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1. Introduction

Dredging of sediments deposited in harbour basins and approach channels is known as maintenance
dredging and is a baselement of the economic performance of many potisually, the dredged materials
consist of clay, silt and sand particles/flocs. The fraction with particlesangd known as mud, the fraction
between 64nm and 2000ym (2 mm) is known as sand.

The mud fraction < 64rm can be subdivided in:

fraction < 4nm; colloidal fractior(remaining in suspensian all conditions)

fraction < 48 nm; settling velocity 0.03 mm/s (flocculation limit26.mm/s);

fraction 8-16 nm; settling velocity 0.12 mm/gflocculation limit 025 mm/s);

fraction 1632 nm; settling velocity 0.45 mm/s;

fraction 3264 nm; settling velocity 1.8 mm/s.
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The three essential elements of dredging ae&cavation transport and disposal.Often, the most critical
elements are the exavation and the disposaldgmping of sediments at the disposal site due to
environmentalpollution problems. In many cases the dredged material has talmped in the outer
estuary or at opersea. Dumping in rivers anthner estuaries ismost oftennot allowed if the dredged
material is polluted.

Efficient management of dredging works requires:

1 detailed and regular monitoring of the area considered;

1 sufficient knowledge of the sediment transport processes in the area considered,;
1 sufficient knowledge ofiredging and disposal methods;

1 sufficient knowledge of cost and price factors of various dredging methods.

Maintenance dredging in a navigation chanregjuires knowledgef dredging accuracy, whietepends on

the type of soil and the type of dredging thed, see Tablé.1. The mean depth in the area considered after
dredging consists of the required depth plus the accuracy involved. When maintenance dredging is
performed by a hopper dredger in a sandy area with a required depth of 10 m, the actual eetnadter
dredging needs to be 10.60.6 m, given the accuracies involved. The minimum depth in the area will be
about 10 m and the maximum depth will be about 11.2 m after dredging.

Type of dredger Sand Mud

Grab dredger °0.3m °0.2m
Cutter dredger °04m °0.3m
Hopper dredger °0.6m °05m

Table 1.1 Accuracy of various dredging methods
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2. Dredging methods

Each type of dredger has its own typical characteristics such as:
sensitivity to waves and currents (operational conditions);

minimum water depth required for excavation (dredging) and sailing;
minimum horizontal channel dimensions required for manoeuvering;
type of soils that can be dredged,;

production in relation to soil composition;

vertical accuracy of dredged bed profile.

= =4 =4 =4 =8 =4

The followngthree main types of dredgg methodsare available:

1 Cutter dreddng (hydraulic)
- positioned by anchors (hindrance to ships);
- sensitive to waves and currents;
- connected to floating pipe line (removal of dredged materials);
- large range of soilsoft to consolidated, rocky soils);
- large production range (upto 10,000%hour); 10% to 20% solids (by weight) in slgrry
- reasonably smooth bed profile after dredging;
- wide suction mouth can be used to remove a wide, but thin layer (dustpan drgdge

1 Trailingsuction hopper dredang (hydraulic)
- self sailing with suction pipes and draghead suspended from cables (midships alongside);
- sedimentis pumped intchopper and excess water is ultimately forced to flow overboard
- no hindrance to otheships(no floating pipeline)
- not very sensitive to waves and currents;
- minimum water depth required for dredging and sailing (approx.)i7 m
- suitable for relatively softinconsolidatedsoils;
- very suitable for large channel maintenance projects
- large production range (up td0,000 ni/ hour);
- unloading through pipeline pumping; by rainbowing or by bottdoors;
- rough bed profile after dredging;
- environmental problems due to overflow;

i Grabdredgng by crane/backhoémechanical)
- dredging from a fixed platform (hindrance);
- able to work close to structures (piers, quays);
- not sensitive to waves and currents;
- closed clamshebucketfor minimum turbidity levels;
- removal of dredged material by bargks off-site transport
- smal production rang&500 n¥/hour);
- large range of soils (soft clay to soft rock);
- smooth bed profile after dredging.

Duringdredging and dumping activities, mudhi®st oftenreleased in the system as siféilde effect)
Two types of mud spill soursean be distinguishg@ee alsdrable 2.):

1 single poinispillevent (< 1 hour; spill area of 10x13)ngenerating a mud cloydhe mud cloud is
caried downstream by the current and the mud concentration decreases due to settling and
mixing (vertical [dngitudinal and lateral);

Examples: mud overflow from a hopper dredger; mud dumping though bottom doors of barge

1 (semikontinuous pointspill over a certain periochpurs to daysspill area 10x10 Ay
Examplesfree fall sprayingf sandmud into the waer (rainbowing ) to make land.



&

Note: Turbidity
Date: January 2018

Dredging and dumping activities can be seen as (semi) continuous mud sources.
Loading and unloading times of dredging/dumping equipment are givéabie 2.1

Type Dredging activity | Dumping activity
of dredger Pumpline exit Spraying pontoon | Rainbowing Bottom doors
Grab Semicontinuous | Semicontinuous; | Semicontinuous; | - Single release
Grab fills barges | Grab fills barges Grab fills barges
which connect to | which canect to Barges sail to
pipeline spraying pontoon dumping site
Loading time= Unloading time= | Unloading time= Unloading time
8-24 hours per 1-2 hours per 1-2 hours per < 10 minutes
day event event per event
Cutter Continuous Continuous Continuous - -
Cutter is Cutter is
connected to connected to
pipeline pipeline
Semicontinuous | Semicontinuous Semicontinuous - Single release
Cutter fills barges | Cutter fills barges Cutter fills
which connect to | which connect to barges with
pipeline pipeline bottom doors
Loading time= Unloading time= Unloadingtime= Unloading time
1-2 hours per 1-2 hours per 1-2 hours per < 10 minutes
event event event per event
Hopper Semicontinuous | Semicontinuous Semicontinuous Semi Single release
small/large continuous
Hopper dredges | Hopper connects | Hopper connects Hopper has
at borrow site to pipeline to spraying boat Hopper sails to | bottom doors
dumping site
Loading time= Unloading time= Unloading time= Unloading time
1-2 hours per 1-2 hours per 1-2 hours per Unloading < 10 minutes
event event event time=1-2 hours | per event
(cycle time per event
depends on
distarce
between
dredging and
dumping sites)
Table2.1 Loading and unloading times of dredging equipment
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3. Turbidity caused by dredging

3.1 General aspects

The increase of suspded sediment concentrations due to the dredging process is generally expressed as a
total suspended solids concentration (TSS in gl or in mg/I).

TSSs a simple measure of the dwyeight mass of nowlissolved solids suspended per unit volumevater.

TSS includes inorganic solids such as clay, silt, sandt etay also includ®rganic solids such as algae,
zooplankton, and detritusdepending on the type of analysis methodVhen direct measurement of the
guantity of suspended particulateatter present in water is needed, TSS mass determination in a laboratory
is the most common method.

Turbidity is a common standard method used to describe the cloudy or muddy appearance of water.
Turbidity measurements have often been used for waterlgyatudies because they are relatively quick and
easy to perform in the field. The concept of turbidity involves optical properties of the water and is not a
direct measure of the concentration of suspended sediments. Turbidity has been defined asicah o
measurement of light that is scattered and absorbd&dhe standard unit of measurement for turbidity is the
Nephelometric Turbidity Unit (NTU) measured with a nephelometer. NTUs are based on a standard
suspension of formazin in water, which is usedcalibrate nephelometers. According to this model, the
lower the measured NTU value is, the clearer and less turbid the water will be.

Thus:turbidity and light transmission measure the presence of particles indirectly through their optical
properties while TSS measurements directly quantify the mass of particulates present in the water.
Figure3.1 shows a plot of Turbidity (NTU) against TSS (mg/l) based on various studies.

Roughly: TSS= (6028) Turbidity
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Figure 31 Relationship Turbidity (NTUnhé Total 8spende Solid conentration (TSS in mg/lLASC 2003

Saliment concentration plumes generated by dredgingnay have strongadverse effects on biological
resources either through impact to water quality or increased siltation. The most imponteiro@mental
problems are:

i siltation outside dredging area and impact on néad fauna and flora (benthic organisms);

1 uncontrolled movement of attached pollutants and hence pollution of clean areas;

i release of nutrientsreductions in dissolved oxygensaorface water;

9 flocculation and clogging of micarganisms;

1 blocking of sunlight due to increased turbidity levels.

All types of dredging operations create some form of turbidity in the water column, depending on the:

1 applied dredging methodhechanicatiredging using grab, bucket, clamshell; hydraulic dredging using
pipeline cutterhead, hopper including overflow; agitation dredging);

1 nature of the sediment bed (soil conditions, gas content);

1 hydrodynamic conditions (water depth, mean currents, salinitgyes).
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Turbidity during dredging activities is causedHos:

9 actual dredgingexcavationprocess at the sediment bed (resuspension effect), including gas releases
from disturbed bed;

1 spillage during vertical transportation from bed to vessel or barge;

- grab dredger and bucket dredger: sediments washed off during vertical movements; impact on bed,
losses during emptying in barge;

- hopper dredger: movement of suction pipes through bed, return flow under vessel during sailing,
jet flow due to propelle of vessel, emptying of suction pipes after blockings (flow reversal in pipe),
overflow during filling process (pumping continues after hopper is full in order to displace the water
and increase the material density in the hopper, excess seditaden water overflows and renters
the water column);

1 spillage during horizontal transportation from dredging to dumping site.

The two most turbidity generating dredging methods are: Grab dredging and Hopper dredging

Grab dredging
Sedmentleakage andesuspensiorare caused byFigure 3.2

91 resuspension when the bucket impacts the sediment bed, closes, and is pulled off the bottom;
1 sediment losses as the bucket is pulled through the water column (either raised from the bottom or
lowered from the surfae);

1 sediment losses when the bucket breaks the water surface;

1 sediment/water spillage or leakage as the bucket is hoisted and swung from the water to the barge.
In addition, losses of sediment can occur if the barge is allowed to oveftiioicreasethe effective load
and it is likely that this practice increases suspended sediment concentrations around the dredging operation.
Closed clamshell buckets of 5 and Yare available for lowurbidity dredging.

" dredging the River Ayr.

Figure3. 2 Grab dedglng (The Grab Spemalm/uvw tqsqras njlmere The Netherlands)
Upper: open grabs with heavyua spill during hoisting
Lower: closed clamshell grabs (left:hydraulic for backhoe and Right: mechanicahiy cr

6
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Hopper dredging

Basically, the loading process consists of three phasaes Rhee, 2002

1 filling phase to overflow level; three layers are present in the hopper: a lower layer of settled sand, a
sedimentwater mixture and a top layer of clear water;

1 overflow phase (5 to 15 min); the hopper is filled with sand and the excess water is forced out of the
hopper by overflow through a pipe system; a higincentration density current is present above the bed
gradually reduing in time; a lowconcentration bp layer is present near the water surface flowing in
horizontal direction to the overflow system;

1 final phase; higltoncentration layer reaches the water surface and the overflow losses of sediment
increase considerably; the maximum sediment concentratiorthe overflow pipeline may be as large as
30% by volume when the hopper approaches its capacity .

Infine sandy conditiongthe total overflow generallys of the order 06% to 10%.
In muddy conditions, theverflow can reach values up to 30% of th&al volume of sediment pumped into
the hopper and may cause significant environmental problems.

Van Rhee (2003)erformed largescale laboratory tests (fine sand of 0.105 mm and 0.14 mm) of the hopper
filling process and the associated overflow proesss'The maximum overflow loss of sediment was about
40% in the tests with fine sand of 0.115 m#field lopper test at thesandyDutch shoreface (Hopper
Cornelia of Boskalis Westminster Dredging: B=11.5 m, L=52 m, {&;64+0.24 mn) showed an overflow
loss of sana@f about 8%.

Van Parys et al. (2001gompared various techniques to reduce the turbidity during hopper dredging
operations in the outer Port of Zeebrugge (Belgium). The turbidity levels were reduced by a factor 5 in case
of dredging withouverflow.

3.2 Turbidity valuesmeasured at field dredging sites

Stuber (1976)presents data of turbidity studies during agitation dredging works near wharves, slips and
docks (using drag beams behind tugs) in the Savannah River channel in th€EhdSlps and wharves
(siltation areas of 100x3003%water depths of about 10 m) are located adjacent to the main river channel
and experience siltation rates in the range of 0.2 to 1 m per month. The tidal range varies in the range of 1.5
to 3 m; the peak tal currents in the middle of the channel are in the range of 1 to 1.5 m/s. The background
concentrations are in the range of 500 mg/l (near bed) to 50 mg/l (near surface). Agitation dredging is
performed during ebb tidal flow. Suspended solids were measat sampling control stations located at
about 100 to 300 m downcurrent from the dredging sites and at a slightly greater distance from the bank
than the centerline of the dredging area. Samples were taken at the water surface and at depths of about
4.5m and 9 m from the water surface. The background concentrations varied in the range of 20 to 100 mg/I
at most sites. The maximum silt concentrations in the downcurrent control stations varied in the range of
100 to 200 mg/l at a depth of 4.5 m and in thege of 200 to 400 mg/l near the bed (at depth of 9 m). The
largest increase observed was from a background value of 30 mg/l to 300 mg/l during dredging (factor 10).

Sosnowski (19843tudied the sediment resuspension near grab dredging works in the Nemds River and
Eastern Long Island Sound (USA). The tidal range is about 1 m; the tidal currents are in the range of 0.5 to 0.8
m/s in the Thames River and in the range of 1.3 to 2 m/s in the Sound. The dredging operation consisted of
a bargemounted cram using an open clamshell bucket. Samples were taken at three depths (surface, mid
depth and neatbottom) in the dredge plume at 30 to 300 m downstream from the dredging site. Background
concentrations were taken about 100 m upstream of the dredging Blear the bottom the sediment
concentrations were in the range of 100 to 1000 mg/I within 50 m from the dredging site. At a distance of
about 300 m the neabottom sediment concentrations were back to the background values of about 10 to
20 mg/l. Near thevater surface the sediment concentrations were in the range of 10 to 100 mg/l within 50

m from the dredging site. At a distance of about 200 m the surface sediment concentrations were back to
the background values of about 5 mg/I.
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Hayes et al.(1984) present results of field studies into sediment resuspension caused by cutterhead,
clamshell and hopper dredging methods at various USA sites. Suspended sediment concentrations near the
cutterhead (within 6 m) were found to be in the range of 100 to 1000 mgfedding on cutterhead tip

speed, swing speed and type of cut (full or partial). Suspended concentrations were found to much lower
(factor 2) when a closed clamshell bucket was used in stead of an open bucket. Turbidity values in the plume
of a hopper dredgr showed values of about 900 m/l near the bed and 350 mg/l near the surface at 30 m
from the dredger with overflow and values of about 50 mg/l without overflow.

Wakeman et al. (1975)escribe the results of turbidity studies conducted during the 1974 taaance work

at Mare Island Strait (San Francisco Bay, USA) using hopper and cutterhead dredgers and at Oakland Inner
Harbour using a grapple or clamshell dredger. Water turbidity monitoring at various distances downcurrent
from the dredging site was penfmed based on water sampling. A special experiment was designed to
determine the impact of overflowing during hopper dredging on the surrounding water column. The
sediment concentration monitoring results are giveWables 3.1 to 3.3

The cutterhead drdger was found to have the least effect on water turbidity during dredging operations.
The hopper dredger without overflow also showed a relatively low effect on turbidity levelopemegrab

dredger and the hopper dredger with overflow produced reldiivieigh levels of turbidity and suspended
solids in the water column. These values were however much smaller than those generated during natural
high runoff periods and high winevave events.

Station downcurrent Depth below water Background Concentration during
surface concentration dredging operation
(m) (m) (mg/l) (mg/l)
50 1 18 80
5 20 50
9 22 280
100 1 18 40
5 20 60
9 22 100
400 1 18 25
5 20 10
9 22 40

Table 3.1 Qabdredgng

Station downcurrent Depth below water Badground Concentration during
surface concentration dredging operation
(m) (m) (mg/l) (mg/l)
50 10 40 70
100 10 40 55
400 10 40 50

Table 3.2 Cutterhead dredigg

Station Depth below | Background | Concentration dunmg Concentration during
downcurrent water concen dredging operation | dredging operation with
surface tration without overflow overflow
(m) (m) (mg/l) (mg/l) (mg/l)
50 1 150200 210 350 at start of overflow
75 after 3 min

350 after 6 min
315 after 9 min
10 150-200 230 250 at start of overflow
165 after 3 min
870 after 6 min
390 after 9 min

Table 3.3 Trailing suction hopper dredw with and without overflow
8
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Bernard (1978kynthesizes the results of eight research studies into sediment resuspension and turbidity
levels near various dredging sites in the USAtéancolumn turbidity generated by dredging operations is
usually restricted to the vicinity of the operation and decreases rapidly with increasing distance from the
operation. The results can be summarized, as follows:

1 Grab (Clamshell)maximum concentrabns of suspended solids within 50 to 100 m from the dredging
site will be less than about 200 mg/l; the visible plume will be about 300 m long at the surface and
approximately 500 m near the bottom; maximum concentrations will decrease rapidly to backgrou
values within 500 m;

1 Cutter. the increase of suspended concentrations around cutterhead dredges is restricted to the
immediate vicinity of the cutter, where concentrations may be as highoag/ILwithin 3 m of the cutter;
nearbottom levels of 100 t@00 mg/l may be found within a few hundred metres of the cutter;

9 Hopper. during overflow operations, turbidity plumes with concentrations of 200 to 300 mg/l may extend
behind the dredge for distances up to 1200 m; without overflow the concentrations arsiderably
smaller (factor 3 to 5); neasottom concentrations of 1 to 2 gr/l are generated near the dragheads.

Turbidity levels around dredging operations can be reduced when necessary, but not without appreciable
cost, by improving existing cutterheadediging equipment techniques (large sets and very thick cuts should
be avoided), using watertight buckets and eliminating hopper dredge overflow, or using a submerged
overflow system. The dispersion of nearface turbidity can be controlled, to a certartent, by placing a

silt curtain downstream or around certain types of dredging/disposal operations. Under quiescent current
conditions (<0.1 m/s) turbidity levels in the water column outside the curtain may be reduced by as much as
80 to 90 percent. Siturtains can not be used in conditions with currents larger than 0.5 m/s.

Willoughby and Crabb (1983)udied the behaviour of dredggenerated sediment plumes in Moreton Bay,
Australia. The data were collected during June and July 1982 in the ovpltlme generated from a trailing
suction hopper dredger during sand (0.25 mm) dredging at Middle Banks in the Bay area. Close to the dredge,
the measured concentrations ranged between about 500 mg/l (near the bed) and 50 mg/l (near the surface).
The backgrond concentration were of the order of about 5 mg/l. The concentrations in the plume were
found to be reduced to at or just above background levels within approximately one hour. About 90% of this
reduction occurred within the first 20 minutes. Given tledl current velocity of about 0.6 m/s, the major
proportion of the dredge suspended material settled within about 600 to 700 m downcurrent from the
dredge.

Battisto and Friedrichs (2003tudied the suspended sediment plume characteristics during oystel
dredging (on 22 August 2001; northeast of Hogg Island in the James River estuary, Virginia, USA) using ADCP,
OBS and bottle samples. During strong tidal flow, the dredge plume was confined mainly to the bottom of
the estuary channel with a width obaut 200 m and an estimated maximum length of 5 km. At distances of
100 to 400 m downstream of the dredge, the plume was about 1 to 2 m thick with concentrations of 50 to
100 mg/I higher than the background values of about 100 mg/l. At distances of Hivimstream of the
dredge, the plume was about 3 to 4 m thick with concentrations of 30 to 50 mg/I higher than the background
values (100 mg/l). Active dredging around slack water produced a spatially less extensive but higher
concentration suspension in ¢himmediate vicinity of the dredge. During slack after ebb, a plume of 8 m
thick, 200 m wide and concentration of 100 mg/l was formed near the dredge before collapsing and spreading
along the bottom of the main channel as a layer of 1.5 m thick, concémisatip to 150 to 200 mg/l and an
estimated length of 500 m. This concentration pool was then advanced landward with the flood tide. When
dredging was stopped at slack after flood, the plume outside the immediate vicinity of the dredge settled to
below detction levels within an hour. Comparison of OBS and ADCP profiles showed good agreement. A
typical ADCP transect across the dredge plume provides better visualization of the extent of the dredge
plume than is possible with only OBS profiles.
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Since 1985arious turbidity studieg¢Blokland, 1988; Pennekamp and Quaak, 1990; Pennekamp et al., 1996)
have been performed around dredging vessels in several harbour basins in the Netherlands (Port of
Rotterdam). Local currents were quite small (<0.5 m/s). The nmeasnts were carried out before, during

and after the dredging activities. A network of measurement stations was set up within and around the
dredging area (grid interval of 50 m). Sediment concentrations were measured at depth intervals of 1 to 3 m
usingoptical sensors. The duration between consecutive measurements over the full water depth was about
30 minutes. Isaconcentration contours were made and from this the quantity of sediment brought into
suspension was determined by integrating the mean cotretion over space and time.

Three aspects were considered: the level of turbidity in the dredging area, the horizontal dispersion of the
sediment cloud (in absence of local currents; mean currents were small at dredging sites considered), and

the settling time of the sediment cloud after cessation of dredging.

The results were expressed in the following four basic parame®ensnekamp et al., 1996; Kirby and Land,
1991):
9 depth-averaged background concentration (C);
9 characteristic increase of deptiveraged concentrationC) at a distance of 50 m from centre of
dredging activity;
9 decaytime (DT) of the increase of the concentration after cessation of dredging activity; time after which
the turbidity has diminished to background values at 0.5 m abovédideat 50 m from centre of dredging
site;
9 resuspensiofioss parameter S; S is the volume of sediment material (in kg dry material) brought into
suspension per Aof dredged material (in situ).

Table3.4

Dredging method | Production Goackground DC DTaecay Sesuspension
of dredged at 50 m from after
material centre cessation of
dredging
(m*/hour) (mg/l) (mg/l) (hr) (kg/m3)
Large suction hoppe| 40006000 50-100 500-1000 15 2050
(maximum overflow)
Large suction hoppe| 40006000 50-100 200400 1 10-20
(limited overflow)
Large suction hoppe| 40006000 50-100 50-200 0.51 3-10
(no overflow)
Small suction hoppe| 15002500 20-50 50-200 0.51 5-15
(limited overflow)
Grab (open) 100-200 20-50 50-100 1 5-15
Grab (closed) 100-200 2050 2050 0.51 3-5
Buclet 300-600 20-50 50-100 0.51 5-15
Small atter 100-200 20-50 10-20 0-0.5 0-3
Hydraulic crane 100-200 20-50 100500 1 5-50
(various backhoe
types)

10

Sedimentesuspension/losgarameter S of dredging equipment.
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LACSLos Angeles Contaminatede@ments) Task Force (2003)as analysed the available da#0 to 50
cases) on the loss or resuspension of sediments during dredging openaitbiosit overflow from various
dredging studies of the international literaturBigure3.3 shows the cumulative@robability distribution of
the losgresuspension coefficientdg (as a percentage) on the horizontal axisydraulic (without overflow)
and mechanical dedging methgdsee alsdlable3.5. It is shown that hydraulic dredging methods tend to
resuspendess sediment into the water column than do mechanical dieglgnethods

To include the uncertainties involved, it is wise to use the-9ades For exampleRoss 0% =2%for hydraulic
dredging, which means that in 90% of the studied cases, #faetlr was < 2% and in 10% > 2%.

Resus St any,insitu = resuspensiorfactor (1% to 10%); about 1% to 10% of dry sediment mass (pef imsitu
(source)material dredged out of the systemwater+sediment) isesuspendedbst during the excavation
process andbrought into suspensian

S= dry mass of sediment (in kgntost or resuspended during the excavation proagfseach ni of insitu
material dredged oytSvalue refers to an area very clo@egithin 10 m)to the dredging point

I aryinsitu = dry bulk dengi of insitu sediment before dredging (kgfn

In the case of cutter and hopper dredging, sediment is resuspended during excavation, while sediment is lost
during grab dredging.

Parameter Hydraulic dredging| Mechanical
(no overflow) dredging
Resuspensidioss factor Rsusmean 0.8% 2%
Resuspension/loss factorRsso 0.5% 1.5%
Resuspension/loss factorRsso 2% 8%
Resuspension/loss factoreRsexireme 8% 10%
Turbidity concencentration increasecsos 20mg/ 70mg/l
Turbidity concencentratin increaseDCoos 500 mg/l 150 mg/l
Turbidity concencentration increasBCexireme 5000 mg/Il 500 mg/I

Table3.5 Some characteristic values of resuspension factor and turbidity concentration increase
LASC Task Force 2003
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Figure 34 shows the measured suspended sediment concentrations (above the background concentrations)
at a distance of about®Bm (100 feetfrom the dredge point basedn data summarized by the LASC Task
Force (2003).

The turbidity concentrations produced by mechanical dirdgnethodsare, on average, larger than those
produced by hydraulic dredgingethods This nay be caused by the fact that turbidy camtrations are
generated at almost any point in the water column
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Figure3.4 Probability distribution ofurbidity concentrations at3m from dredger; LASC Task Force 2003

3.3 Measures reducing turbidity during dredging

Environmental dredging is a type of dredgifocussing on operating either with minimal suspension of
sediment or with particular accuracy. It can apply to specially adapted variants of any of the types of
traditional dredgersTypical environmental questions to be answered are whether susperatiichents will
leave the dump site, where the material will go and how much material will remain in the water column after
a certain time.Some types of dredgehave been specially designed for this purpose:
9 Auger dredgergFigure 35) using special equipent to move material towards the suction head,;
pumping by piston action to enable the transportation of hagnsity material;
9 Disccutter dredgerswith a cutter head which rests horizontally and rotates its vertical blades slowly
(consolidated silt andasd;Figure 35);
1 Soop/sweep dredgers using special equipment to scrape the material towards the suction intake.

Mitigating measures to reduce environmental effects are (see Jibo et al., 2000
9 Trailing suction hopper dredger
- optimise trailing véocity, suction mouth and suction discharge;
- limit or nooverflow;
9 Cutter suction dredge(Figure 35):
- optimise cutter speed, swing velocity and discharge;
- use special cutterhead design;
9 Grab dredger
- use watertight gralclamshell Figures 3.2and 3.6);
- use silt screen;
- limit grab time above water;
- limit grab dragging on bed;
9 Backhoe dredger
- use special bucket for reducing sediment losses;
- use silt screeffFigure 36); only if local current velocity < 0.5 m/s.
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Cutter-suction dredgers generate a cloud of dredged material into the water, which is pumped/sucked into
the mouth of the dredge pumpgdowever, cuttersuction dredgers are not able to suck all that material up
and may leave as much &3 of all disturbed solids in the ambient water.

Horizontal hydraulic Auger dredgers push the dredged material into a shroud that directs the material in
0KS LlzylLIQa &adz00iAz2y Y2dziK® ¢KS aAKNRBAdZRAY3I 2F YI (SNA
almost all materials. Silt screens can be used to reduce the spreading of spilled mud.

A screwAuger dredger operates like a cutter suction dreddut the cutting tool is a rotating srew at right
angles to the suction pipd-{gures3.5). A torizontal hydraulic Auger dredger moves forward and dredges
material away in broad lanes (dredge cuts), which are easy to track bysecimoler.Selfpropelled Auger
dredgers are available that allows the system to propel itself without the use of anchors or dablasyer
head (vww.dopdredgepumps.cojrcan also be attached to a backhoe boom

3.4 Summary

Mechancal dredgers cause increases of suspended sediment concentrations (SSC) in the range of 50 to 200
mg/l at about 50 m from the dredge poinbut most data are less than 100 mgseeTables 3.6 and 3.7.
Generally, the larger the dredger the higher the S®&Cas the size increases, the overall volume of sediment

lost as a percentage of the total volume dredged tends to decrease. The mechanical dredgers have relatively
high Svalues(close to the dredging pointput the concentration increase is not thatghi because the
sediment is well dispersed throughout the water column and over a wide area at low concentrations before
finally settling.
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Table 3.8shows dilution factors based on measured data and theoretical dispersion st&tiesan 9. In
most casesthe SSC decay to the background values within 500 m, except for hopper dredging with overflow.

Cutter suction dredgers produce SSC which are quite high near the cutterhead (alfito110,000mg/l),
but are quite small away from the cutter.

Trailingsuction hopper dredgers can inject considerable quantities of fines into the water column when
overflowing. SSC close behind the dredger can reach up to 500 mg/l at the water surface and as much as
5000 mg/l near the bed. If operating without overflpwery little sediment is brought into suspension
(generally smaller than abo®00 mg/l). The overflow mixture tends to descend towards the bed quite
rapidly as a dense plume due to its relatively high density and high rate of delivery.

Large suction hoppedredgers can produce just as much turbidity (in terms-walBes) as smaBackhoe
grab dredgers. Then&lues do not depend greatly on production capacity.
The study results from variou®hd sites show that the turbidity concentrations:
9 are greatesnear the bottom;
1 decrease rapidly with distance from the dredpdecrease is less rapid if currents are relatively large
1 are greatest for very fine sediments.

Thedecaytimes (after cessation of dredgingg abouthoursin depths of 5 to 10 mwhich impies that the
suspended sediments sink relatively quickly to the bed after cessation of dredging operations in conditions
with relatively low currents (8.5 m/s). The effective settling velocitiegfines/mudare in the range 00.5

to 2mm/s (due to flaccuation effects)

The turbidity increase near dredgers in the harbour basins of Rotterdam was found to be of the same order
of magnitude as the turbidity increase due to sailing and mooring of vessels (resuspension due to propeller
of vessels with tugand the return flows between bottomside of vessels and the bed in shallow water).

Turbidity increases up to 500 mg/l (background concentration of 20 mg/l) were measured at distances of
about 50 to 200 m from a large bulk carrier during mooring at thaygwall with assistance of four tugs in

one of the harbour basins of Rotterdaifheannual production of turbidity during maintenance dredging in

the Botlek harbour basin of Rotterdam is of the same order as the production of turbidity due to the passage
and mooring of all vessels in a year in this basin.

Turbidity can be greatly reduced by modification of the standard dredging procedures (overflow using special
return pipes at bottomside of vessel; closed grab or clamshells; silt curtains or screend arteahanical
dredgers).

Turbidity parameterg(see Tables 3.6, 3.7 and 3.8)
The resuspension/lossate of dry masof fine sedimenper hour (kg/hour) is given by:

Besus= (Resuslloo) I dry,insitu Pnsitv= (Resugloo) r dry,dredgedpdredged (31)
The resuspension/lossate per unit time and areékg/m?hour):

Besus,area (RequlOO) I dry,insitu Pisit/ Ad = (Resuslloo) r dry,dredgederedgeclAd (32)
with:

Resus St dny,insitu = resuspension factof1% to 10%); about 1% to 10% of dry sediment nfaesn? of insitu
sourcematerialdredged ouf water+sediment) is lost during excavation drdught into suspensign

S= drysedimentmass (kg/m) resuspendefost for each n? of insitu (source) materialreédged out;

Paredge= production rate of dredgedolume (500 to 5000 #thour); ratio of dredged volume and cycle time;
Pinsit= =F dry,dredged I dryinsit] Pareaged™ VOlumeproduction rate of insitu material (fhour);

Aq=areawhere sediment is dredgedfthe order of 10 to 1000m?; model grid arep

I ary,insitu = dry bulk density of insitu sediment before dredging (k§/m
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I ary,redged= dry bulk density of dredged sediment (during/after dredging), (Ry/m

Hopper dredgerr ary,dredged ratio of dry sediment mass in hopper (at end of overflow procasd hopper
volume; about 306600 kg/nt for mud and and 1500/1600 kgfhfior sand

Cutter dredger with barges:ary,daredged ratio of dry mass in barge and banggume

Cutter dredger with pipeline: gry,aredged dry sediment concentration in pipelin200 to 400 kg/r?).

Grab dredgerr gr.dredged dry mass in grab/grab volume (50600 kg/nt for mud and sand).

Dredging method Productionof DCat 50 m from centrewith Sesuspension
dredged material | respect to backgroundmg/l) close to dredge
(m3hour) Dutch sites | USA sites (kg/m®)
Large suction hoppgmaximum overflow)| 3000-10000 300-1000s | 300-1000 2050
5005000 b
Large suction hoppgtimited overflow) 300010000 200400 10-20
Large suction hoppgno overflow) 300010000 50-200 50-300 3-10
Small suction hoppgino overflow) 10003000 50-200 50-200 5-15
Cuttersuction 5005000 10-50 50-100 1-5
Grab (open) 100500 50-100 10-100 surface | 5-15
100-1000 bed
Grab (closed) 100500 2050 10-50 surface 35
50-300 bed
GrabBackhoe 100-300 100500 5-50

DC=concentration increase; s=surface, b=near bed

Table 36 Sedimentesuspension/losgarametess of dredging equipment.

Parameter Hydraulic dredging (no | Mechanical dredging
overflow)

Resuspension/loss factoreRs mean 0.8% 2%
Resuspension/lss factor Rsus,50% 0.5% 1.5%
Resuspension/loss factoreRs 0% 2% 8%
Resuspension/loss factoreRs extreme 8% 10%
Turbidity concencentration increasBcsos 20mg/l 70mgl/l
Turbidity concencentration increasBcoos 500 mg/l 150 mg/I
Turbidity ®ncencentration increas@Cexireme 5000 mg/l 500 mg/I

DC=concentration increase

Table3.7 Resuspension factor and turbidity concentration increageSC Task Force 2003

Current Dilution factor Dilution factor Dilution factor

velocity at about 200 m at about 500m at about 5000 m from

from source from source source

0.1-0.3m/s | 1/5 1/10 1/50

0.30.5m/s | 1/5 1/10 1/25

0.51 m/s 1/5 1/7 1/15

1-1.5 m/s 1/5 1/7 1/10

Dilution factorg= G/Co; G= concentration at location x;,econ@ntration at sourcdocation

Table3.8 Dilution factors omudconentrations (8 to 16 //m; almost uniform distributed over water
column)dueto settling, longitudinal and laterahixing/dispersior(see Table 5);
continuous source water depth of O m
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3.5 Examplesf predicted turbidity values atdredgingsites
Example 1: Turbidity generated by hopper cuttesuctiondredging in muddy conditions

Given: Production rate Redges= 2000m*hour; Overflow rateRoverfiow= 0%
Dry bulk density oiinsitumudr gry,instu=800kg/m?
Dry bulk density of mudary,dredged 400 kg/nd
Filling time= 0.5 hours; water depth= 15 m
Resusoovmresuspension factor2%
Local current velocity=0m/s

Equation (3.1) yields
E(esu; (RequIOO) r dry,dredged Pdredgedz (2/100))(4002000: 1&)00 kg/hOUf@B kg/S

Maximum sediment concentration increase at 50 m from celirg.@600 mg/l
Maximum sediment concentration increase at 500 m from cebBg.@1/5x500=100 mg/I
Maximum sediment concentration increase at 5000 m ficentre Dcmax@L/50x500=10 mg/I

Example 2: Turbidity generated by open Grab dredging in muddy conditions

Given: Production rate Redges= 300 n¥hour; Overflow rateRoverfion= 0%
Dry bulk density of insitu mudry,insiv= 800 kg/nd
Dry bulk @nsity of mudr gry,dredge 700 kg/nd
water depth= 15 m
Resusoov=resuspension factor= 8%
Local current velocity=8m/s

Equation (3.1) yields:
E’esu? (RequIOO) r dry,dredged Pdredgedz (8/100))(700)(300 = 17000 kg/h@ kg/S

Maximum sedimat concentration increase at 50 m from cenfPena@1.50 mg/l
Maximum sediment concentration increase at 500 m from cebBig.«@1/3x150=50 mg/I
Maximum sediment concentration increase at 5000 m from cebge@1/30x150= 5 mg/I

The resuspension rafgg/m?/s) per unit time' areacan be converted to bbcal concentrationas follows:

Eresus/Ad = Murrert near bedCnearbed
Chearbed= [Eresusl(Ad Vcurrent near be()]

Using: Bsus= 5 kg/s, A=400 n? and Vurren near be= 01 M/s, it follows that:
Cnearbed™ [Eresud (Ad Veurrert near bed |= 5/(400x01) = 0125kg/m3=125mg/l over an area of about00 n¥.

In one hour a quantity of 17000 kg is brought into suspension by the grab.

Given a prodction rate of 300 nhour and a layer thickness 6f5 to1 m, the grab can remove sediment
from an area of about 30 600m?,

Given a water depth of 15 m, the volume of water withimarea 0f400 n¥is about6000 n.

Thus the con@ntration increase is about 17006000 @3 kg/m* @3000 mg/I within an area df0x20 .

This value applies to the situation with no advection (current velocity= O ma/dlilutior) and no settlement
of the fines within the dredging area.

If a silt screen around the area of 408iswused, the sediment concentration will go up tues of the order
3000 mg/I (brown waterseeFigure 3.5.

16



@ Note: Turbidity @
Date:Jnuary2018 . e

Example3: Turbidity generated by hopper overflonin muddy conditions

Given: Hopper volume Mppe= 5000 m; Overflow rateRyverfiow= 7%
Dry bulk density ofnud r ary,dreaged 400kg/m?; fraction fines < 63m= 0.8
Filling time= 0.5 hours; saliling speed during loading= 3 km/hour; water depth= 15 m
Local current velocity =6 m/s

The following formula can be used:

DCfines: [Qines (Raverﬂov\/loo) r dry,dredgethopper]/[Ltrack Blrack hmixing]

with: ennes= fraction of fines of hopper load €); Lwac= sailing distance during dredgingadd= effective ship
width (20 to 30 m) hmixing= effective water depth over which sediment is miXédo 5 m).

The total overflow loss of a lpper with a volume of 5000 #will be about 350 Mm(assuming loss of 7%) or
about350x0.4=14Q@onnes of sediment (assumingday density of400kg/m?).

This amount of sediment will be released (mixed) in the water column during sailing over a didtémee o
order of1500 m, a width of about 30 m (about 3 times the width of the vessel) areffective mixing depth
of 5 m (30% of water depth)

Most of this sediment (coarser fractions) will rapidly sink to the bed; the fB@%)(will remain in suspension
for some time (15 to 30 minutes).

This yieldsDGines= [0.2x(7/100)%00x5000]/[1500x30x5§0.15 kg/m? @L50mg/l. This should be interpreted
as an average value over the sailing track with area of 30x1500 m

Table 3.6shows values up to 1000 m/l the vicinity (at 50 m) of the dredger.
Using a dilution factor of 10 (Table 3.8, the increase of the mudacentration at 500 m is about00 m/l.
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4, Turbidity at dumping sites

4.1 Dumping/disposal sites

Two options are available for disposal
1 on land (reclamation);
- requiring design and construction of dikes;
- requiring compaction and drainage of dumped materials;
1 open water (river, estuary or coastal spa)
- nearfield dumping and fafield dumping.

Theselection of a dumping site in op&vater depends on:

1 hydrodynamic conditions at the disposal site (wave action and currents should be minimum);

1 location of the disposal site with respect to the recirculation of fines to the dredging site (preferably on
downdrift side of net current); someecirculation is acceptable as long as the cost of additional dredging
is less than disposing it at another site without recirculation; the storage capacity should be sufficient;

Near-field dumping
This disposal method is a cheap solution and consists of
1 sidecasting at dredging location (channel) resulting in a mound along the ch@efaively high
moundsare more easily resuspended);
downdrift bypassing (maintenance dredging in a channel through a large shoal can be best dumped
at downdrift location so that thesand remains in the system);
1 thin-layer disposal over wide area to prevent resuspension and backflow to dredging location (area
should be much larger than the dredging area)

Far-field dumping
This disposal method is relatively expensivé &saimed at dumping the sedimts as far as possibledm
the dredging site tgrevent sediments from teirning tothe dredgingsite.
The following methods can be distinguished
1 offshore mounds in deep water; it may be attractive to make an offsheeé protecting the coast
landward of the reefif dredged material is sand);
1 nearshore feeder berm; it may be attactive to keep the dredged material (if sandy) in the nearshore
system with possible effect of nourishing the beach system.

Unpolluted or lighly polluted dredged material can generally be dumped at a +liedd or farfield disposal
sites. Very polluted materials should preferably be dumped on land in confined areas.

4.2 Dumping processes in open water

The method of dumping strongly depesmdn theenvironmental effects (turbidity should be minimum); silts
and clays are generally dispersed over relatively large areas in the presence of currents (mud. plumes)
The esuspension potential at dumping site (stirring up of deposited sediment lay éocrents and storm
waves)should be studiedMost of the disposed materials will sink relatively quickly to the bed as a density
current In $allow water,the deposited sediments can be stirred up easily in relatively shallow vogter
wind waves.

The thickness of the deposits at the dump site should remain relatively small (not more than 10% of local
water depth) at the end of the project to minimize resuspension; preferably, the disposal site should be
selected at a location where the wave and cutreglated bedshear stresses remain relatively small so that
the sediments are not dispersed or carried away from the designated limits of th&Ssheffner, 1991
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The available dumping methods are:

1 free fall dumping (bulk load) using hopper or bargéh bottom doorsor split hull hopper/barges;
9 continuous jet or plume disposal by pumping of mixture throudloating orsubmerged pipe (with
or without a diffusor) into the water column;

9 side casting at dumping site (sediment is pumped from the hopyerthe water column at
disposal site); submerged emerged methods can be used;

1 side casting at dredging site using a trailer sidecasting dredger (with or without a special boom of
length up to 100 m), which directly pumps the dredged sediments irgonthter as far as possible
away from the dredger; this is very efficient in situations wigy weak tidal currents (lagoons) or
unidirectional crosgurrents away from the dredging sjte

9 continuous free fall disposal from a spray boat; which is oftem iiseshallow water to make land
reclamations by spraying thin layers of sand on the bottom and to minimize the spreading of
turbidity.

Free fall loadsthrough bottom doors

Free fall dumping of a bulk loday using a barge with bottom dootakes place ithree modes, depending

on local depth, strength of local currents and types of sediment (seelalsoet al., 200D

9 coarse materials (gravel, clay balls and coarse sand) will immediately settle to the bed; if sand
percentage is less than 30%, the santl mat settle out, but tends to stay within the slurry;

9 the vast majority of the fines will also sink (descend) rapidly to the bottom as a bulk load with a cloud
settling velocity (dynamic plume phase; d&gure 4.); where it forms a lowgradient and lowdensity
circular mound (fluid mud mound);
after impact upon the bed a sediment cloud with a thickness of about 2 to 3 m will be generated
(settling to background concentrations takes about 1 hour) and the sediment load will radially flow away
from the pdnt of impact over the bed as a flow of lesensity mud (dry density of 10 to 100 kgfnbulk
density of 1150 to 1200 kg/f
the fluid mud front propagates in the form of a neamttom head wave over a distance of about 100 to
500 m, depending on initialensity and momentum of the sedimentater mixture and the strength of
the local current flow;

a small amount of sediment (3% to 5%) is resuspended in a turbid layer behind the head wave by
turbulenceinduced upward mixing at the upper surface of the nhaykr;

the local bed slope has a strong effect on the behaviour of the fluid mud(féger of 0.2 to 0.4 m)f

the slope is larger than about 1 to 50/100, the fluid mud will flow downslope at a velocity of about 0.1
to 0.3 m/s; if the local slope isr&ller than 1 to 100 the mud flow can not be maintained and it will tend
to settle out and the velocity of the head wave will decrease and form a mound with a density of 200
kg/m®and a surface slope of 1 to 500;

the mud density in the centre of the modmmay become about 500 kgAdue to consolidation
processes;

the surface of the mound close to the dumping centre may be pocked with conical hills and scour pits
with maximum slopes of 1 to 50 and a relief of about 0.5 m;

9 asmall amount (3% to 5%) of thalk load will be eroded awass a cloudrom the outside of the bulk
load during its descent to the bed and dispersed into the water column as a pasgsiigity cloud
the clouddispersion depends othe types of sediment and settling velocities ofdéoand individual
particles; direction and strength of the currents; local water depth; salftagculation;
the suspended sediment concentration along the centre line ofctbadwill rapidly decrease with
increasing distance dowstream from the diposal site due to settling and lateral dispersal by
turbulence;
under tidal conditions theloud/plumewill extend in the flood and ebb directions; the maximum
cloud/plume length will be equal to the tidal excursion; the adjustment length to background
concentrations generally is of the order of 100 to 300 times the local water depth; the horizontal
movement is known as advection and the process whereby the plume spreads in width and depth is
termed dispersion or diffusion (mainly due to turbulence andata&n of current velocities over the
depth).
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Jet disposal througlsubmergedpipeline

Continuous jet dispos#hroughhorizontal or vertical submergegipelinescan take place in two modes

(seeFigures4.1, 4.2 4.3);

9 low-concentration mixture pumped intthe water column and dispersed over the depth by turbulence
and settling due to individual sediments (passive plume moving due to external forces);
basic processeme:

- segregation of fractions (heterogeneous sediments); larger particles have lattimgseelocities;
- horizontal advection by windriven, tidedriven and wavedriven currents;

- lateral diffusion due to turbulent forces generated by currents;

modelling techniqueare:

- random walk models including advection and diffusion;

- gaussiardiffusion models;

- numerical transport models including advection and diffusion;

1 high-concentration mixture pumped into the water column behaving as a density jet or as a
cloud’plume of particles (cloud settling) descending rapidly to the bed (dynamim@lmoving due to
internal forces);
basic processeme:

- initial descent of plume to bottom (cloud or convective settling);

- settling from highconcentration neabottom layers as density current;
- horizontal flow of density current along bed;

dynamicplume behavioudepends on:

- nature of sediment;

- density and momentum in descent phase;

- degree of aggregation during descent (increased settling velocity).

Dynamic plume
(Density current)

Sea bed

———\ Hopper H

Passive plume

Sea bed (Mixing)

Figure 4.1 Dynamic and passive plumashopper disposal site

Boom dredger
(up to 100 m)

<=

Side casting

/\ /

Figure 4.2 Side casting of aintenance dredging using a boom dredger in channel
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Figure 43 Vertically movable diffuser pipe to reduce environmental effects during dumping of sediment.

The environmental effects of sediment dumping can be greatly reduced by using sp@dgehent (vertically
movable diffuser pipe, seEigure 43). The pipe outlet should be placed close to the bed to prevent the
generation of a thick suspension cloud. Another method is a diffuser pipe connected to-@drotsystem,
which can be loweredverboard (from hopper of barge) to a position near the bottom.

Boot (2000)andWinterwerp (2002)performed an experimental laboratory study of continuous jet disposal.
After release from the outflow pipe, the mixture forms a plume which is either direnixed with the
ambient wder (passive plumeFigure4.1) or behaves as a densityreent (dynamic plumefigure4.1)
descending to the bed and flowing along the bed after impact.

They varied: the sailing speed of the outflow pipe at the hopper (0rtdsl; the velocity of the mixture at

the outflow pipe and the concentration of the mixture. A mixture of kaolinite and water was used. The
geometrical scale was 1 to 60. The sailing velocity in the flume was varied between 0 and 0.26 m/s
corresponding to @nd 2 m/s in nature. The outflow velocity of the mixture in the model was varied between
0.06 and 0.25 m/s corresponding with 0.5 to 1.9 m/s in nature.

The density of the mixture in the outflow pipe was varied between 1148 and 1174 kggdiment volume
concentration between %and 15%).

The following plume characteristics were studied: mixing over depth, thickness of plume, radial dispersal of
sediment along bottom of flume and the radial dispersal velocity.

The type of plume can be expressed as ationcof a velocity ratio (u/w) and Richardson number (Ri), as
shown inFigure 44.

3
2.5 /
2-4|Passive plume (mixing) i / Transli -
tiona

Velocity ratio
(=Y
(6]

el
—

I

0.5
|Dynamic plume (density current) |
0 !
0.01 0.1 1 10
Richardson number Ri
igure 44 Type of plume as function of Richardson number (Ri) and velocity ratio (u/w);

Boot (2000) and Winterwerp (2002)
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The basic parameters are: u= velocity of ambigater relative to the ship sailing with or against the flow,
w= outflow velocity of mixture (plume) at pipe; Rigd/w? with €= (f mixture-" water)/T water, I mixure= density of
mixture in outflow pipe, gacceleration of gravity, ddiameter of outflow ppe.

Given the following values as an example calculatiort: m#s, w=2 m/s, I mixure= 1100 kg/n?, r ware= 1025
kg/m3, d=1 m; the plume will behave as a density current (RE8; u/w=0.5).

Free fall spraying

Land reclamationsn shallow waters (< &) are often made by using a spiay systemconnected to a
pipeline, sedrigures4.5 and4.6. The production rate of water + sand is about 0.5 to*srfor one pipeline.

The pipeline concentration of sand is of the order of 200 to 300 kgfiine sprayingystem continuously
moves forward along the land reclamation area. Thin layers of sand are produced until the top level of the
new sand area is close to the waterline. After that, the spraying boat is removed and the pipeline exit is
placed directly on te sediment bottom. Small dikes are made by bulldozers and excavators to prevent the
lateral spreading of the sediment mixture. The spraying method is prefered in conditions with relatively soft
subsoils so that the consolidation process of the subsoipcaceed gradually.

The vertical spraying systeis most suitable for smadicale land reclamations (in lakes) gmdduces less
turbidity in the surroundings The horizontal spraying system is most suitable for marine conditions
(nearshore mounds; nearshe bars; under water nourishments).

vy |l

| Ceal

i
{5

IE‘ & 4 —

*, clouds of fine sediment
" generated in suspension

Rilitie

- N - sediment bottom

5m

Figure 45 Vertical praying system

sand supply by pipeline

sediment bottom

Figure 4.6 Horizontal sprayingystem
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4.3 Turbidity measured at field dmpingsites

Free fall dumpingbottom doors; pipeline exit)

Wolanski et al (1992%tudied the offshoe dumping of mud dredged from the Port of Townsville, Australia.
The sediment material was dumped offshore in typically 12 m depth. The hopper suction dredger usually
dumps about 2500 Aof material while underway at about 2.5 m/s by opening trap doorthébottom of

the hull at the dump site. After dumping from a moving vessel, the sediment plume settled down rapidly
(velocities between 0.1 and 1 m/s) as a dome with some radial motions resulting in a widening of the plume.
No internal bores were generadl along the bottom. Additional mixing in the turbulent wake of the moving
vessel caused rapid dilution. Following dumping a long muddy streak was visible at the surface of the water.
During the dumping from a stationary vessel, two stages of settling aleserved. Initially, there was a rapid
descent as a negatively buoyant jet, forming a kighcentration suspension near the bottom, followed by

a subsequent slower settling of mud flocs. After impact upon the bed, the jet spread laterally, with aalintern
hydraulic jump (bore) being present at its leading edge. In calm weather, mud flocs settled out of this layer
in about 15 minutes and the suspension did not move out of the dump site. In rough weather, the settling of
mud flocs was inhibited by wasaduced turbulence and the suspension was mobile and was transported
away from the dump site.

Table4.1 shows measured mud concentrations in the middle of the plume at various times after dumping.
In calm weather (with very weak currents of 0.1 m/s) itligia layer of about 4 m thick had developed with
concentrations of 5 to 6 gr/After 16 minutes the layer was less than 1 m thick with concentrations of about
0.25 gr/l. Thusthe sediment cloud settled out in about 15 minutes in 10 m water depth. Tiedaurbid

layer settled 3 m in 5 minutes with an effective settling velocity of about 1 cm/s. In rough weather conditions
a sharp interface (lutocline) was generated during the dumping process, which remained sharp after 15
minutes. Reversals were obsed with higher concentrations at 15 min than at 8 min suggesting effects of
waveinduced neatbottom turbulence and patchiness. In these conditions the dumped material formed a
longlived, turbid, bottom layer of about 1 m thick. This mobile layer wasazhaway in landward direction

by windinduced bottom currents of about 0.3 m/s. The waves played an essential role in keeping the
sediment in suspensiotn quiescent waters, this suspension settled out and was compacted to about 11%
of its original volme in about 4 days. The compacted sediments were resuspended by long wave action
forming a mobile, 1 m thick, higtoncentration suspension at the bottom.

Height above bottom Calmweather Roughweather
(m) t=3 min t=8 min | t=16 min t=3 min t=8 min t=15 min
0.5 c=5.5 gr/l 2 0.2 c=10gr/l | 2.5 2.5
1 5 0.5 0 5 1.5 2
2 4 0.1 0 1 0.3 0.6
3 2 0 0 0.3 0 0.3
4 0.25 0 0 0.1 0 0
Table4.1 Mud concentrations in middle of plume of dumped mud after dumping from moving vessel

(time refer to he time after dumping)

Healy et al. (19993tudied the dumping of muddy sediments dredged from a nearby Marina (Pine Harbour,
New Zealand). The marina approach channel (depth of 2.4 m below C.D.) crosses a 1 km wide intertidal zone.
As there was public gmsition to disposal of the dredgings in the littoral (beach) environment, two
alternative disposal methods were studied: (1) sgdesting into a mound alongside the channel and (2)-thin
layer disposal at an offshore location at the end of the approaemeél. The dredging was carried out by a
digger mounted on a barge. Initially, the dredged sediment wascadeed into a mound of muddy material

(50 m wide, 0.5 m high) alongside the channel. Monitoring results showed that some of the muddy sediments
were transported back into the channel. Secondly, the dredged material was dumped aday#ridisposal

over an offshore area of similarly muddy adjacent sea floor. The disposal site (500%508ssituated at

the offshore end of the approach channeldawas about 11 times larger than the total channel area.
Monitoring of mud concentrations during dredging operations showed values of about 60 mg/l in the
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dredging plume just north of the channel, while background values were of the order of 30 mg/l okitapit

of mud concentrations during dumping of sediments (from a barge) at the disposal site showed values of 50
to 70 mg/l in the trailing plume from the barge. At distances greater than 250 m from the barge the mud
concentrations were close to backgroumdlues (about 20 mg/l). The turbid plume was observed to be a
transient feature which typically lasted 5 to 15 minutes. The maximum thickness of the mud layer on the sea
floor was about 0.3 m per year in the central disposal area and no mounds of mudalsitdegccumulated.

Spanhoff et al., 1998tudied the recirclation of fine sedimentslumped at an offshorenud disposal site
wi2as6lttf b22NRQ YSINI GKS SyGNIyOS o6Fd lFo2dzi mm (YO
Large quantities (15 to 20 millian® per year) of sediment (mud and fine sand) dredged from the harbour
basins are dumped at this site. The sea bottom at the site is relatively flat outside the dump area. The water
depthsvary in the range of 15 to 20 m below mean sea level. The tidabresngbout 2 m; the peak tidal

flood currents to the north are about 0.7 m/s and the peak tidal ebb currents to the south are about 0.6 m/s.
The freshwater river outflow from the Rhine is about 150G/mgenerating a stratified flow system over an
offshore distance of about 11 km from the entrance. Residual currents (order of 0.05 m/s) near the bottom
at the dump site are found to be directed landward to the river outlet. As the sediments at the dump sites
are confined to the lower layers, there is a poti@hfor recirculation of sediment back to the dredging sites
(harbour basins). Results from mass balance studies (comparison of total dumped volume and sedimentation
volume of the insitu mound at seabottom) over about 20 years show that about 50% too8®#€ dumped

mud and about 30% of the fine sand has been carried away from the dumim sitengshore directions
Mathematical model studies (3D) suggest the presence of a relatively strong return flow of mud from the
dump site towards the harbour entrae largely due to the generation of a largeale horizontal gyre and

the presence of vertical circulation due to saliriitgluced density gradients.

Free fall spraying

Svasek (2011has studied the spreading of turbidifparticles < 63rm) around a sprging systemKigure

4.5) for making a land reclamation in a shallow lake (Marker lake) in The NetheTémdsatural bed of the
lake is covered with a thin mud laydihe production rate of sand was 2006/day. A mud screen around
the goraying boat wasused b reduce the turbidity pollution as much as possible ($égure4.8). The
concentration of fines in the water column was measured usingmital OBSsensor from a small survey
boat. The settlement of fines was measured by using small mud trajoittigs attached to fixed poles at
about 0.25 m above the bottom (sdegure 47). The bottles were replaced every weeker a period of 1
year (2010) The poles with trapping bottles were situated in rows at about 200 to 1100 m from the mud
screen(Figue 4.7).

Based on measured dai@vasek 2011, 201 7bhe flow velocitiesin depths of 2.5 to 3 nare strongly
winddriven and vary with the strength of the wind. The flow direction is approximatley equal to the wind
direction. The flow velocity is about 0.08/s for conditions with Beaufort 3wind velocity=4 m/s) and
increases to about 0.15 m/s for Beaufort 6 (wind velocity= 12 m/s).

The concentration of the sprayimgixture is about equal to that of the supply pipe, as:
Quipe Coipe= Qpray Cspray= constat and Quipe= Qpray

The mud concentratio(Cmuacious; S€EFigure 45) close to the spraying system can be estimated from:
Cmud-cloud= Enud1 Pmud Cspray= Enud1 Pmud Cpipe

Another method is:

Crmud-cloud= €mud2 Pmud I bulk P/ Qriow

with:

Coipe @:spray@oo to 300 kg/rﬁ,

P=total production rateof sand+ mudm?/s); range 0.51.5 n¥/s;

Pmud= fraction of mud (82 mm) of sandmud mixture (ca. 0.0D.1);fraction 3263 mm will settle rapidly;
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Coipe= Mud concentration in supply pipeline (200 to 3@@m3);

r su= bulk density of sandnud mixture @L600 kg/nd);

Quow= b h u=flow discharge passing the spraying boat;

b= size of spraying boa@L0 m); h= local water depth; u= local flow velocity;

emuan= Mud loss factor (0.6Q2.05); mud loss from outespray layer under water (about 10%);
outer layer is about 20% of total spray layer

emudz= mud loss factor (0.0Q.05).

Measured data of Savsek (2011):

Cmud-cloud @150 Mg/I@0.15 kg/n¥; pmus @.05,P=0.11 m¥s (16000 n¥/week; 40 hours);

Qiow=bhu=10x3x0.%£ 3 N¥/s; Cuipe@250 kg/n? yielding: emua@0.15/(0.05x25080.01
€mud2@0.15x3/(0.05x1600x0.11)= 0.05

Y codrdinaten [km]

e 9 . 1 4 -
128 1285 129 1295 130 1305 131 1315
X cobrdinaten [km]

Figue 4.7 Location of measuring poles (black dots) with mud trapping bdftigist) and mud screen
(yellow); A, B, GandD are fixed poles within the screen argvasek 2011)

Based orthe analysis of measured mud concentrations (ir/ litgr) and mud settlling rates (in mm/day),
the following conclusions are given (see dlable 4.2):

9 mud concentratios are approximately uniform over the water depth (2.5 to 3 the natural mud
coneentrationsin conditionswithout spraying of sand are abo@® mg/lin conditions withalmost no
wind (BF3) and about 40 mg/l with much wind (BF:

9 mud settllement in coditions without sprayingf sandis about 0 to 4 mm/da with little wind and
8-14 mm/day with much wind;

1 mud settlementvaluesat a distance of 200 to 1100 m from the mud screse:

- average settlement over a yeaf about3 mm/day; varation of0 mm/days in periods witmo wind
to 14 mm/day in periods with much wind

- variation of settlement is relativeliargedue to influence of waves stirring mud from the bottom at
windy days

- influence of sprayingystem on the turbidity levelsutside te screeris limited to a circle of
about 200 m around the screen, where increased mud settling rates and concensratiaccur;

1 maximum mud concentrationsisidethe screen area aré0 to 120 mg/kt distance of 25 to 50 m
from the spraying boatmud settling close to spraying boatdsll mm/day and1-3 mm/day at
distance o25 to 50 m fronsprayingboat,
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maximum mud concentrations just outside mud screen a@@etot 60 mg/lduring conditions wittno
wind (BF< 3)and 100mg/l with much wind(BF5-6); mud settlement just outside screéa2 mm/day
with nowind and 8 mm/day with much wind

mud screen yields maximum concentration reduction of 50% in conditionsnithind and 25%
reduction in conditions with much windelatively much turbidity passethe sreen on windy days
mud clouds withinitial concentration of about 100 mg/l inside the mud screen reduce to about 10
mg/l (natural background concentration) over distance of about 200 m (dilution factor;ia@ral
coneentrations ae present at dstances > 200 m from the screen,;

mud cloudswith initial concentration of about 100 mg/l near the spraying boat (without mud
screen) reduce to about 10 mg/l (natural background concentration) over distance of about 400 m
(dilution factor 1/10);

mud clouwds are local and temporary phenomeraaeas with relatively clear water (concentrations <
10 mg/l) are present inside and outside the sregmrbitrary locations and times

Mud clouds

7 ‘;"-/ *‘: = : 7
«‘S;“Land area \

Figue 48 Mud clouds inside and outside mud screear 1Jburg iMarker lake, The Netherlands

(Upper:5June2010;Middle: 25June 2010;Lower 19July2010)
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Conditions Mud concentrations(mg/l) | Mud concentrations and mud Mud coneentrations and mud Mud
and mud settling rates settling rates settling rates with half open concen
(mm/day) inside mud outside mud screen screen(2 weeks) trations
screen without
close to further away | close to further away at 200 | inside just further screen
spraying | from boatat | screen at 10| to 1100 m from scree outside | away >
boat 50 m to 20 m screen screen 100 m
Period of 1 average 2-4 | wk1l: 4 mm/d
year mm/day wk1819: 68 mm/d
(2010) wk21: 2 mm/d
maxinum: wk24-25: 68 mm/d
6-10 mm/d | wk33: &80 mm/d
wk35-36: 68 mm/d
wk41-42: 68 mm/d
wk45-46: 810 mm/d
other: <2 mm/d
Mud cloud 10-100
19March mg/l at
2010 100 m; 40
BF3from SW mg/l at
500 m
from
spraying
Mud cloud 40-80 mg/l | 20 mg/lat 150 m
19May 2010 10 mg/lat 300 m
BF4from
NNW
Mud cloud 50-80 mg/l | 30 mg/lat 150 m
27 May 2010 20 mg/lat 200 m
BF3from NW 10 mg/lat 600 m
Mud cloud 80 mg/l 20-80 mg/l | 10 mg/lat 100 m
18 Aug2010
BF5from W
Mud cloud 20-80 mg/l | 20 mg/lat 100 m
25Aug2010 10 mg/lat 200 m
BF4from W
10dune 2010 80-100 md]; 50-70 mg/I
BF2 3-9 mm/d 5.5-7 mm/d
24 June 120 mgl/l; 70 mgl/l
2010
BF4 NW 2-9 mm/d 0-1 mm/d
1 July2010 80-120 mg/l; | 50-100 mg/I
BF3 WNW 1-11 mm/d 0-1 mm/d
10June 60-140 wk24: 68 mm/d (w)
19 July2010 mg/l; wk25: 68 mm/d (w)
20 mg/l wk26: 61 mm/d (w)
after wk27: 61 mm/d (w)
cessation wk28: 61 mm/d (w)
of wk29: 61 mm/d (w)
spraying
13 July 100120 | 50-100 | 50-100
19 July mg/l mg/l mg/l at
BF2 to BF6 100 m;
10-20
mg/l at
300 m

sb.=spayingboat, w=muchwind; nw=no wind; BF= Beaufort wind scale; wk=week
Tade 4.2 Mud concentratons(in mg/l)and mud settling rate§n mm/day) around spraying boatdurg,
Marker lake,The Netherlands
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4.4 Examplesof predicted turbidity values at dumpingites

Examplel: Dumping ofsandthrough a pipeline exit of a hopper dredger
Production  Pump discharge at exit = 5508mour
Sediment: Mixture of sandandmud; 3% fines <63 nm; 1% < 32m.

Dry sediment concentratioduring pumping though pipeline200 kg/n?
Tide: Local current velocity of 1 m/s

The following formula can be useldGines= Efines Prines Cpipe

with: prnes= fraction of fines< 32mm of hopper load (0.02) Coipe=r dry,sediment= dry density of the sediments
leaving the pipeline ex{00 kg/n?); eines=0.020.1= efficicency factor related to the dilution and mixing close
to the pipelin exit.

The sediment concentration of the watsediment mixture leaving the pipautlet will be about 300 kg/rh
Assuming anud fraction (<32 mm) of about prines=0.01and eines=0.1 the mud concentratiownf the sediment
plumewill be about0.2 kg/m?or 200 mg/l in an area with horizontal dimensions of about 10Ttme fraction
32-63 mm (settling velocity=1.8 mm/a)ill settle rapidly close to the dunipg site.

The sand fraction will settle rapidly within 100 m from the dumping site, but the fines/mudevilarried
away by the local currents.

Theexit concentration ofines/mud 0f200 mg/l will be diluted rapidly as the fine sediments are carriedyawa
by the flow with velocity of about 1 m/s.

After 100 s the fines are about 100 m away from thespige and are diluted to abo®0 mg/I(dilution factor
4).

After 10® s the fines are about 1@m away from the pipeline and are diluted to abdf mg/l (dilution
factor 10).

In the case of model simulations using a grid szie of 10t rthe dumping site, the fine sediment
concentrations to be specified as input at the model grid cell should be of the ord#rrafy/l during the
dumping time period (ordeof 0.5 to 1 hours)

Example2: Dumping ofmud through bottom doors of a barge
Drydensity.  Drydensity ofsediment load in barge 400kg/m3
Sediment; Mixture of mud;30% fines €2 nm, 40% fines of 33 mMm and 30% sand &3 mm

Barge: Volume=1000n®
Annual dumping volume= 10 million®m
Tide: Tidal flow velocity at site= 1 m/s; discharge=3¥sm

Tidal volume= 19m3

Thesediments are brought in the flow by direct dumpittgough bottom doors of the bargeUsing this
method, a coherent load ofesliment witha dry density of abou#00 kg/n? will move from below of the
dredger to the bed at relatively high speed (group fall velocity of about 0.5 m/s) without much dispersion of
fines, as most of the fines are enclosed within the load. Fine sedinwantonly be dispersed from the outer
layer of the loadThe fraction 3463 mm (settling velocity=1.8 mm/s) will settle rapidly close to the dumping
site. The fraction < 34m (settling velocity <0.45 mm/s) will remain in suspension.

The almost instantaeous concentration increas®g) immediately after dumping of the load of sediment
can be eStimater-S follows: DCdumping @Vlfines dumpeleater,dumper: [e pines Vdumperr dry,sedimen]/ Vwater,dumper

with:

e= efficiency factor (05) as only fines ardispersed from the outer layer of the load,

Prines= fraction of fines< 32mm (@.3),

Vaumpe= dumping volume of umper bargg(@1000 n¥) and

I ary.sediment= dry density of dumped sedimeroad (@400 kg/n¥),

Viater,dumpe= Water volume in the area @umper (2 to 3 times the volume of theusnper bargg.
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Using these values, the concentration increase) (mmediately after dumping isstimated to beabout 2
kg/m3over a horizontal domain of about 100 m (model grid size). These relatively high caticerstwill be
diluted rapidly by the mixing capacity of the flgwelocity= 1 m/s)

After 1 hour, the concentration increase is reduced to ali2@@mg/l (factor1/10) over an area of about 3
to 5 km.

The long term increase of the concentration of firfg82 nm) at the dumping site (length of about 5 km;
width of about 2 km) and surroundings can be estimated, as follows:

DCfines @VlfineJ (Ntide Vwater,l tide) = [pfines Vdump r dry,sedimen]/[Ntide Vwater,ltide]

With: Mines= Pines Vdump I dry,sedimen; Prines= fraction of fines< 32mm (@.3), Vaumg= annual dumping volumegj
10 million n?), r gry,sediment= dry density of dumped sediment@400 kg/n?), Niee= number of tides per year
(730),

Vuwater,1tide= VOlume of water passing site during 1 tide.

Thewater volume passing the dumping area during tide can be estimated as:

Vwater,ltide: b QneanT

with: b= width of dumping site@.000 m), gear—~ Mmean discharge during flood and el@0(7 m%s),

T=tidal period (12 hours or 45000 s)¢dd number of tides per yea@{/30).

Using these values, the concentration increase is of the order of :

Dciines @(0.3x10x10x400)/(730xL000x0. 7x45000)@0.05 kg/m* @60 mg/I for a tidal flow tube of 1 km wide
In practice, this concentration increasé fines(in addition to the background concentrations of fineg)
be muchsmaller(< 10 mg/l)due to additional lateral dispersion.

The sedhent conentration increase can also be computed by using the tidal volume.
Using:DCiines @Miines/ [Niide Viidaivolumd = (0.3x10x10x400)/(730x 16) @0.02 kg/m® @20 mg/I.
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5. Numerical simulation of disprsionand settlingprocesses
5.1 Theory ofdiffusion/dispersion/dilution processes

Dispersion refers to the spreadingwdryfine sedimentmasswith a vay small settling velocity (almost zero)
as a bulk property (averaged concentratpintegrating all spreading/dispersion procességnerally, he
dispersion coefficienincluding all effectss larger than the turbulent mixing coefficieriffusive tye of
transport @ pc/px) is also known as Fickian transport.

The2D\dimensional advectiowlispersion process of fine sedimert§3 mm in a horizontally uniform flow
(dh/dx=0, du/dx=0) can be described by:

UG/t + UpC/PX  Ws UC/Z € € P2C/PZ2G e e/ pxé = 0 (5.1)

with: c=sedimentconcentration, u= flow velocity (constant in space and time); settling velocity of
sediment,e= effectivediffusion/mixing coefficient (assumed to be constant in space and;taibeut0.1to

10 m?/s; K= dispersion @fficient including other effec)s x=longitudinal coordinate, z=vertical coordinate
Equation (5.1) can only be solved numerically.

The concentration of very fine mud (<réh) with almostzerosettling velocity (< 0.1 m/s) is uniform over the
depth.

Nedecting the settling velocity and vertical diffusive transport, Equation (5.1) can be expressed as:

UC/pt + upc/pXx ¢ e p2e/px? = 0 (52)
Assuming a fluid at rest (u= 0), the expression becomes:
pc/pt - e e/ =0 (5.3

When a mass M (in kgiis released at x= 0 at time t=a8 a line source (per unit width) in a channel with
constant depth h (channel width=1 pthe solution of the ddimensional diffusion equation is:

c= M/(4p et)®S explc{x/(4 et)*% (5.4)
with: c=depth-meanconcentration (kg/m?), t= time,e = constant diffusiofmixing coefficient(m?s).
Continuity requires that: M 1 . ¢ dx (in kg/n?).
Using: x=ut, it follows thatl =h uf¥ uc d = uh uf¥ c d = q uf? ¢ d, with t; and t being the leading and
trailing edges of the cloud.
If the coordinate system is moving with the mean velocity u, then the solofi@guation $.4) representing

a symmetrical solution is also valid with respect to the moving coordinate system.
The solution reads:

c= M/(4p et)>* explc{x(4 et)*}] (5.5)
Definingx=ut£ Q Bigur8530 | Yy R Qkidillows @at: E
c= M/(4p et)®® explc{(x-ut)/(4 et)°%?] =cnaxexplc{(xut)/(4 et)*5}?] (5.6)

with: Gnax=M/(4p et)?>= peak value of the concentratiaat x=ut.
Thus: gax=" at t=0 and @axdecreases with 14t)°5, seeTable 5.1Using x=ut: gaxdecreases with 158,

The solution represents a Gaussian distributiohich reads as/=[2ps? S expf(x-n?/(2s?}.
This yields: =4 et or e=s?/(2t)
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Thediffusioncoefficient can be determined from theavel time Ot) between 2 stations and thstandard
deviation of the dispersed clowgize in longitudinal directioat both stations: e =(s2?-s1?)/(2 Dt).

The transport and dispersion of pdilunts has been extensively studied in U8#rs using fluorescent dyes
as water tracersWilson 1968Kilpatrick and Wilson 1989pbson 1996

The dispersion and mixing of a tracer in a receiving stream take place in all three dimensionshairihel
(Figure 5.). The elongation of the tracaesponse cloud longitudinallg defined asongitudinal dispersion.
Vertical mixing is normally completed rather rapidtysection | (Figur6.1), within a distance of a few river
depths(h); saywithin 10h to 30h.

Lateralmixing is much slower but is usually comptteithin 10 to 30 times the river width (B) fronthe
source point say within 18to 30B (at Section 111, Figur®.1). The effect of lateral mixing can be reduced by
applying a line source injectiqdye injection by multiple boats across the river width at the same time).
Longitudinal dispersiohaving no boundariesontinues indefinitelyalong the river downstream of section
[Il the dominant mixing process is longitudimi$persion, so the traceconcentration can generally be
assumed to be uniform in the cross section.

A unit peak concentration has been defined asax&i=[Q/(r M)] 18 Cmax

with: Gnaxuni= UNit peak concentration €, Q= river discharge (its), M= injected mass (kg), loss factorof
injected masgusually@0.9 to1; losses due tthe presences ofleadzones and harbours etc

Based on analysis of many river data, it was found ak;uiir= 1000 T°with T= travel time after
injection (in hoursjand cmaxunitt= WNit peak concentration at time T after injection (iY)s

If Fickian dfusion correctly represers the total longitudinal mixing in rivers, the ufpeak concentration
decreassin proportion to the square root of tim@uni~t™® or cunr=x°andb=0.5; see Equation 5.6Measured

data showthat the unit-peak concentration in natural rivers generally decreases more rapidly with time than
predicted by the Fickian la. KS LINBE & Sy OS 2 dead.d@ngsbeads,laydRtheddhanneband
reachcharat SNA A G A Oa gAftf AYONBIFraS GKS NradS 2F €2y3AidzR
than the Fickian value of 0.5K S @I fisiSprodnTately 1.5 for very short dispersion times (sectiof | o

Figure 5.) and decreasgto 0.5 forverylong dispersion timegJobson 1996).

Tracer-response  Lateral mixing

curve \ and longitudinal Longitudinal
L dispersion ispersi flow
Slug injection r dispersion

of tracer

A
extended
distance

long

> ’ . distance
/ Z optimum
' I short distance

distance
very short
distance

Edge of
plume

Figure5.1 Dispersion processes in a river from a shpgiat injection(Jobsorl1996)

A dilution factor can be defined as:
= Qu,longitudinalCH, lateral = G/Co (57)
with: ¢= concentration at location x ang=source concentrationg- values inTable 5.1

The dilutioneffect s relativelylargeclose to the source because the longitudinal concentration gradient is
relatively large resulting in a relatively large diffusive transpegic{lx). Further aws from the source, the
concentration gradient decreases and hence the diffusive transport decreases.
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Longitudinalmixing (constant width)

Equation 6.6) is shown irFigure5.1 for a point sourecévi=10 kg/n¥ (being a spikeype release at x= 0 at t=
0; sirgle release eveptand u= 0.5 m/se= 0.1 n¥/s at t = 5, ® and 100 seconds, showing the gradual
spreading of thdfine sedimentimass M in horizontal direction away from the source.

The maximum concentration{g) can be obtained for x=ut yieldingxp[c{(x-ut)/(4 et)®5}?] = 1.

The maximum concentratiotecreases in downstream direction due to diffusiBigure5.2.

The maximum concentration in the 1D case decreasesnas{&t)®®

q

eammwi=5 S,

N

esmmwt= 20 S.

t=100s

Dispersion = 0.1 m?/s
Mean velocity= 0.5 m/s

concentration (kg/m3)

80 100
Distance x (m)

Dispersion/diffusion of concentration as functidrkghorizontal)and t

-20

Figure5.2

Table 5.1shows soméheoreticalresultsbased on Equation (&). Thecomputed concentrations andilution

factors arevery small for large dispersion coefficients (108shdue to longitudinal spreading. Most of the
spreading occas in the initial phase (over a small distance from the source location).

Ideally, thee-value can be determined from a dye tracer experiment in unidirectional flow with a constant
velocity. In practice, dye tracer experiments are often done in river flolagre the velocities near the
bottom and near the banks are much smaller resulting in additional velocity gradients and mixing processes.
The combined effect is known as the dispersion coefficient (K) with values in the range of 1 t&§<.00 m

Time | Distance (m) Dilution factor

Current=| Current=| 1D caselongitudinal mixing in main flow direction; no lateral mixing
(s) 05m/s | 1mls Mixing 0.1 n#/s 1 mis 10 /s 100 nt/s
0.1 c@1 kg/m? @1 kg/m? @1 kg/m? @1 kg/m?
1 0.5 1 c=0.9 0.3 0.09 0.03
10 5 10 c=0.3 (qu@/3) 0.09 (x@/10) | 0.03 (p@/30) | 0.01 (n@/100)
100 50 100 c=0.09 (@/10) | 0.03 (@/30) | 0.009 (g@/100) | 0.003 (u@/300)
1000 | 500 1000 c=0.03 (@/30) | 0.01 (n@/100 | 0.003 (g@/300) | 0.001 (g:@/1000
10000 | 5000 10000 c=0.01 (:@/100) | 0.003(x@/300) | 0.0009(gx@/1000) | 0.0003g:@/3000)

Table 5.1 Dilution factors fom mud cloudf{nes withsettling velocity €©.1 mm/s);M =1 kg/n¥ at t=0;

single release event at soertocation
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Example 1

University of Karlsruhe (Germany) reports data of a dye tracer experiment in the Cowaleson Creek in the

USA. The mean velocity is about 0.2 m/s, water depth is about 0.3 m, the creek width is 10 m.

The results are:

xi= 700 m a#r ;@1 hour: 6ax,= 140my/l (mg/m?); s1 @150 m (longitudinal cloud si@®s);

Xo= 2800 m after4@b hours: : gaxz= 3509/l (mg/n); s, @250 m;

xs= 5200 m afterd@d hours: gaa= 20/l (mg/m?); ss @450 m.

The travel timeDt between station 1 and 2 is about 2100/0.2= 10500 s.

The travel timeDt between station 2 and 3 is about 2400/0.2= 12000 s.

The dispersion coefficient can be estimated ase..»= [s2%-s:7/(2 Dt)= [25F-15C]/(2x10500)@2 nv¥/s
e3= [s2%-s17/(2 Dt)= [45(¢-2507/(2x12000)@6 n¥/s

The dilution factor between station 1 and station 3gs= 20/140 = 1/7.

Example 2

Leibundgut et al. (1993) report a dye experiment in the RRimer in Switserland. The mean velocity is about

0.8 m/s. The maximum concentratiois 9 mg/m (ng/l) at the upstream station and 5 mgArat the
downstream station at distance of about 30 km. The travel time between the stations is about 10 hours. The
dispersion coefficient was determined from the longitudinal cloud size (order of mkbgth stations and

the travel time resulting in abow@75 nt/s. The dilution factor is abowg= 5/9 @1/2.

Example 3
In 1965, a large injection of 1800 kilograms of 40 percent dye solution was used to miestieel time

in a 202kilometer reach(width of about 1 km)pf the Mississippi River from Baton Rouge to New Orleans,
Louisiana (Stewart, 196MWlost likely, 3 to 5 injection poistwith lateral spacing of about 200 Imave been
used across the wide rivéWilson 1968). Lateral mixing geneyadioes fairly quickly within a few kilometres
from the injection points (Wilson 1968)he average discharge was approximately 678Gaa. The river
width near Baton Rouge is about 1000The dispersion patterns for the mi&tream sampling points at each
of the four crosssections sampled are shownhigure 53.
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Figure 53 Distribution of dye concentratiofmg/kg @/l =10°kg/l = 10° kg/m?®) with time at midstream
sampling points, MississipRiver, Louisiana, September 1965 (Wilson 1968, Stel@&T)

The travel time between station 34 km and station 202 km is about 80 hours, whadhaigel velocity of

about 0.6 m/s (approximately the crosection averaged flow velocitylhe dye dilution is largegestimated

factor 1 to 1000 due to laterd mixing over theinitial traject 334 km and a factor of 4 between station-34
202km.

Equadion (5.6) has been used to estimate the dye concentration for dispersion coefficients in the nénfje

to 1000 ni/s, seeTable 5.2 A problem is the estimatioaf the initial load M (in kg/rf).

The total dye mass is 1800 kg or 1.8 kg/m using a river width of 1000 m.

Assuming that the dye is released quickly (< 1 minute), the longitudinal distance covered by the flow is about
20 m resulting in M2.8/20 @0.1 kgm?2
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Assuming a water depth of 10 m, the initial dye concentration is 0.1/10= 0.02kd/€hnyg/I= 10 mg/l.
The best estimate of the initial concentration close to the injection point (within 1 knijogtd.0-100 mg/I
or 10,000100,000mg/l. The estinated dilution between stations 0 and 200 km is about 1/5000, see column
2 of Table 5.2
Adispessioncoefficient of about 100 to 300 rfis yields the best agreement with the measured data (at about
30 km and 200 km)seeTable 5.2 The dispersion coeffici¢rcan also be estimateddm the longitudinal
cloud sizes at the observation stations and the travel tbhef about 50 hours between thievo stationsat
100 and 200 km

s1=2 hours= 7200x0.6 = 4320 m at station 100 km;

S2>=4 hours=14400x0.6 = 8640amnstation 200 km.
The dispersion coefficient isi.o= [s2?-s1%/(2 Dt)= [864(-432(]/(2x50000x3600)a150 nt/s.

Station Measured dye Computed dye concentrationn/|=0.001 mg/I=10® kg/m?)

concentration K=1n¥s | K=10 K=100 m¥s | K=300 n¥/s | K=1000
(ng/I=10° kg/m3) m?/s m?/s
t=1000 s not measurel 900ny/l | 280 90 52 28

(15 min @10000ny/I
x=0.6 km (@10 mg)

t=50000s | @ ny/l 126ng/l | 40 13 7 4
(14 hours)

x=30 km

t=350000 s | @2 ny/l 48 my/l 15 5 2.7 15

(97 hours) | (estimated dilution
x=200 km | factor 1/5000)

K= dispersion coefficienM= 0.1 kg/m as initial dye loagd1 ng/l= 1 micrograni= 0.001 mg/I

Table5.2 Measured and computed dye concentrations for dye experiment, Mississippi River, USA, 1965

Vertical mixing

Acloudof fine sedimen{M= 10 kg/ni; single release evehis injected at 2 m above the bed in a water depth
of 100 m. The cloud is assumed to settle to the bed with advection velocily0®2 m/s(-2 mm/s) The fines
will also be mixederticallydue to turbulence with a mirg coefficient ofe= 0.1 nd/s.

Figure5.4 shows the development dhe concerirations as function of time in vertical directi¢gabove the
source pointjusing u = w=-0.002 m/s (advectionelocity=settling velocity) aneé= mixing cofficient=0.1
m?s. The mean concentration cloud at the source locatian2 m above the bedwill slowly sink to the bed
due to the settling velocitywhile the concentrations are mixeetrticallyby turbulence.

After 1000 s concentration at a level of 30 m above thejéttion point is 0.02 (dilution= 1/50)

After 10000 s concentration at a level of 60 m above the injection point is 0.015 (dilution=1/70)
Hence, sediments can reach to the surface due to upward mixing processes.

1 ——
0.9 t=100s  [—]
E 0.8 t=1000s | —]
3 0.7 t=10000s |}
~ I I I
S 0.6 Dispersion = 0.1 m?/s Bl
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% 0.4
(8]
c 03
o n
° 0.2
0.1 ~
0 A S—,—m — e
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Height above injection point (m)
Figure5.4 Dispersion/diffusion of aaentration as function of (vertical)and t
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Lateral mixing
A continuousmud releasesource with initial width bwill be spread oufdiluted)due to lateral mixing

dispersion
Based on available knowledge (Jirka et28l04), the lateral spreading @uto mixing processes in a river
flow can be described b¥rigure 55):

by=hy+ 250 (5.8a)

with: be=width of mud source, b= width at location x, x= longitudinal coordinabe= 0.5 to 1 (default=0.5)

The dilution factor due to lateral mixing process&s i Gujaterar= bo/bx= 1/[1+(2/ky)x°] (5.8b)
Using: b@10 m (width of mud source), it follows that: gsjatera= bo/bx= 1/[1+0.2%] (5.8¢c)
Table 5.3shows dilution factors fop=0.5 andb=0.7.

Distance from mud source locatiofm) b=0.5 b=0.7

200 Qlateral = 1/4 Qi lateral = 1/9

500 Qi lateral = 1/6 Qi lateral = 1/15

1500 Qi jatera= 1/10 | Qyjatera= 1/35

5000 Qi lateral = 1/15 Qi lateral = 1/80

10000 Qi lateral = 1/20 Qi lateral = 1/125

Table 53  Dilution factorgrelated to lateral mixing

In the case of a river width of B=500 m, complete mixing of dye across the river width is accomplished after
500=10+2% yielding: x@60000 m (60 km), which is about 12faB b=0.5;
x@ 3000 m (3 km), which is about  6Bf00.7.

Figure 55 Lateral mixing processes in river flow (Jirka et al. 2004)
Upper: schematic lateral mixing«k length of full vertical mixing);
Lower: waste water release in Rhine river Switzerland (1960)
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