-term vield bencfit. Bulk dredging 15
camed out over 30 vears to oblain a constant yicld benefit for companson purposes

Figure 8.25: Economic dredging analysis options: Krugersdrift Dam




- Alternative - raised dam
The dam can be rarsed and it wall result in the following historical firm vields

1994 - 22 million m'/a
2023 : 13 million m'/a

Although the initial benefit of raising the dam 1s much more than the dredging option,
sedimentation and evaporative losses will decrease the vield in 30 vears pme to less than the
dredged yicld.

d) Economic analysis (Figures 8,25 and 8.26)

In order to have comparable vield benefits, imitial bulk dredging has to be carnied out over a 4-vear
period at a rate of 1,88 million m'/a, and for the remainder of the analysis period 0,29 nullion m'/a
has to be excavated. Dredging of 0,76 million m'/a also has to be carned out 1o cope with on-going
sedimentation. Both raising and dredging of the reservorr have approximately the same long-term
vicld benefit.

The cost of raising the dam, previously calculated by the DWAF is in the order of R21 milhon
Dredging therefore has to be carmed out at less than RO, 75/m’ in order to be cheaper than rasing the
dam

¢) Key results
The wicld analyses indicate that the imitial benefit of raising the dam wall in the long-term be reduced
to the same order as a firm vicld obtained by dredging  The umit cost of dredging of RO, 75/m’

required 1s very low and would be difficult to achieve

Somcthing has to be done to augment the Krugersdnft reservoir vield or the irngation arca should be
reduced. Currently the irmigators are supphied at a very high nisk of falure
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Figure 8.26: Economic dredging analysis: Krugersdrift Dam
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Lake Arthur
a) General (Figure 8.27)

Lake Arthur was constructed in 1924 Sedimentation reduced the vield and the dam had to be raised
in 1939 and 1945 The ongmnal FSC (raised) was 107 mulion m™ and the current FSC s
only 28 million m*  In 1956 Kommandodnft Dam was constructed upstream of Lake Arthur and the
sedimentation regime of Lake Arthur changed considerably: From 1924 to 1985 1,24 mulhon m*/a
capacity was lost by sedimentation, while from [958 to 1985 the sedimentation was at only

0,1 mullion m"/a

b) Water demand

Until recently the water demand (imgation) was 25,65 million m*/a which was supphied by both
Kommandodnft and Lake Arthur A canal from the Great Fish River now supplies most of Lake
Anhur's demand and Kommandodnift Dam only has 10 suppont irngation upstream of Lake Arthur
The current irngation demand from Lake Arthur therefore is 2,43 mullion m'/a (180 ha)

<) Yield analysis

- Current situation

A vicld analyvsis was carned out for a system with both Kommandodnft and Lake Arthur

Lake Arthur s, however, not supported by Kommandodnft Dam

Lake Arthur has crest gates which the Dam Safety Office found unsafe 1o use  Apparently thes
should be left open and later removed. Yields with and without these gates were determined. When

the crest gates are ignored the demand can be supphied at a nsk of fmlure of | in SO vears




Dam

Spillway in flood

alve for irrigation releases
- First opening of scason scoured
sediment from the reservoir

Figure 8.27: Lake Arthur




Dredging analysis

Although 79 mullion m' of sediment has been deposited in the reservorr, dredging of all the
sediment would create a reservoir too big for the available run-off. Two smaller dredged

volumes were therefore considered as shown in the following table:

= _ #
Historical

FSC Probabilistic vield (million m’/a)
Description firm yvield
(million ""ﬁ million m'ay | 11057 1:20 yr LSOsr | 1100 vy
‘urrent with crest gates 28 2.5 5.0 12 3.5 LN
“urrent without crest gates 10 I8 45 3.5 2.5 22
Dredge 15 mullion m’ (with gates) 43 83 1.0 913 82 77
Dredge 7.5 malhion m’ (with gates) 355 6.5 90 8 | 7.0 0.4

Although the two dredging option volumes differ by 100 %%, the yvields only differ by
approximately 20 % The 7.5 mullion m’ of dredging vield benefit 1s in the order of
4 million m"/a
. Alternative
A canal from the Great Fish River was recently constructed at a cost of R7.S mulhon
d) Economic analysis (Figure 8.28)
In the cconomuic analyvsis the cost of dredgng cannot be direethy compared with the cost of the recently
constructed diversion canal because 1s does not include the historical cost of the Orange-Fish River

project and the canal supports a much higher demand than the dredged reservorr can

Dredging of 2.5 million m*/a for 3 vears and annual dredging of 0,1 nullion m'/a were analvsed  The

NPV of dredging at a dredging cost of R4,.00/m” 15 in the order of RO 3%/m’
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<)

<) Key results

Although most of the Lake Arthur traditional irngation supply area 1s now supplied by transfers from

the Great Fish River, drodging of the reservoir was analvsed because it is representative of other old

reservoirs. The dredging-vicld results indicated

- a relatively small volume of sodiment (in this case 7.5 million m*) can be dredged with almost
the same vield benefit as much higher dredging volumes. This is of course site-speaific and

related to the mean annual run-off, evaporation, reservoir basin shape, cte

- The construction of Kommandodrift Dam upstream of Lake Arthur reduced the
sedimentation consaderably, resulting in relatively low NPV dredging cost

Darlington Dam

a) General (Figure 8.29)

Darlington Dam was constructed in 1922 on the Sondags River  The dam was rased twice, in 1935
and 1952 Scdimentation has reduced the ongmal capacity by 140 mullion m' in 68 vears
(2 million m*a). The current FSC 1s estimated at 185 million m*

b) Water demand

The current demand 1s much more than the Darlington reservoir vickd and most water 1s transferred
from Gancp Dam to Grassnidge to Elandsdnft 1o De Mistkraal Dam and finally to Darlington Dam
bv a system of canals and nvers. The water 15 used mainly for irngation

Yield analysis (Figure 8.30)

- Current situation

The vield analvsis was carned out to see 1if 1t 1s possible to utihze more of the Darlington

Dam catchment run-off by dredging it No transfer of Orange water was considered




Figure 8.29: Darlington Dam

- Dredging analvsis

Three dredging options were considered:  dredging all sediment, dredging 30 mullon m™ in
the arca at the dam, and dredging (arbitrary selection) 30 mullon m' of sediment i a canal
extending upstream from the dam  The reason for the canal was to investigate the possibiliny

of using it for sluicing to remove annual sedimentation.  The vicld analyvsis results are

1

FSC Histerical Probabilistic yvield (million m'/a)

Description firm vield f

»
(million m’) > LSyr| 110w | 1:200r | 1250 v | 12100 vy
(million m'/a) ‘

wrent situaton 18§ 1) T (4 55 §2 12 19
Iredge all sediment 3 57
Dredge 30 mullvon m’ ot dam 218 \ [
IL)““’E' 30 mulhon m' m canal 215 ' iy 65 ol

The vicld benefit obtamable by dredging 1s 20 mullion m™/a  If 30 mullion m” 15 dredged. the
vickd benefit would be in the order of 10 mulhon m /a which 1s actually a hmgh vield increase
for the volume of sediment removed. This 1s because evaporative losses are mimimized

during cnitical peniods by dredging




- Alternative source
In the case of Darlington Dam, water s transferred from Ganep Dam and recent DWAF
analysis indicated that the Orange svstem has cnough water at lcast until the completion of
phasc 1B of the Lesotho Highlands Scheme to supply the Eastern Cape
d) Economic analysis
Bulk dredging of 6 million m*/a for 5 vears, and annual dredging of 2 million m'/a were considered
mn the economuc analvsis. Figure 8.30 shows that if dredging (30 mullion m’) 1s carned out at a umit
cost of R2,00/m”, a net present value of RO65/1 1s obtained which should be compared 10 possible
future alternative schemes

¢) Key results

Darlington Dam currently does not require additional yvicld since water 1s augmented from the Orange

River. A drodging-vicld analysis indicated that up to 20 mallion m'/a could be ganed by removal of
the sediment
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Figure 8.30: Economic dredging analysis: Darlington Dam




Pongolapoort Dam
a) General (Figure 8.31)
Pongolapoort Dam, the third largest dam i South Afnica, was constructed in 1973 with an onginal

FSC of 2 500 mullion m" By 1984 (last survey after Damomna flood) sedimentation had however

reduced the capacity by 56 mullion m’

Figure 8.31: Pongolapoort Dam

b) Water demand

I'he current water demands arg

7 User Demand (million m'/a) '

\ln/.nnlnqm' rd

Swazland $ 5

Domestic |

Irngation 10 ‘
Environment ¢ 250 ‘




c) Yield analysis
- Current situation

The vicld of the imgation water use was amalvsed. A physical constraint in the svstem 1s that
the irrigation canal i1s at a rclatively high level, at a mimmum operating level of close to
250 million m' storage

The yvicld analysis indicated that the current irngation demand can be supphed at a high
assurance of a | in 50 vear nsk of falure. The system and hyvdrology used in the analysis
were obtained from the DWAF (Stassen, 1993)

Duc to the high level of the irngation canal, dredging of sediment in the live storage (for

irrigation), will entail 39 million m' of the 56 million m* (1984 survey) sediment in the
IESCrvoIr.

The ingation vield results are:

FSC Historical | pronabilistic firm yield (million m’/3)
Description o firm yicld
million m (million m/e) | V10T | 1:20y7 | LSOy 15100 v
‘urrent satuation 2448 35 490 450 410 %2
dredgang of 39 million m’ 2484 355 4% 450 410
Yield benefit K . - -
—

° neghgible
The dredging yvicld benefit is very small
d) Economic analysis

No cconomic analvsis was carned out because the current irngation demand can be supplied at a high
assurance

¢) Key results

Dredgang of Pongolapoort Dam cannot be consadered due to the relatively small vield benefit. This
small vield benefit can be ascnbed to
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- the hugh level of the imeation canal and most of the sediment being in the upper Iive storage

2008

the reservorr has only expenenced a small percentage (2.2 %6) (1984) capacity reduction duc

to sedimentation

8.2.19 Prinsrivier Dam (Ladismith)

a) General (Figure 8.32)

Prinsnivier Dam was constructed in 1916 with an ongmal full supply capacity of 4 34 mulhon m” to
support ingation development of 361 ha Scdimentation of the reservorr resulted in loss of the
required vicld and the dam had to be rused twice, in 1962 and 1985, 1o improve the situation. Major
storm cvents contnbuted most to the loss of capacity and it was specifically the 1981 flood which
reduced the capacity by over | mullion m”. Before the 1981 flood the vicld from the dam was less than
the required irngation demand, and the situation was even worse after the flood  The rasing of the
dam in 1985 did not solve the problem completely, because the current capacity of £2 3 mlhon m’
1s less than what is required and evaporation losses are high due 1o the rsed dam basin
charactenstics. Although the raising of the dam (1985) was partially subsidized by Government, the

raiscd capacity was limited by what the irngators could atford to pay

I'he annual sedimentation 1s estimated at 0,073 mulhion m™/a and it will not be long before the current
reduced irngation arca of 180 ha will have to be reduced even further in order to farm at an

acceptable assurance of water supply

Figure 8.32: Prinsrivier Dam




b) Water demand

Currently lucerme (for milk production), citrus and vinevards are imngated.  The histoncal water
relcases and a theoretical demand based on crop requirements and water losses were analysed for the
180 ha currently irngated

Demand (million m’/a)

Description

Crop requirenvent and losses 240
Recordod releases (1985 - 1991) 1,54

Recorded releases (1989 - 1991) | 86

Recorded releases - DWAF complete record 1.54

The irngation scason i1s from Scptember to April with little irnigation in Februan
The actual current water demand 1s between 1,54 and 1.9 mullion m'/a

¢) Yield analysis

- Current situation

A long recorded inflow record 1s available: 1916 to 1989 Yields for the current capacity .
dredged dams and a raised dam were analysed.  The current situation yield proved 1o be
insufficient: 0,75 million m’/a at a risk of failurc of 1 in S vears.

If all the sediment is dredged, the resultant full supply capacity would be 7.6 million m',
which would mean a capacity of twice the mean annual run-off.  In semi-and chimates,
capacity - MAR ratios of 2 1 are acceptable, but with larger capacitics the incremental vield
benefit 1s dimimshing. The viclds for different dredged capacitics were therefore analysed
in order to obtain the required demand. For irngation of mostly lucerne a 1 in § vear nisk of

failure of supply should be acceptable, especially in this case where some of the water can
be supplied by groundwater under drought conditions.  Two dredged volumes are indicated
due to the uncertanty as to the actual water demand. The vicld analvsis results are indicated
in Table 8.2
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. Altiernative - raise dam

Yicld analvsis results indicated that evaporative losses dominate with further raising of the
dam and it i1s not possible to obtain the required demand  New storage upstream or
downstream of the existing dam or combinations with the existing or raised dam were also
investigated, but all resulted in avanlable yiwelds less than the requared, or what can be
obtained by dredging A raised dam, with a rasing of 12 m. was used in the analysis,
because this scems to give the optimum vield benefit

Table 8.2: Prinsrivier Dam yield analysis

Water vield (mitlion m’/a)

FSC
(million m’) Historical Probabilistic
analysis 1:Svr

Current sstuation 2.3 032 075

a) Dredge 3.53 nullion m* sediment 583 1.24 1,70

b) Dredge 1,20 million m" sedument 1,50 1.12
Raise doan by 12 m 7.00

d) Economic analysis (Figure 8.33)
Two dredging options were considered:

(a) bulk dredging of 0,43 million m*/a for 8 vears and annual mamtenance dredging of
0,073 million m*/a; and

(b) bulk dredging of 0.32 million m'/a for 4 vears and annual maintenance dredging of
0,073 mullion m"a.

Relatively long bulk dredging penods were used because water avanlability limits annual dredging
volumes.

Although the raising of the dam cannot give the same vicld as either of the dredging options, the
raisig umit cost 1s best compared with option (b) dredging  The ransed dam cost 1s estimated at
R17.5 million  The cost analysis results are indicated in Figure 8,34 Dredging umit costs as high
as R7,00/m’ (option B) of sediment excavated are cheaper than raising the dam! If dredging option
A 15 carnied out, the required irngation demand will be supphicd, and at a dredging umit cost of
approximately R5,50/m’ it will still be less expensive than the unit cost of raising the dam
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¢) Key results

The yield results for Prinsnivier Dam, illustrate the seventy of evaporative losses from a reservoir
basin of which the capacity has been considerably reduced through sedimentation. Further raisings
or new dams cannat vield the required irngation demand and it would scem that dredging is the only
altermative avaulable to provide a long-term storage capacity. Even if the dam 1s raused a third time,
it would be at a higher unit cost than that which could possibly be achicved by dredging  Dredging
has the advantage of creating a large increase in capacity by excavating through 15 m decp sediment
in the main basin, while keeping the evaporation arca as small as possible duning hvdrologically
entical penods ¢

Due to the favourable dredging unit cost situation at Pansnivier Dam, this dam was selected as one
of three for which a detauked dredging cost analvsis was carned out, taking imto account all boundarny
conditions.  Of specific importance in this case 1s disposal of the sediment which has to be
downstream of the dam

Although it might be possible 1o prove that dredging 1s cheaper than rassing the dam, it wall still
nvolve millions of rand which i this case will have to be paid by 8 imgators. Although the writing-
off of 8 irngation farms and the dam. canal and other infrastructure 1s an option, as many as
S0 people who have been dependent on the imgation for gencrations, will be affected. The Prinsnivier
irmgation scheme 1s perhaps insignificantly small in the South African context. but there are many
other small reservoirs which have suffered the same fate with associated financial, socio-ccononucal
and other implications.
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Figure 8.33: Economic dredging analysis options: Prinsrivier Dam
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Vaal Dam

a) General (Figure 8.35)

Vaal Dam 1s a very important component in the supply of water for domestic, industnal and imgation
usc in the Gauteng Provinee, as well as along the Vaal River. The dam was constructed in 1936 and
due to the ever-increasing demand. had to be raised in 1952, 1956 and 1985, The current FSC s
2 577 million m*. The Vaal System has been augmented for many vears by pumped transfers from
mamnly KwaZulu-Natal, and recently phase 1A of the Lesotho Highlands Water Project 1s also
augmenting the svstem

It 1s estimated that 230 million m' (9 % of the "onginal” (rmsed) capacity) has been lost due to
sedimentation

b) Water demand

The current svstem water demand exceeds 2 000 million m'/a

c) Yield analysis

. Current situation
Because the incremental vicld benefit of drodging s of interest, only the Vaal Dam subsystem
was used in the vield analysis. At present, the Rand Water Board mimimum operating level
of Vaal Dam has to be at a storage above 10 % of the FSC, which results in a histoncal firm
vicld of 933 million m"/a for the current development level

- Dredging analysis
If the volume below the mimimum operating level (10 %6 FSC) 1s assumed to be dead storage,

it can be used for disposal of sediment excavated in the reservoir hive storage I all the

sediment 1s dredged from the live storage, 174 mullion m” of sediment has 1o be excavated

(option A)




Figure 8.35: Vaal Dam

The actual onginal dead storage of the reservorr is, however, 58 million m’  Disposal of
39 million m" of sediment in the dead storage zone and the rest just below the full supply
level (172 million m’), can be considered.  Although disposal above full supply level is
possible, land ownership problems will be expenenced especially where recreational
development around the reservoir has taken place. With option B a total volume of
211 mullion m* has to be dredged

The dredging vicld results are as follows

Historic firm yield Yield increase
Description
(million m’/u) (million m’)
Current situation 933
Dredging option A 968 + 35
l)u\lgmﬁ option B G54 + 21 J

Altemative - Lesotho Highlands water

The cost of dredging has to be compared to the unit cost of water imported from the Lesotho
Highlands, which is currently (1994) R0, 46/m” (DWAF) for the phase 1A and | B scheme
Future schemes will probably be at an even higher unit cost than the Lesotho Highlands
water




d) Economic analysis

The initial bulk dredging of option A dredging is proposed to be carned out over 10 years at a rate
of 22,4 million m"/a which includes the annual sedimentation dredging of S million m*.

If dredging 1s compared to the Lesotho water cost (Figure 8.36), it 1s clear that if dredging could be
carned out at a unit cost of less than R1,30/m”" of sediment removed, the increase in yield, although
relatively small, will be cheaper than Lesotho imported water

¢) Key results

Dredging in Vaal Dam could be carned out by considening the current mimimum operating level as
dead storage, and by disposal in this zone dredging unit costs could be reduced (no disposal cost)
considerably. In practice, however, the 10 % dead storage zone could be utilized by niver releases and
pumping to punfication plants downstream of the dam duning drought conditions, and it 1s therefore
doubtful whether it will be considered as dead storage

Even if disposal could be in the dead storage zone, (option A), pumping distances could become
excessively long with related high dredging cost. Nevertheless, the increase in yield of 35 mullion m*
(option A), 1s quite high and with large-scale dredging operation, a umit dredging cost of close to
R1,30/m’ could possibly be achieved. It should also be noted that by optimising the dredged volume-
yicld benefit, much less sediment could be dredged for almost the same vicld increase
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Figure 8.36: Economic dredging analysis: Vaal Dam




8.2.21 Vaalharts weir

a) General (Figure 8,37)

The Vaalharnts weir was constructed in 1938, and raised once in 1967 Currently the weir 15 used as
diversion only and it has very little natural run-of entening the reservoir downstream of Bloemhof
Dam Sedimentation has reduced the capacity by ncarly 42 mulbion m', and the current capacity 1s

in the order of 48.7 mulhion m' (1991 survey)

Because the reservoir is still large in relation to its incremental catchment run-ofl, dredging will not
have a hugh vicld benefit. The Bloemhof and Vaal dams upstream of the Vaalharts warr also utihse
their run-off optimally and water has 10 be imported 1o supply the current demands of the Vaal River

svstem.  An economic-dredging analysis was therefore not carnied out for the Vaalharts wenr

-

. LT L ISERL

Figure 8.37: Vaalharts weir




8.2.22

VanRyneveldspas Dam

a)

VanRyneveldspas Dam was constructed in 1925 to supply Graaff-Reinet, but mainly to support
irngation.  The reservoir has lost 34 million m' of its original capacity of 76 million m' due to
sedimentation, at an average rate of 0,55 million m'/a

b)

General (Figures 8.38 and 8.39)

Water demand

Based on historical supplies, the Graaff-Reinet water demand is 4 million m*/a. During the recent
drought in the Eastern Cape the dam was empty and groundwater had 10 be used. The groundwater
resource has a (developed) yicld of 45 ¢/s continuously. The annual water quota use of water by
Graaff-Reinet is 3,285 million m'

The irngation demand is approximately 13,5 mullion m¥a for £1 000 ha ingated  If the total
imngation area 1s developed (+ 3 000 ha), the demand would be in the order of 40 million m*a. Due
to many vears of drought and low assurance of supply, irmgation has become a secondary income to
farmers in the arca. The actual imgated arca and demand vary according to rainfall, niver flow, water
level in the reservoir, and when in the scason a decision on irnigation use 1s made

<)

Yield analysis i
Current situation

The reservor 1s operated by relcasing irngation and domestic water until a storage volume

of 3,337 mullion m" is reached  If the water level drops below the level, only Graafi-Reinet

has the nght to use the water and irngation releases are discontinued

The vicld analysis was first carmed out without considening a mimimum storage for domestic
usc
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Figure 8.38: VanRyneveldspas Dam: view from right bank




Figure 8.39: VanRyneveldspas Dam




- Dredging analyvsis

Two dredging options were considered - excavation of all the sediment (34 million m”) and
dredging of 16 millwn m’ of sediment

The vield analyses results are as follows (no allowance for mimimum storage for domestic
use):

FsSC Historical Probabilistic yield (million m’/a)
Description " . firm vield
' (million m’) | ition muy | 1:10yr | 120 | 1:S0yr | v100yr

Current 1994, no MOL 420 20 10 L 4.7
Do mothang 2023, no MOL 36,0 1.9
Dredge all sediment T6.0 7.0

1 SO0 m wide sty 580 RS
—

Dredging of 16 million m” of sediment, gives almost the same vield as excavating all
sedument from the reservorr. The yicld benefit for irmigation at an assurance of supply of say
1 n 10 years, 1s only 2 to 4 million m"a Dredging will therefore not sigmificantly improve
the nisk of falure in vicld to the wngators. The nsk of fallure at lugh assurance
(1 n 50 years) s decreased signaficantly, however. The vield benefit of dredging doubles the
vield at a nisk of failure of 1 i 50 vears. It would therefore seem that dredging could be
meaningful if the dredged volume 1s mainly used for domestic supply

Another system was therefore analysed with a 6,5 mullion m’ of storage reserved for domestic
usc and 16 million m' of sediment removed, with vields calculated specifically for Graaff-
Reinct

FSC Historical Probabilistic vield (million m’/a)
Description - R firm vield
(million m’) (million m'a) | 11037 | 1:20yr | vsoye | opzr00yr
Current with 3.3 mallion m' 2.0 . 22 1.7 10 0.6

reserved storage
Dredged with 6.5 mullion m* 580 . 6.0 54 10 24

_H

reserved stor

The current situation shows chearly that only about 1.0 mullion m'/a can be supphied from the
reservoir at a nsk of falure of 1 1 50 years which is realistic for domestic supply. By
dredging, the domestic demand of 4 million m'/a can be supplicd at a reasonable nisk of
farlure of 1 in 30 years and any shortfalls can be supphied by groundwater




- Altcrnative - groundwater

The current groundwater sources have to be developed further to obtain a vicld comparable
to the dredging option

d) Economic analysis (Figures 8.40 and 8.41)

For the mitial bulk dredging 4 million m*/a has to be removed for 4 years with annual dredging of
0,58 million m'

It 1s estimated that the further development of the groundwater source will be in the order of
R10 million m* with running costs of R 190 000 m'/a

¢) Key results

Dredging of VanRyneveldspas Dam can be carmed out and of sufficient mumimum storage 1s reserved
for Graaff-Renet use, the town will be supphied at a ligh assurance, while the wngation supply will
not be affected. The vield results indicate that water users such as domestic, who require a high
assurance, will benefit most from the dredging of VanRyneveldspas Dam

The further development of groundwater as alternative source scems at this stage to be economically
more viable than dredging, but the following should be considered

- The dredged volume of 16 million m' could be further reduced

- The reserved storage of 6.5 million m' for domestic use should be optimized

- It is uncertain at what assurance of supply the groundwater can be utihzed

- An altermative to groundwater development is transfer of water from Somerset East. This
option has previously been investigated, and its capatal cost wall defimtely exceed the cost of
developing groundwater
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Figure 8.40: Economic dredging analysis options: VanRyneveldspas Dam
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8.2.2) Welbedacht Dam (Wepener)
a) General (Figure 8.42)

Welbedacht Dam was constructed on the Caledon River in 1973, as main water source of
Bloemfontein, and later of Botshabelo. Most of its onginal full supply capacity of 113.8 mullion m’
was, however, quickly lost due to sedimentation and in 1991 only 17 million m’ of storage volume
remained. A change of operational procedures by flushing the reservoir, however, improved the
situation shightly to give a current (199%8) full supply capacity of approximately 14 mulhon m’ (88 %

of onginal capacity lost due to sedimentation)

A sedimentation analysis camed out dunng the 1980s to determune the long-term equilibrium capacity
of the reservorr (Rooscboom, 1986), indicated that at best a 10 mallion m” of capacity wall reman if

flushing 1s practised

Figure 8.42: Welbedacht Dam




b)

Water demand

The water demands of the Greater Bloemfontein system were obtained from a recent DWAF water
resources study. The current (1994) Bloemfontein demand 1s 42 mullion m'/a whale in 30 vears” ume
it is estimated to be 97 million m*/a

In 1989, Knelpoort Dam was constructed on the Rictsprust, a tnbutary of the Caledon River, and a
pump station in the Welbedacht Dam basin. This was done to create addional storage with which
the Welbedacht Dam wield could be supplemented. and it provides for off<channel storage and
relatively low sedimentation rates, although at high pumping cost  Knelpoort Dam also forms part
of a pump transfer scheme to the Modder River, the so-called Novo transfer scheme, which augments
the Welbedacht Dam to Bloemfontemn supply. (Figure 8.43)

<)

Yield analysis

Current situation

Previous analyses by DWAF have indicated that the bottleneck in the Bloemfonten supply
system is the Welbedacht Dam to Blocmfontein supply pipeline and not the diminishing water
vield of Welbedacht Dam caused by sedimentation.  In fact, the analyses indicate that no
pumping to Knelpoort Dam 1s actually required because the water demands can be readily
supphed (at an acceptable assurance). The histonical firm vicld for the current development
level is 51 million m'/a, which 1s more than the current demand of 42 mullion m’/a

Future, year 2023 situation

In 30 years™ time, the Novo transfer scheme wall have been commissioned. It would be
possible to supply the future demand by doing nothing to the sedimentation in Welbedacht
Dam, and rather supplementing through the Novo transfer scheme, than increasing the
custing Blocmfonten pipeline capacity which wall be more expensive than the Novo scheme
The current Bloemfontein pipeline capacity used in the analysis 1s 150 Mi/d




Figure 8.43: Layout of the Welbedacht-Novo-Bloemfontein scheme




If this analvsis was carmed out before the construction of the Knclpoort Dam transfer
scheme, dredging of Welbedacht Dam and increased pipe capacity from Welbedacht Dam
to Bloemfontein could be compared n terms of cost to the Tienfontein-Knelpoort Dam -
Novo transfer scheme. With the Novo scheme now phased for commissioning by 1998 (or
later), dredging of Welbedacht reservoir can mainly be evaluated in terms of the Tienfontein
pumping cost reduction it waill vicld. The ideal dredged Welbedacht reservoir capacity should
therefore be determuned to mimmize Knelpoort Dam augmentation to Welbedacht Dam The
Welbedacht reservoir punfication plant and Bloemfontein pipeline will then be run at
maximum capacity by utilizing the dredged Welbedacht Dam vicld

The "optimum” dredged full supply capacity of Welbedacht Dam was determuncd by
analysing different Welbedacht Dam capacities and required Knelpoort Dam rule curve levels
for the vear 2008 and 2023, the results of which are indicated in Figure 8.44. A dredged full
supply capacity of about 25 million m’ in Welbedacht Dam seems to be the lunit above
which relatively hittle benefit in terms of Tienfontein pumping cost will be obtained

d) Economic analysis

The pumping costs at Tienfontein, Welbedacht Dam, Masclspoort and in future, Novo, could be
affected by dredging Welbedacht Dam.  The pumping costs at these pump stations were therefore
considered in the cost analysis for situations with and without dredging, as indicated in Figure 8.45

Due 10 the fact that the current yicld exceeds the demand, nothing has 10 be done until 1998 when
Novo has to be phased in In the dredging option, 1.5 million m'/a has to be excavated from 1998 10
2007, as well as annual sedimentation of 4,7 million m' from 1998 to the vear 2023 The "optimum”
dredged capacity of 25 million m* (15 million m' dredged) in Welbedacht Dam is therefore reached
in 15 years” time when it will be required by the nising future water demands

The yickd analysis results of a system without dredging and with Welbedacht Dam dredging for cach
of the system pump stations (mean annual pumping in million m*/a) are indicated in Figure 8.45 It
would scem that only the Tienfontein pump station will senously be affected by dredging, and because
all other expenses are mutual, dredging cost should be lower than the difference in Tienfontein
pumping costs with and without dredging
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Figure 8.44 shows the net present values of a scheme with dredging versus no dredging.  Dredging
has 10 be carmied out at a umt rate of less than 20 ¢/m’ 10 be cheaper than the alternative: no dredging

In the dredging yield analysis, a dredged canal with approximately equal dimensions to the 1991
scoured channel in the reservoir was used, with the idea that flushing can be used for removal of
annual sedimentation, and dredging only for the bulk dredging of 15 mullion m* of sediment, from
1998 to 2007

c) Key results

In the case of Welbedacht Dam it 1s not the reservoir vield, but the pipeline capacity to Bloemfonten
which s hmting the system vicld  Knelpoort Dam and Tienfontein pump station have been
constructed and the lowest future cost development will be the Novo transfer scheme Dredging of
Welbedacht Dam will therefore only limut the pumping of water to Knelpoort Dam which will be used
to augment Welbedacht Dam vield  The cconomic analysis indicates that for dredging to be
comparable to pumping cost saving, a unit dredging rate of about RO, 10 m" 1s required  The mamn
factors which affect the required dredging cost are.

- no capital expenditure can be saved by dredging.
- annual sedimentation is hagh (4.7 million m*/a), with rclated high annual dredging cost

The small capacity of Welbedacht reservoir in relation to the run-off (1 % MAR), should make the
practise of bulk mitial dredging and flushing possible. Flood flushing has been practised since 1991
and although the floods were less than the 1 in S-vear flood and only for durations of a few hours,
results obtamed look promising. One problem with the combined use of dredging and flushing 1s the
high level of the sluice gates (15 m) above the original bed level

Combined use of dredging and flushing (with the current high outlets at the dam) could have the
following benefits

- Reduced pumping cost at Tienfonten
- Reduced turbidity at Welbedacht Dam with decreased water treatment costs
- Possible lower flood levels at the Wepener Road Brdge and in Wepener




83 Summary of Results

The results of the dredging economic analyses are summansed in Table 8.3 It is clear that at many reservoirs
significant relative increases in water viclds could be achieved through dredging. The estimated unit costs of
dredging, were, however only in the case of Prinsnvier Dam found to be lower than alternative measures to
increase the reservoir capacity (See details in Chapter 9)

Table 8.3 Summary of estimated dredging vield and costs

Notes . Data from Chapter 9
- Diesel power dredging
e

Electric power dredging

Sediment to | Water yield Dredged Required cost Estimated
be dredged | increase vield/current | of non- obtainable
vield ratio dredging dredging cost
option (1994) (1994) *
(R/m” storage (R/'m*
(million m*) | (million m*/a) capacity) sediment)
Flonskraal 17 3 1.50
Grassndge 4 5 2.50
Hazelmere 6 2 1.08
Garicp 480 60 1.03
Kommandodnf 16.5 1.8 1.56
Krugersdnft 12 4 1,33 0,75 (rinsed)
Lake Arthur 15 bR 3.32
Lake Arthur 7.5 4 2.60 4,63
Darlington 143 20 1.63
Darlington 30 9 1,28
Pongolapoort i 4 1.01
Prinsrivier 14 092 388 7,00 (raused) 3 75000
Prinsnivicr 1,28 0,80 3,50 7,00 (raised) 3Uxee.
Vaal 174 35 1.04 0,70 (LHWP)
VanRyneveldspas iR 5 3,50 0.55 (borcholes)
VanRyneveldspas 16 0,55 (borcholes) 215000
Dnicl 5




The relationship between the volume of sediment dredged and the water vield benefit as found at the reservorrs
analysed in this study, i1s indicated in Figure 8,46 Yicld benefits are often much higher than with conventional

means of increasing the storage capacity (such as raising the dam), duc to the decp basin with limited evaporation
which can be created by dredging
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Figure 8.46: Dredging volume versus water yield benefit
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DREDGING COST ANALYSIS OF THREE SELECTED RESERVOIRS IN SOUTH
AFRICA

Selection of Three Reservoirs for Detailed Dredging Cost Analysis

Three representative reservoirs were selected for a detarled dredging cost analysis, based on the
following parameters:

- Yicld analysis results

- Water demand currently exceeding water yield

- Significant sedimentation caused reduction in viclds

- Insufficient sluice gates and/or surplus run-off make flushing impossible

- Alternative schemes are relatively expensive - in the case of Lake Arthur an alternative
scheme has alrcady been implemented recently, where actual cost figures can be used.

- The dredging should be representative of general South Afnican conditions, covering both

small (Prinsnivier) to medium-sized reservours, with varying sediment propertics, pumping
distances and volumes of sediment varving from 1.3 to 16 mulion m' in the bulk imtial
dredging

- Watershed management options are not practical in terms of sigmificant yield reduction duc
to the high vanance in flow conditions in the senmi-and to and Karoo arca where the mean
annual rainfall 1s in many places less then 200 mm

Detailed Dredging Cost Analysis of Three Selected Reservoirs
The South African based contractor, Gendredge, provided cost estimates for dredging of three

reservoers.  VanRyneveldspas Dam at Graaff-Remnet, Lake Arthur at Cradock and Prinsrivier Dam
at Ladismith.

VanRyneveldspas Dam (Figure 9.1)

a) Boundary conditions

The following boundary conditions exist at VanRyneveldspas Dam

- 16,0 million m’ of sediment has to be dredged imitially from the dam upstream to form a
channel (300 m wide) in the deepest part of the onginal reservoir basin. A channel versus
all the dredging at the dam  was considered in the vicld analysis, but no sigmificant

differences were found.  Dredging of a channel will, however, reduce pumping distances
dunng the dredging operation




Figure 9.1: VanRyneveldspas Dam: Dredging and disposal proposal
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. The sediment contans mamnly clay and silt fractions, with some sand further upstream of the
dam. The density of the sediment varies from 850 to 1 600 kg/m', with an average of

1 200 kg/m’

No suitable disposal for the sediment could be found downstream of the dam in the nver, or
off-channel storage duc to the town of Graaff-Remnet beng situated in this arca  Land

disposal contained in dikes next to the reservoir seems to be a solution which also limits

water losses.

- Nearby power transmussion lines can be used as an alternative power supply

b) Proposed solution for VanRyneveldspas Dam

Gendredge proposed a bucket-wheel dredger for dredging near the dam, while for dredging i the
upper reaches of the dam a cutter-suction dredger was considered. Three disposal sites around the
dam, with maximum pumping distances of 3.5 km are proposed. The proposed dredging pernod 1s

4 years

Cost estimates are

= Dredger: Bucket-wheel Capntal cost RI17.5 million

Optimal production 750 m'/h
- Mobilization
- Dredging costm’, including pipeline and auxihiary equipment,
and disposal site (Diesel-powered)
- Dredging cost/m”, including pipeline and auxiliary equipment,
and disposal site (Electne-powered)
- Demobilization

Total cost for 16,0 million m' of sediment dredged Dicsel power

Electnc power

R&A0 000

R4.76

R2.15

R460 OO0

R76,16 million
R34 .40 milhon
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Prinsrivier Dam (Figure 9.2)

a)

Boundary conditions

The following boundary conditions for dredging exist at Prinsrivier Dam

b)

From the yicld analysis results two volumes to be dredged were to be considered - Option A
: 3,44 million m* and option B - 1,28 million m*,

The proposed dredging penods for options A and B arce 8 and 4 vears respectively, based on
minimuzing water losses. Disposal of the sediment can only be in the valley downstream of

the maun wall of the reservorr duc to the mountamnous arca. The estimated penods of initial
dredging were based on the assumption that water discharged duning the dredging could be
utilized for irngation. The upstream end of an irngation canal 1s situated on the river
downstream of the dam, as previously used and can be commussioned again

A secondary road downstream of the dam should not be influenced by the disposal
The dredging should be in the main basin, in the decpest part of the onginal reservorr

The sediment has a maximum depth of 15 m, consists of clay and silt, and 1s lghly
consolidated.

Proposed solution for Prinsrivier Dam

Gendredge proposed a cutter-suction dredger, with a maximum rated dredging depth of 28 m
Minimum unit dredging costs will be achieved in 2 years for option A and in | year for option B
This nught be problematic if not cnough water 1s available and/or 1f not enough storage 1s created at
the disposal site. Nevertheless, the final dredging operation will be a compromise between mimimum
water loss for imgation, available water and mimimum cost.  The cost estimates for both shorter and

longer dredging periods are provided:
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Figure 9.2: Prinsrivier Dam: Dredging and disposal proposal
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= Dredger: Cutter-suction Capital cost R9,0 million
Optimal production 350 m'/h (830 m'/h)*
- Mobilization (Options A and B) R300 000
- Dredging costm’, including pipeline of 1,5 km and auxihiary equipment
Option A (Diesel-powered) R4.72 (= R5.70) *
(Electric-powered) R3.76
Option B (Diesel-powered) RS5.00 (+ R6,50) *
(Electnc-powered) .
- Demobilization (Options A and B) R250 000
Total cost for: Option A (Dicscl-powered) for 3,44 million m". R16,2 milhon
Option A (Electnic-powered) for 3,44 million m*. R12,9 million
Option B (Diescl-powered) for 1,28 million m* R6.4 milhion

Option B (Electnic-powered) for 1,28 million m’ -
¢ Longer penod proposed in boundary conditions to limit water losses indicated in brackets.
Lake Arthur (Figure 9.3)
a) Boundary conditions

The following dredging boundary conditions need to be considered at Lake Arthur:

- The total initial volume to be dredged is 7.5 million m’, near the dam and main basin, in the
deepest part of the original basin
- The sediment has a high clay and silt content and is well consolidated.

- In order to minimize water losses, disposal has to be around the reservoir, contained by dikes,
with a maximum pumping distance of 1.5 km

b) Proposed dredging solution for Lake Arthur

A cutter-suction dredger was proposed, with an imitial bulk dredging period of 2 years

= Dredger: Cutter-suction:

- Mobilization R260 000
- Dredging cost/m’, including pipeline, auxiliary

equipment and disposal (Diescl-powered) R4.63
- Demobilization cost R120 000

Total cost (dicscl-powered) for dredging 7.5 million m’ + R34,7 millon




Figure 9.3: Lake Arthur: Dredging and disposal proposal
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Discussion of Dredging Cost Analysis

The dredging cost estimates of the three sclected reservoirs are in all cases except Prinsnivier Dam,
higher than alternative schemes of water supply. The total volume of sediment to be dredged 1s one
major factor in the determination of a low unit cost cstimate Although it is very difficult to give a
gencrahized umit rate, it 1s estimated that with volumes of sediment to be dredged exceeding
25 milhon m'. a unit dredging rate (including disposal) of as low as R1,50/m’ (1994) could be
achicved

The provision of ¢lectnic power instead of diesel power could more than half the dredging cost and
is defimitely something to consider on any reservoir dredging project. The cost of providing electric
power to the reservoir bank was not considered in the cost analvses. It should be noted that the

dredging rates given above are preliminary cstimates




10.1

10-1

BENEFICIAL USES OF DREDGED SEDIMENT

General

The use of dredged matenal is a well-rescarched subject. Ten broad categornies of beneficial uses have
been identified, based on the functional use of dredged matenal at disposal sites: The main uses

(USACE, 1986) with possible reservoir dredging implementation are

a) Habitat development refers to the establishment and management of relatively permanent and
biologically productive plant and ammal habitats. Four gencral habitats are suitable for

establishment on dredged matenal:
- Wetland

- Upland

- Aquatic

- Island

b) Parks and recreation.
c) Agnculture, forestry  Dredged sediment can be used to amend marginal soils
d) Construction and industrial use such as roads and brick manufactuning

By considenng dredged matenal as a resource a dual objective can be achieved:  Reservorr sediment
can be disposed of with mimimal environmental damage and at least some of the costs of dredging
could be covered

An extensive survey of 150 general dredging disposal sites world-wide (Hubbard and Herbich, 1977)
indicated the distnibution of dredged matenal use as shown in Figure 10,1

For this study South Afncan conditions have been evaluated and it was deaided 10 do more rescarch
on the possible beneficial uses of dredged sediment for:

- agncultural use, and
- brick manufactuning

A very important aspect to consider with reservoir dredging 1s the yvolume ivolved  With
I mulion m* of dredged sediment for example, 1t is possible to construct 21 000 small-sized houses
Reservoirs are mostly in remote arcas and transportation will be a major cost factor. In South Afnca
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the availability of raw matenal for the building industry is gencrally not a problem and it would
therefore be difficult to compete with the mostly longer transportation distances required to use
reservoir sediment beneficially. Only the scale of the reservoir dredging operation and co-operation
with the Reconstruction and Development Programme of the Government, could make the use of
sediment for the building industry socio-cconomically viable

Agricultural Use

An attractive altemative for disposing of dredged sediments 1s to use these nutnent-nch matenals o
amend marginal soils.  The transportation of dredged matenial will be a restricting factor, as
mentioned previously

The physical charactenstics of dredged reservorr sediment, especially clay and silt, will have to be
adjusted by mixing with coarser matenal to obtain a loam sol.

The possible agncultural use of sediment from 3 reservoirs in South Africa has been investigated as
part of this rescarch by the Faculty of Agncultural Sciences, Umiversity of Stellenbosch, in
collaboration with the Institute of Soul, Chimate and Water, Pretona This study 1s included in
Appendix A The key finding 1s that the physical character of the sediment (too fine or too coarsc)
1s the main negative aspect of using the sediment as agncultural soul

Brick Manufacturing
a) Clay bricks

The production of ceramic products from dredged matenal has been investigated internationally
mostly to dispose of toxic sediment  In South Afnca the need for housing and increased water
demands could be the market environment required to economically manufacture bricks, with the only
limitation being high transportation cost.

Ceramic tests on sediment from South Afnican reservoirs have been carnied out and the tests look
highly promising. Briquettes of sediment obtained from Darlington Dam, fired at three different
temperatures are shown in the photograph in Figure 10.2.

Discussions with the South African Clay Bnck Association confirmed that transportation costs and
not the avaulabality of raw matenal 1s the liiting cost factor in clay bnick manufactunng A distance
of 50 km 1s more or less seen as the maximum cconomically transport radius of most manufacturers
One of the main manufacturers in the country, transports bricks over much longer distances by road.

for example from Gauteng to KwaZulu-Natal
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Recreational (16.00°)

Industrial (21.00°)

Wildlife (10.00%)
Hydraulic (9.00°9
Commercial (25.00%)
Other (5.00%9)
Research (4.007) Agricultural (6.00%)

Transportation (4.00°%)

Figure 10.1: Classification of 150 dredging disposal sites according to their beneficial use

Figure 10.2: Briquettes made of Darlington reservoir sediment
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b) Cement bricks

Initial tests with a block pressing machine have been carried out on sediment from the Krugersdnft
reservoir. The fineness of most reservoir sediment will require a higher cement-sediment ratio than
normally required Discussions with the SABS indicated that shrinkage and breaking of bnicks duning
transport will also be factors to consider




CONCLUSIONS AND RECOMMENDATIONS

Reservoir dredging is being carnied out world-wide, but mostly on a small scale localized at intakes,
or storage dredging i small reservoirs. The cost of dredging 1s generally hugher than the ereation of
addiional/new storage, but techmical developments in the dredging industry have narrowed this gap
to a point where dredging has to be considered as a major techmque to control sedimentation. This
15 especially true i semi-and to and regions where catchment or hvdraulic sediment control methods
cannot be implemented successfully . Linmited suitable new dam sites. socio-ecconomic considerations
when rasing a dam, and environmental concerns related to the construction of especially medium-
scale to large-scale dams, are all factors favounng reservorr dredging

Case histories have indicated that the selection of the correct dredging equipment for especially
reservoir dredging i1s essential. Boundary conditions such as consohdated clay make the use of a
cutter a necessity.  The dredging industry 1s highly specialised and it 1s difficult to recommend a
specific dredger for general reservoir dredging apphication.  The cutter-suction and bucket-wheel
dredgers with floating pipeline do. however, meet most of the requirements for reservorr dredging and
should be conssdered in dredging depths of less than 30 m. For deeper apphcanons. speciahised grab
or fluidization-pump systems are available

Siphon dredging systems with a cutterhead could result in a considerable cost saving by chiminating
the use of pumps. These svstems are, however, imited by the available head, required transport
distance, limitations on water loss and environmental concern with downstream disposal - With proper
management of sediment-water releases, the svstem could be used to the benefit of the environment
by restoring the sediment regime, and also of downstream users  Siphon dredging should be
considered in more detail, especially with the current First World tendency of constructing smaller
TESCIVoIrs.

An cconomical dredging analysis of some of the reservoirs in South Afnca affccted most by
sedimentation has been carned out by evaluating the water demand and current vield, comparing
dredging with an aliemative method to achieve the required demand in terms of cost, and calculating
a Net Present Value of dredging and the alternative (such as rasing the dam) At one reservorr,

Prinsnvier Dam, the and chmate and reservoir basin charactenstics mean that another dam rasing
cannot meet the water demand. By dredging, however, a large capacity 1s created with a relatively
small evaporative arca dunng critical hydrological peniods. and the dredged reservorr 1s able to meet
the demand at the required assurance of supply
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General conclusions from the dredging-vield results are

- To obtain the same yicld benefit, a much smaller volume can be dredged compared to a
raised dam with additional storage created.

- Dredging of all the sediment 1s not necessary and the required volume is determined by the
water demand, run-off reservoir basin charactenistics, volume of sediment, et

- At some reservoirs a dead storage zone for sedimentation has been provided with the lowest
water release valves located above this zone.  Dredging of the dead storage zone can
therefore not be considered because the water cannot be utithized. It 1s recommended that the
lowest valves are installed close to the onginal niver bed level

- The general assumption in water resources planning that sedimentation fills the dead storage
zone with a honzontal surface level, should be analysed in more detanl for existing reservoirs
and final designs of new dams to cvaluate the impact of loss of hve storage due to
sedimentation. Allowance in future for sedimentation of reservoirs can still be made, but the
design of a dead storage specifically for sedimentation should be discarded

Histonical dredging costs in South Africa and a dredging cost analvsis of 3 reservoirs have been
evaluated and the conclusions arc:

- Although difficult to generalize, the required dredging unit costs need to be in the order of
less than R1,50/m" of sediment excavated

- Local expertise and tics with international dredging firms in the dredging industry have
grown in recent years, and unit dredging costs are lower than previously

- The use of clectne power instead of diesel power should senously be considered in any
dredging project, because it can more than halve the unit dredging costs

- To buy a dredger and to carry out dredging often scems a viable option to government
bodies  Dredging 1s, however, a highly specialised industry and items such as special
traiming and maintenance are often underestimated, resulting in higher dredging costs than
could be carned out by the contractor  Expenence seems to indicate that government-owned
equipment are also used until they are techmically obsolete and highly expensive to run

- The cost of disposal should not be underestimated and it could casily make up 20 % of the
total cost of a dredging project




Unit dredging cost (R/m’ removed)
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Typical dredging unit costs (1994 base vear) for Southem African reservoirs are indicated in
Figure 11.1. These costs should only be used as a rough indication because cach project has its own
specific boundary conditions
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APPENDIX A

INVESTIGATION OF THE POSSIBLE
AGRICULTURAL USE OF DREDGED SEDIMENI
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1 Introduction

The Department of Soil and Agricultural Water Science was approached by BKS (Inc.) to analyse a senes of
sediment samples dredged from vanious dams in South Afrnica and to report on the agrnicultural potential of these
samples. Six samples from the following dams were received (in alphabetical order)

Darlington (Jansenville, Kirkwood)
Garicpdam (Colesberg)

Krugersdnfidam  (Kimberley, Bloemfontcin)
Lake Arthur (Cradock)

Prinsrivierdam (Ladismith, Cape)

Van Rhyneveldspas (Graaff Reinet)

The chemical and physical analyses were restricted 10 those that will contnbute to an assessment of the
agnicultural potential of the sediment. Cost of analysis also played a role in the selection process. The analyses
that were performed and the motive for cach analysis are listed in Table | All analyses were performed
according 1o the methods prescnbed by the Non-Affiliated Soil Analysis Working Committee (Anon. 199%0). The
erodability of the sediment from Lake Arthur, Darlington dam, Prinssiver dam and Van Rhyneveldspas dam
were assessed with a rinfall simulation test conducted by the Institute for Soil. Climate and Water (Agncultural
Rescarch Council). No reason was given by BKS why the rainfall simulation test was restnicted to four of the
six samples only.

The term “agnicultural potential” was interpreted to be any possible use the sediment might have in improving
the general edaphic condition of soil, ¢ g. improving the nutnient status, or the hydrological properties of soil

This report gives a general overview of the results in terms of this interpretation of agricultural potential and,
where applicable, reference to "typical”™ norms are included

2 Physical properties

The texture and particle size composition of the samples were determined using an abbreviated method of the
standard pipette and sieve technique. Iron and aluminium oxides/hvdroxides were not removed. The results and
soil textural classes are shown in Table 2. The cumulative totals of the five size classes range between 96% and
102% (1.¢ do not sum to 100%) and s attributed 10 expenmental crror and the fact that no size class was
determined by difference. All particles were smaller than 0.25 mm equivalent spherical diameter (esd ), 1¢

no medium and coarse sand were present in any of the samples. The texture of four of the six samples 1s
classified as clayv: The Gancp and Krugersdrift samples, arc classified as silt loam and sandy loam respectively

The cause(s) for the high fine sand fraction of the Krugersdnift dam sample s unknown, but is probably related
10 the soils and geology of the catchment and the hydraulic and hydrological charactenstics of the river feeding
the dam. It maght also be related to spatial vanability of sediment composition within the impoundment nself




Table 1 Chemical and physical analyses used to asses the agricultural potential of samples of dredged

dam sediment
An; e General description and purpose of analysis Method*
pH IM KCI soil paste: indication of acadity 21
Electnical resistance Soil cup: indication of salinity 5/1
Total carbon content Walkley Black method: indication of organic 34/1
matier and m‘lroncn mincralization potential
Extractable cation content 0.2M NH -acetate, buffered at pH 7. indication 81
of base cation status and balance, and first
assessment of soil fertility
Soluble cation content Water saturated paste extract: required to 12/1
calculate exchangeable cation content
Cation exchange capacity 0.2 M NH -acetate, buffered at pH 7 indication 12/1
of clay mineralogy and buffering capacity of
sonl
Particle size composition Pipette method: indication of particle size 351

distribution and first estimate of a range of
edaphic and hydrologi ics

* Mcthod number in "Handbook of standard soil testing methods for advisory purposes®™, Anon. (1990)
Although it is rather dcalistic 1o try and define the ideal 1exture for agncultural lands, a loam with 18-25% clay,
40% silt and 40%6 medium and coarse sand can arguably be used as the norm of the textural composition of a
“good* agncultural soil In contrast with this norm and with the possible exception of the Ganicp sample. the
poor grading of the sediment samples, imparts the following unfavourable physical charactenstics 1o them

internal drainage
acration status
consistency when wet
consistency when dry
surface characienistics

very low, because of high clay content

impaired, because of high clay content and poor drainage
plastic and difficult 1o work, because of high clay content

hard and difficult to work

potential for soil crusting, will also be influenced by clay mineralogy and

exchangeable cation composition

Table 2 Particle size com jon of dam sediment samples (%

(Equivalent spherical diameters of size classes: coarse sand=2 00-0 50 mm: medium sand  0.50-0.25 mm, fine

sand 0.25-0.05 mm, coarse silt  0.05-0.02 mm. fine stlt 0.02-0.002 mm, clay

0. num)




3 Chemical propertics

The general chemical charactenstics of the sediment samples are histed in Table 3. The pH of all samples can
be described as mildly acidic o neutral and for most agricultural crops no pH adjustment will be necessary
Although free lime and traces of gypsum are present in samples with pH=>7, the sediment 1s not suitable to be
used as a source of lime or as an ameliorant for acid soils

The clectrical resistance 1s used as an indication of salt hazard of the soil and is imversely proportional to the
salt concentration. Danger limuts for soluble salts in vanous textures in terms of resistance (ohms) are listed in
Table 4. The soluble salt content (salinity) of all samples are typical of the arid and semi-and regions of South
Afnca. The Van Rhyneveldspas-, Lake Arthur and Darlington samples are fairly saline and use of this sediment
on agricultural land might lcad to soil salimization

Table 3 General chemical characteristics of dam sediment sam
e [pHKC)

e o ot

Table 4 Danger limits for salt hazard in terms of electrical resistance of a water saturated soil paste
Lambrechts, 1980

Texture Limiting Non-limiting
Sand <700 ohm > 700 ohm
Loam <500 ohm >500 ohm
Clay <300 ohm >300 ohm

The carbon content of the samples are low to medium. According to the norms of the Soil Classification
Working Group (1991) only the sediment of the Ganepdam will qualify as a humic honzon, the minimum
carbon content for a humic honzon being > 1. 8% The carbon content of soil can also be used as an index of the
nitrogen content, more specifically the mineralizable N-content of a soil. Assuming a CN ratio of 1021 and a
mincralization rate of 2% per vear, the following amounts of mitrogen will be relcased per vear of 150 mm of the
sediment at a bulk density of 1.5 Mg/m' is added 10 agricultural lands

Darlington 40 kg'ha
Garnep 94 ke'ha
Krugersdnfi 14 kg/ha
Lake Arthur S50 kg/ha
Prinsnivier S4 kg'ha
Van Rhwneveldspas 50 kg/ha

These values are too low and the amount of sediment that must be transported 100 hgh, 10 make it coonomically
feasible. Clearly, the sediment samples cannot be used as an cconomical ("cheap™) source of cither organic
matier or nitrogen




The cation exchange capacity data shown in Table 3 reflect conditions at pH 7 and are expressed both as
cmol(+ kg soil and cmol(+ Vkg clay. The latter unit can serve as an indication of clay muncralogy. According
1o the CEC data, the sediment from Ganep and Krugersdrifl contain appreciable amounts of swelling type clay
mincrals, probably of smectitic and/or vermuculitic origin. Too little information 1s available 10 make any
conclusions concerming the clay mincralogy of the other samples

The extractable and soluble cation composition are shown in Table 5. The reason for doing this analysis was 10
asscs the potassium and sodium contents of the samples. Potassium s an essential macro-nutrient for most
agricultural crops and 1n South Afnca 1s commonly found in fairly high concentrations in the topsotl. This
analysis was done 10 cvaluate the possibility that the sediment, the most of which probably onginates from
topsoil of agncultural kands, might be used as a source of potassium, ¢ g as a “fertilizer”. The potassium content
of all samples is fairly high and when expressed in units of mg/kg [fextractable (emol kg) - soluble content
femaol kgl) x molecular weight = mg kg), range between 140 mg/kg (Krugersdnft) and 750 mg/kg (Lake Arthur)
The potassium content is 100 low for the sediment 1o be used as a fertilizer or "top dressing™ However, although
100 how 10 be used as a source of K, the potassium content of the sediment will be sufficient for most agricultural
crops. For example, for wheat and maize production in the summer ranfall regions of South Afnica no potassium
fertilizer is recommended if the soil potassium value is >80 mg/kg (Buvs, 1993)

Table S Chemical composition of sediment samples: A) Extractable cation concentration,
B) Soluble cation concentration

2 T A e A:) Extractable cations (cmol(+)Vkg)
Sk & % R ¢
= Ca Me 1 _Na o —
i 23.75 10.78 164 1.74 513
1 2469 8.99 0.44 062 1.75
5.00 333 0.30 0.37 2.84
Arthur 2463 14.17 267 1.92 7.90
ivierdam 16.69 6.67 098 098 3.75
an nevel 22 06 12.50 1.76 1.76 458
e B:) Soluble cations (cmol(+)kg)
o> il ek
SRS Ca M Na | K I
' 026 032 0.04 L2
017 Ol 006 )| 035
006 07 001 020
026 028 07 003 L34
045 035 040 3 123
an 079 0.62 0.72 0.05 218

Extractable sodium in combination with soluble sodium and CEC is used 10 calculate the exchangeable sodium
percentage, (ESP=100 x NaJ/CEC). The ESP again is used as an index of sodicity hazard and dispersivity. None
of the ESP values exceed the critical level of 15% (US Salimity Laboratory, 1954). However, local and
international experience show that in soils with an ESP >5. the potential for clay dispersion, structural
breakdown and scal or crust formation increases (Shainberg. 1990) especially in the presence of low clectrolyie
water (such as rainfall). The ESP levels of four of the sax samples and the poor particle size grading, increase
the potential for surface crusting, which will result in low nfiltration rates for ranfall (and irmgation), enhanced
runoff and eventually, soil erosion




The sum of exchangeable cations, 1.¢. extractable cations minus soluble cations, should theoretically equal the
caton exchange capacity (CEC). For all six samples this 1s not the case with the sum of cations>CEC and is
attributed 10 the presence of free lime and gvpsum in the sediment. Proof of this 1s the high extractable Ca
content (>15 00 cimol(+)kg) shown in Table 5. The presence of gypsum and lime is linked 1o the and and scmi-
and conditions prevanling in the catichment arcas of the six dams. The only sample where the sum of
exchangeable cations accord well with the CEC, 1s the Krugersdnft sample. However, neither the absolute CEC
values nor the discrepancy between exchangeable cation content and CEC impact on the agncultural potential
of the sediment samples

4 Erodability of sediment

Four samples were subjected 10 a rinfall ssmulation test 10 evaluate the erodability of 1he sediment. The 1est was
conducted by the Institute for Soil, Climate and Water and the results were submitted to the Department of Soil
and Agncultural Water Science of the University of Stellenbosch. The details of the exact methodology are not
available, other than that the test were performed in containers with a surface area of 0.1323 m’ at a slope of 5%
The results were expressed in units of kg ha”' mm™* as a function of cumulative rain and are shown in Table 6.
1t 1s difficult 10 relate these values to typacal long term average sediment loads of nivers in South Afnica which
range between a minimum of 10 t km* a” and a maximum of 3000 t km ™ a' (A Rooscboom’, 1995, personal
communication). For most of South Africa, the sediment load varnies between 100 and 600 t km* a' It would
be very difficult (and rather meaningless) to try and convert the erodability values listed in Table 6 10 sediment
loads of nvers, differences in scale being but one obstachke in the conversion (Lal, 1994)

The crodability of two of the samples decreases with cumulative rain while the other two increases (Fig 1)
Attempts were made to relate this difference in response to other soil properties (¢.g ESP, CEC, clayv®, carbon
content, ¢tc.), but no explanation could be found - possibly because of a limited database.

Table 6

Erodability of dam sediment, according to a rainfall simulation test, as a function of
cumulative rain

Erodability (kg ha” mm*)

Cumulative rain V. Rhynevelds-pas |  Lake Arthur Darlington Prinsnivier
(mm)
284 202 406 55 380
569 131 348 107 329
1138 118 338 119 305
17.08 145 317 173 198
2.7 172 295 196 275
| 28.46 195 280 228 276
| 34.15 170 291 206 267
‘inal Infiltration rate 2 2
mmh')

'A. Rooseboom, Professor in Civil Engineering. University of Stellenbosch
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Figure 1. Erodability of dam sediment samples, based rainfall simulation tests,
s a function of cumulative rain

Conclusions

The agricultural potential of the sediment from the six dams that were analysed is very limited
Although the chemical propertics and nutnient status in gencral are above normal, the potassium
and carbon content, for example is not sufficiently high to make it economucally feasible 10 use the
scdiment as a topdressing on agricultural lands. 1t is reasonable 10 assume that the same conclusion
will apply 1o the phosphorus (which was not determined)

The biggest shortcoming of the sediment 1s the poor grading. Most particles are within the silt and
clay size class, which except for extreme coarse sandy soils. might do more harm than good when
applicd as a topdressing without mixing to normal agncultural lands. Even in the case of coarse
sandy soils, such large quantities of sediment will have 1o be used 10 make any meaningful change
10 the texture, that the procedure and the ultimate result will not be economically viable

In view of the poor grading, high clay content and possible dispersivity of the sediment, the
sediment will have to be thoroughly mixed with the soil to which it is applied. If the sediment is
left on the soil surface, surface crusting and sealing and the concomitant increased runoll and
crosion will result
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