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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. Tlaetion with particles <®nmm is known as mud, the fraction
between 8 nm and 2000rm (2 mm) is known as sand.

The mud fraction < 8 mm 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 3263 nm; settling velocity 1.8 mm/s.
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The three essential elements of dredging aexcavationtransport 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 ispolluted.

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 deptin 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 16° 0.6 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
Hopperdredger °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 depthrequired 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 Cuttersuctiondredgng C® (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

9 Trailing-suction hopper dreding THSOhydraulic)
- 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 reléively softunconsolidatedsoils;
- 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 wak 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 osoils (soft clay to soft rock);
- smooth bed profile after dredging.

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

1 single poinispillevent (< 1 hour; spill area of 10x1@)nyenerating 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: mudverflow 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.
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Dredgirg 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 sprayingpontoon 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

Theincrease of suspaled sediment concentrations due to the dredging process is generally expressed as a
total suspended solids concentration (TS Sah kg/m?; gr/l or in mg/l).

TSSs a simple measure of the dwyeight mass of nowlissolved solids suspendedrpmit volume ofwater.

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 suspeded particulate natter 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 beesed for water qulity studies 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 dekned as an jatical
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 wat, which is usedo calibrate 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 Ti8&/1) based on various studies.

Roughly: TSS= (6028) Turbidity
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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 uncontrolledmovement 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 ofdredging operations create some form of turbidity in the water column, depending on the:

1 applied dredging method{echanicatiredging 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 (resuspemseéifect), 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 tmarge;

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

9 spillage during horizontal transportation from dredging to dumsitg.

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

Grab dredging
Sedimentleakage ad resuspensiore caused byFigure 3.2

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

1 sediment losses when the bucket breaks the water surface;

1 sediment/water spillage or leakage as the budisgtoisted 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 th@ndregeration.
Closed clamshell buckets of 5 and Yare available for lowurbidity dredging.

" dredging the River Ayr.

Figure3. 2 Grabdredglng (The Grab Spemalwlww tqsqras njlmere TthetherIands)
Upper: open grabs with heavyua spill during hoisting
Lower: closed clamshell grabs (left:hydraulic for backhoe and Right: mechanicahfgr c

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 forcef thet
hopper by overflow through a pipe system; a higincentration density current is present above the bed
gradually reduing in time; a lowconcentrationtop layer is present near the water surface flowing in
horizontal direction to the overflow sysm;

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

Infine sandy conditiongthe total overflow generallys of the order 06% to 10%.
In muddy conditions, theverflow can reach values up to 30% of tiotal 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 preses. The maximum overflow loss of sediment was about
40% in the tests with fine sand of 0.115 m#field lopper tes at the sandyDutch shoreface (Hopper
Cornelia of Boskalis Westminster Dredging: B=11.5 m, L=52 m, {&;6+0.24 mn) showed an overdiw

loss of sana@f about 8%.

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

Spearman et al. (2011Have measured the igitu sediment concentrations of the overflalischarggabout

1 to 5 n¥/s) on three different hopper dredgers (capacity between 6000 and 16008).nThe solid
concentration of fine silts and sanigreases from 0 at the start of the dredging process to about 500%kg/m
at the end after about 1 houwhen the hopper is almost full of san@lhe overall mean value is about 200 to
300 kg/n? during the overflow proces he overflow (pump) discharge oftsment is about 300 to 500 kg/s,
which is released into the water column. The hancentration slurrydescends towards the bed as a
dynamic plume. Simultaneously, a passive-tmmcentration plume is generated in the water column by
mixing/entrainment pocesses along the surface of the higdncentration slurryThe sediment source flux
of the passive plumis of the order of 5%@5 kg/s) of the overflow discharg@B00 kg/s).The descending
slurry eventually collapses onto the bed to form a densityenir propagating and settling out along the
seabed over some distance$& m). The passive plunvdth source input of about 15 kg/s €gurcd is slowly
diluted/dispersed in the ambient current by advection, lateral mixing and settling out of sedineiite t
bed. The source concentration of the passive plume at some distésaye30 to 50 milown-current of the
dredger can be estimated aso&ce=Q sourcd(Dohu) with b,=plume width at source, h= water depth and u=
ambient current velocity. Using:sQuce= 15 kg/s, b=10 m, h=10 m and u=0.5 m/s, it follows thaj,c{®.3
kg/m?3.

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 hg beams behind tugs) in the Savannah River channel in theTb8Aslips and wharves
(siltation area of 100x300 i 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 mrpenth. The tidal range varies in the range of 1.5

to 3 m; the peak tidal currents in the middle of thieannel 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). Agitatiogiryeid
performed during ebb tidal flow. Suspended solids were measured at sampling control statiated! at

7
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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 are§amples were taken at the water surface and at depths of about
4.5 m and 9 m from the water surfacéhe background concentrations varied in the range of 20 to 100 mg/I
at most sites. The maximum silt concentrations in the downcurrent control statiomsdvien the range of
100 to 200 mg/l at a depth of 4.5 m and in the range of 200 to 400 mg/l nedratidat depth of 9 m). The
largest increase observed was from a background value of 30 mg/I to 300 mg/l during dredging (factor 10).

Sosnowski (19843tudied the sediment resuspension near grab dredging works in the New Thames River and
Eastern Long Ishal 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 mthé Sound. The dredging operation consisted of

a bargemounted crane using an open clamshell bucl8stmples were taken at three depths (surface,-mid
depth and neaibottom) 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 site. Near the bottom the sediment
concentrations were in the range of 100 to 1000 mg/l within 50 m from the dredging site. At a distance of
about 300 m the neabottom sediment concentrationgrere back to the background values of about 10 to

20 mg/l. Near the water surface the sediment contrations 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 wkr bac
the background values of about 5 mg/I.

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 100§)Irdepending 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 usedeiadsof an open bucket. Turbidity values in the plume

of a hopperdredger 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 th&4.thaintenance 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 toang at various distances downcurrent

from the dredging site as performed 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 concentratin monitoring results are given fables 3.1 to 3.3

The cuttertead dredger 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 levelpEmegrab
dredger and the hopper dredger with overflow producedatively high 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 winevaveevents.

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 Cabdredgng



Note: Turbidity

&

Date:January 2019

Station downcurrent Depthbelow water Background 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 bdow | Background | Concentration during| 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 150200 230 250 atstart of overflow
165 after 3 min
870 after 6 min
390 after 9 min

Table 3.3 Trailing suction hopper dredyy with and without overflow

Bernard (1978kynthesizes the results of eight research studies into sedimestspension and turbidity
levels near various dredging sites in the USA. Watkrmn turbidity generated by dredging operations is
usually restricted to the vicinity of the operation andadeases rapidly with increasing distance from the
operation. Theaesults can be summarized, as follows:

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

9 Cutter. the increase of suspended concentrations around cutterhead dredges is restrictéuk to
immediate vicinity of the cutter, where concentrations mayasehigh as@gr/lI within 3 m of the cutter;
nearbottom levels of 100 to 200 mg/l may be found within a few hundred metres of the cutter;

91 Hopper. during overflow operations, turbidity plunsewith concentrations of 200 to 300 mg/l may extend
behind the dedge for distances up to 1200 m; without overflow the concentrations are considerably
smaller (factor 3 to 5); nedrottom concentrations of 1 to 2 gr/l are generated near the dragheads.

Tumidity levels around dredging operations can be reduced whengszog, but not without appreciable

cost, by improving existing cutterhead dredging equipment techniques (large sets and very thick cuts should
be avoided), using watertight buckets and eliating hopper dredge overflow, or using a submerged
overflow systen. The dispersion of neaurface turbidity can be controlled, to a certain extent, by placing a

silt curtain downstream or around certain types of dredging/disposal operations. Under goiesaeent
conditions (<0.1 m/s) turbidity levels in the watedwmn outside the curtain may be reduced by as much as

80 to 90 percent. Silt curtains can not be used in conditions with currents larger than 0.5 m/s.

Willoughby and Crabb (1983)udied thebehaviour of dredggenerated sediment plumes in Moreton Bay,
Australia. The data were collected during June and July 1982 in the overflow plume generated from a trailing
suction hopper dredger during sand (0.25 mm) dredging at Middle Banks in the BagZkrge to the dredge,

the measured concentrations ranged betweabout 500 mg/l (near the bed) and 50 mg/l (near the surface).
The background concentration were of the order of about 5 mg/l. The concentrations in the plume were
found to be reduced to abr just above background levels within approximately one hououB0% of this

9
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reduction occurred within the first 20 minutes. Given the local current velocity of about 0.6 m/s, the major
proportion of the dredge suspended material settled within abo@0&o 700 m downcurrent from the
dredge.

Battisto and Friedrich42003) studied the suspended sediment plume characteristics during oyster shell
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 pluasecmfined mainly to the bottom of

the estuary channel with a width of about 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/lhigherthan the background values of about 100 mg/l. At distances of 700 m downstream 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 waterdpced a spatially less extensive but higher
concentration suspension in the immediate 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
alongthe bottom of the main channel as a layer of 1.5 m thick, concentrations up 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 flodige plume outside the immediate vicinity of the dredge settled to
below detection 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 ektbetdredge

plume than is possible with only OBS profiles.

Clarke et al. (2007neasured suspended sediment concentrati¢gssc)in the sediment plume of mechanical
dredge with an environmental bucket operating in Arthur Kill Waterway, New YerseyTh&Bakground
concentration was 10 mg/l in an ambient current of 0.3 to 0.4 m/s. The maximum plume concentration in
the lower third of the water column was about 300 mg/l at 10 m from the dredger, 100 to 200 mg/l at 60 m
down-current, < 100 mg/l at 100 mowncurrent, < 20 mg/l at 350 m. The plume width was about 70 m at
at about 300 m due to lateral mixing

Clarke et al.2007) asosummarized ssc in plumes at various other d8#s. The ssc very close to the dredger
was in the range of 200 to 400 mg/ith some values up to 1000 mg/l and values of 100 to 200 mg/l at about
100 m from the dredger.

Since 1985 various turbidity studi@®lokland, 1988; Pennekamp and Quaak, 1990; Pennekamp et al., 1996)
have been performed around dredging vessels in sgvbartobur basins in the Netherlands (Port of
Rotterdam). Local currents were quite small (<0.5 m/s). The measurements were carried out before, during
and after the dredging activities. A network of measurement stations was set up within and around the
dredging aea (grid interval of 50 m). Sediment concentrations were measured at depth intervals of 1 to 3 m
using optical sensors. The duration between consecutive measurements over the full water depth was about
30 minutes. Iseconcentration contours were nuge andfrom this the quantity of sediment brought into
suspension was determined by integrating the mean concentration over space and time.
Three aspects were considered: the level of turbidity in the dredging area, the horizontal dispersion of the
sediment clowd (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 paramefensnekampet al., 1996; Kirby and Land,
1991):
9 depth-averaged background concentration (C);
9 characteristic increase of deptiveraged concentrationDC) at a distance of 50 m from centre of
dredging activity;
1 decaytime (DT) of the increase of the concentration eftcessatn of dredging activity; time after which
the turbidity has diminished to background values at 0.5 m above the bed at 50 ndfeatfgingcentre;
9 resuspensiofioss parameter S; S is the volume of sediment material (in kg dry material) brought into
suspensia per n¥ of dredged material (in situ).

10
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Table3.4

Dredging method Production Goackground DC DTdecay after Sesuspension
of dredged at 50 m from cessation of
material centre dredging
(hr)
(m%hour) (mg/l) (mg/l) (kg/m3)
Large suctiomopper 40006000 50-100 300-1000 15 20-50
(maximum oveflow)
Large suction hopper | 40006000 50-100 200400 1 10-20
(limited overflow)
Large suction hopper | 40006000 50-100 50-200 0.51 5-15
(no overflow)
Small suction hopper | 15002500 2050 50-200 0.51 5-15
(limited overflow)
Grab (open) 100200 20-50 50-200 1 5-15
Grab (closed) 100200 20-50 20-100 0.51 3-10
Bucket 300-600 20-50 50-200 0.51 5-15
Large cutter 200-1000 20-50 50-200 0.51 5-15
Small atter 100-200 20-50 20-100 0-0.5 3-10
Hydraulic crane 100-200 2050 100500 1 5-50
(various bakhoe
types)

Sedimentesuspension/losgarameter S of dredging equipment.

LACSLos Angeles Contaminated Sedimenigsk Force (2003)as analysed the available da#0 to 50
cases) on the loss or resuspensiorsefliments during dredging operatiomsthout overflow from various
dredging studies of the international literaturBigure3.3 shows the cumulative probability distribution of
the losgresuspension coefficientdg (as a percentage) on the horizontalsod hydraulic (without overflow)
and mechanical dedging methadsee alsdlable3.5. It is shown that hydraulic dredging metth® tend to
resuspend less sediment into the water column than do mechanical orgagethods
To include the uncertainties invad, it is wise to use the 98%alues For exampleRoss 0% =2%for hydraulic
dredging, which means that in 90% of the studied cases, #faet@r was < 2% and in 10% > 2%.

Resus St ary,insitu = resuspensiorfactor (1% to 10%); about 1% to 10% of dediment mass (per #of insitu

(source)material dredged out of the systemwater+sediment) isesuspendedbst during the excavation
process andbrought into suspensian
S= dry mass of sediment (in kgntost orresuspended during the excavation prose$ each ni of insitu

material dredged outSvalue refers to an area very clogeithin 10 m)to the dredging point

I anyinsiu = Ary bulk density of insitgsediment before dredging (kg/fn

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

Parameter Hydraulic dredging| Mechanical
(no overflow) dredging
Resuspension/loss factoreRsmean 0.8% 2%
Resuspension/loss factorRssos 0.5% 1.5%
Resuspension/loss factoreRsoon 2% 8%
Resuspension/loss factoreRsexireme 8% 10%
Turbidity concencentration increasecsos 20mg/l 70mgll
Turbidity concencentration increasBcyo 500 mg/l 150 mg/I
Turbidity concencentration increasBCexireme 5000 mg/Il 500 mg/l

Talde 3.5 Some characteristic values of resuspension factor and turbidity concentration increase

LASC Task Force 2003

11




@ Note: Turbidity ﬁ
Date:January 2019 . e

B0%
a0%
a0 ll_ —*— Hydraulic Dredges
[ (mean = 0.77%)
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Figure3.3 Probability distribution (vertical) of loss/resuspension factor (horizqritAlC Task Force 2003

Figure 34 shows the neasured suspended sediment concentrations (above the background concentrations)
at a distance of about®Bm (100 feetfrom the dredge point based on data summarized by the LASC Task
Force (2003).

The turbidity concentrations produced Inyechanical dredgg methodsare, 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

100 __ .
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Figure3.4 Probability distributiorof turbidity concatrations at  m from dredger; LASC Task Force 2003

Becker et al. (2015rom Van Oord dredging companyave proposedyeneric formulationgor the source

terms related to dredging ahdumping of sedimentsv S f AZGA O SaldAYI GA2¥the T &2c
ddzaLISYRSR aSRAYSyYyd AyLlzi F2N FF N USt RTheiNERA&@S LI dzY
based on soil characteristics and dredge productiates combined with empirically derived, equignt

YR O2yRAGAZY aALSRM® Wi adNIND SH SINWYT NGRD (OW2E 2 ya SRR Y’
GKFG Aa FT@FAfTIFofS F2NJ RAALISNBRAZ2Y T (2 GKS FY2dzyid =
dredged.
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The parameterinvolved are:

Miinestotal = I' dry,insitu Prines Vinsitw= total mass of fines to be dredged (kg);
I ary,insitu = dry density of insitsedments

Prines= fraction of particles < 63m;

Vinsi= total insitu volume to be dredged.

The production ratef a dredgercan be formulated as:

P = Vinsit/ (Ndays Nioading DTioading) = production rateof dredger(m?s);
Nuays= number of days with dredging work;

Nioadings= NUMber of loadings per dg24 hours);

DTioading= loading timeof dredger(seconds).

The requirednitial dredging volume for a hopper dredger isopdero = Vinsit/(NioadingsNaayg = PDTioading
The mass Of flnes fOl’ a hOpper dI’Edgﬂth |n|t|a| V0|Ume Vopper’oisz Mineshopper’o: r dry,insitu pﬁnes P D-rloading

The cycle time consists of: loading without overfla@(2 hr) + loading with overflow@l hr)+ sailing to
dump location @1 to 3 hrs) + dumping of loa@0.1 hr) + sailing to dredging locatio@(to 3 hr9 giving a
total time of 3 to 6 hrs (Nce= 4 to 8).

In the case of hopper dredging, tteeare losses due to the loading (suction) praessand due to the
overflow processeat the loading siteThe dredged volum@hopper,o) iS larger than theolume carried by the
hopper dredge(Vhopper) t0 the dumpsite.

ThemassM (kg) and flu¥(kg/s) of fines brought into suspension duethe loading drag head suctiorand
the overflowat the dredging site are

Mfinesloading: eloading Mfineshopper,o and Enesloadingz Mfinesloading{ DTIoading'

Mfinesoverﬂowz Sverflow (Mfoneshopper,o‘ Mfinesloading) = €overflow (1‘eloading) Mfineshopper,o and
Ffinesoverﬂow: Mf,overfIOV\/ DTover‘row;

The overflow generates two processes: passive plume of finest important for environmental dispersion)
and a dynamic nedoed density current of fines. Thus:

Mfines,overfIOW: Mfinesplume"‘ leines.dclz Q)Iumel Mfinesoverflow"' (]-'eplumel) Mfinesoverﬂow

The ﬂUX related tO the pa.SSlVe plume |$ne§)|ume: eplume]_ Mfinesoverflov\/ DToverfIOW
Themass offines remaining inlie hopper is:

Mfineshopper: Mineshopper,o' Mfinesloading' Mfinesoverflowz [1' eloading‘ €overflow (1‘eloading)] Mfineshopper,o

The lopper load isarried to the dumping site, where the loaddsmped (by bottom doors) generating a
passive pluraand a neatbed density currenfdc).Thus:

Mfineshopper: Minesdumpplume+ NIfinesch
Mf,dumpplumez Q)IumeZ Mfineshopper and Enesdumpplume: eplume2 Mfineshoppe/ DTdumping

with:

e =efficiency factor; gading=0.01-0.03; Qverfiow=0.1-0.5; €yume1=0.1-0.3; Qume2= 0.050.15;

DTicading= duration ofloading/suction processes (1 to 2 houBJveriow= duration of overflow(1 to 1.5
hours) DTqumping= durdion of dumping process (10 minutes).
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The source fluxes can be converted to a source concentration by emd/Q =F/(b h y)
with: F=fluxof fines(kg/s),Q= b h uswater flow discharge (m3/sh= charactestic width @L.0-20 m); h=
characteristic height@b-10m); u= characteristic flow velocity (0.5 to 1 m/®§= source concentration
increase due to dredging activiflgg/m3).

Similar formulations can be derived for other type of dreddgrab dredger + barges, bdwe dredger +
barges; cutterhead dredgerbarges)

Example

Vhopper,o: 2400 rﬁ; €loading— 0.03, everfiow= 0.4; @lumel— 0.2; @lume— 0.1; Anes— 0.5;r dry,insitu— 1185 kg/m3;

P= production= 0.45 #8s; DTicaging= 1.5 hr= 5400 SPToverfiow= 1 hr= 3600 SPTgumping= 10 minutes=600s.
(subscript frefers to fine$

M hoppero =TI dryinsituPfines P DTioading= 1185%0.550.45x5406 1.44 10kg

Mf,loading: Qoading Mf,hopper,c,:o.03x1.44 1% 4.32 16 kg and fl’oading: Mf,|oading/ D-I-Ioading:4.32 10/5400= 8 kg/s
Mt overflow= Everflow (1-e|oadir@ Mf’hopper’(y: 0.4X(]:0.03)X1.44 1856 16 kg; F overflow="5.6 1G/3600=155 kg/s
Mf,plume= Slume1 Mf,overflomFO-2X5-6 16-1.1 16 kg, 'T_Tplume: Mf,plume/ DToverfiow=1.1 16/3600= 30 kg/S
Mf,hopper: [1— €ioading - €overflow (1—e|oadmg)] Mf,hopper,o: [1—0.03—0.4(]:0.03)]X1.44 16- 0.84 16 kg

Mf,dumpplumez Slume2 Mf,hoppe;: 0.1x0.84 1%-8.4 16 kg;

F.dumpptume= Mt dumpplumd DTdumping=8.4 16/600 =140 ka/s

Assuming an initial plume width of b=10 m, water depth of h= 10m/|acalflow velocity u= 0.6 s, the
concentration increasat the initial plume locations: Dc=140/(10x10x0.65 2.3 kg/m3= 2300 mg/I.

3.3 Measures reducing turbidity duringiredging

Environmental dredging is a type of dredging focussing on operating either with minimal sospehs
sediment or with particular accuracy. It can apply to specially adapted variants of any of the types of
traditional dredgersTypical environmetal questions to be answered are whether suspended sediments will
leave the dump site, where the materialll go and how much material will remain in the water column after
a certain time.Some types of dredgehave been specially designed for this posp:
1 Auger dredgergFigure 35) using special equipment to move material towards the suction head;
pumping by piston action to enable the transportation of higdnsity material;
9 Disccutter dredgerswith a cutter head which rests horizontally and rotaiessvertical blades slowly
(consolidated silt and san&jgure 35);
1 Soop/sweep dredgers using spea@juipment to scrape the material towards the suction intake.

Mitigating measures to reduce environmental effects are (see b et al., 200D
9 Traling suction hopper dredger
- optimise trailing velocity, 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 Grabdredger.
- use watertight gralclamshell Figures 3.2and 3.6);
- use silt screen;
- limit grab time above war;
- limit grab dragging on bed;
9 Backhoe dredger
- use special bucket for reducing sediment losses;
- use silt screeifFigure 36); only if loca current velocity < 0.5 m/s.

14



@ Note: Turbidity
Date:January 2019

T ,‘——-m - ‘
igure3.5 Cutter head Serawer head Disc cutter head

Figure3.6 Silt screens

Cutter-suction dredgers generate a cloud of dredged material into the water, which is pumped/sucked into
the mouth of the dredge pump. However, cuttsuction dredgers are not able to suak that material up

and may leave as much &3 of all disturbedolids in the ambient water.

Horizontal hydraulic Auger dredgers push the dredged material into a shroud that directs the material into
0KS LlzyL)Qa &adzO0A 2y Y2 dandbkes horizddtal &ykdriidcoxBgerydrgddgesto svdk ipS N
almost all naterials. Silt screens can be used to reduce the spreading of spilled mud.

A screwAuger dredger operates like a cutter suction dredger, but the cutting tool is a rotating srew at right
andes to the suction pipeHigures3.5). A torizontal hydraulic Augedredger moves forward and dredges
material away in broad lanes (dredge cuts), which are easy to track bysecinoer.Selfpropelled Auger
dredgers are available that allows the systenptopel itself without the use of anchors or cablés Auger
head(www.dopdredgepumps.cojcan also be attached to a backhoe boom

3.4 Summary

Mechanical dredgers cause increases of suspended sediment ¢oataams (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 SSC but, as the size increases, the overall volume of sediment
lost as a percentage of the totablume dredged tends to decrease. The mechanical dredgers have relatively
high Svalues(close to the dredging pointut the concentration increase is not that high because the
sediment is well dispersed throughout theater column and over a wide arealaw concentrations before

finally settling.

Table 3.8shows dilution factors based on measured data and theoretical dispersion st&gieson 5. In
most cases, the SSC decay to the background values within 58@ept éor hopper dredging with ovitbow.

Cutter suction dredgers produce SSC which are quite high near the cutterhead (€0@t0110,000mg/1),

but are quite small away from the cutter.

Trailing suction hopper dredgers can inject considerable questif fines into the water columnhen

overflowing. SSC close behind the dredger can reach up to 500 mg/l at the water surface and as much as
15
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5000 mg/l near the bed. If operating without overflowery little sediment is brought into suspension
(generallysmaller than abou200 mg/l). The werflow 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 hopper dredgers can produce just as much turbidity (in termsafi&s) as smaBackhoe
grab dredjers. The Salues do not depend greatly on production capacity.
The study results from varioufi sites show that the turbidity concentrations:

9 are greatest near the bottom;

1 decrease rapidly with distance from theedlge'; decrease is less rapidcilirrents are relatively large

1 are greatest for very fine sediments.

Thedecaytimes (after cessation of dredgingd about3 hoursin depths of 5 to 10 nwhich implies that the
suspended sediments sink relatively quyctd the bed after cessation of edging operations in conditions

with relatively low currents (8.5 m/s). The effective settling velocitieéfines/mudare in the range 00.5

to 2mm/s (due to flocclation effects)

The turbidity increase near dredgein 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 tugs and the return flolwstween bottomside of vessels ankle 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 the quay wall with assisiafmer tugs in

one of the harboubasins of RotterdaniTheannual 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 ves$®in a year in this basin.

Turbidty 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 screens around mechanical
dredgers).

Turbidity parameterg(see Tables .®, 3.7 and 3.8)
The resuspension/lossate of dry mas®f fine sedimeniper hour (kg/hour) is given by:

Eresus: (Resuslloo) r dry,insitu Plnsitu= (Requloo) r dry,dredgedpdredged (31)
Theresuspension/lossate per unit time and areékg/m?hour):

Eresus,area: (RequlOO) r dry,insitu Pmsitu/Ad = (Resu!loo) r dry,dredgedpdredge({Ad (32)
with:

Resus St ary,insitu = resuspension factof1% to 10%); about 1% to 10% of dry sediment mass (pef imsitu
sourcematerialdredged ouf water+sedinent) is lost during excavation atought into suspensign

S= drysedimentmass (kg/m) resuspendedost for each ni of insitu (source) material cedged out;
Paredgec= Production rate of dredged volume (500 to 500&'mour); ratio of dredged volume and cle time;
Phnsit= =F dry.dredged I' dry,insit] Paredged= VOlume production rate of insitu material (fthour);

Aq¢ =areawhere sediment is dredgeaf(the order of 10 to 1000m?; model grid arep

I aryinsitu = dry bulk density of insitu sediment beforeetiging (kg/m);

I ary,dredged= dry bulk density of dredged sediment (during/after dredging), (Ry/m

Hopper dredgerr a.daredged= ratio of dry sediment mass in hopper (at end of overflow process) and hopper
volume; about 308600 kg/n¥ for mud and and 180/1600 kg/n? for sand

Cutter dredger with barges:dry,dredged ratio of dry mass in barge and bangplume

Cutter dredger with pipelin€: gr,daredged= dry sediment concentration in pipeline (200 to 400 k§)/m

Grab dredgerr dr,dredged dry mass igrab/grab volume (500500 kg/nt for mud and sand).
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Dredging method Productionof DCat 50 m from centrewith Sesuspension
dredgedmaterial | respect to backgroundmg/l) close to dredger
(m%hour) Dutch sites | USA sites (kg/m?)
Large suction hopgr (maximum overflow)| 300610000 300-1000s 300-1000 2050
500-5000 b
Large suctiomopper(limited 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=ris=u

Table 36 Sedimentesuspension/losgarametess of dredging equipment.

Parameter Hydraulic dredging Mechanical dredging
(no overflow)

Resuspension/loss factoreRs,mean 0.8% 2%
Resuspension/loss factoreRs s0% 0.5% 1.5%
Resuspension/loss faat®esus,90% 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 concencentration increasBCextreme 5000 mg/l 500 mg/l

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 mfrom

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

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

Dilution factorgs= G/Co; G= concentration at location x;,econ@ntration at source location

Table3.8 Dilution factors omudconentrations(8to 16 /m; almost uniform distributed over water

column)dueto settling, longitudinal and laterahixing/dispersior(see Table 5);

continuous sourcie water depth of 0 m

3.5 Examples of predicted turbidityalues atdredgingsites

Examplel: Turbidity generated by hopper cuttesuctiondredging in muddy conditions

Given:

Dry bulk density oihsitumudr gry,insi= 800 kg/m?3
Dry bulk density of mudary, dredged= 400 kg/nt
Filling time= 0.5 hours; water depth= 15 m
Resussovresuspension factor2%

Local current velocity=0m/s

Equation (3.1) yields
Eresus: (Resuiloo) r dry,dredged Pdredgedz (2/100))(4002000: 16000 kg/hOUI’@B kg/S

17
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Maximum sedimentoncentration increase at 50 m from cenfPena@bs00 mg/l
Maximum sediment concentration increase at 500 m from cebBng@1/5x500=100 mg/I
Maximum sediment concentration increase at 5000 m from cebBex@1/50x500=10 mg/I

Example 2: Turbidity generated by open Grab dredging in muddgnditions

Given: Production rate Redges= 300 n¥hour; Overflow rateRoverfiow= 0%
Dry bulk density of insitu mucry,insi= 800 kg/nd
Dry bulk density of mudary,dredged 700 kg/nd
water depth= 15m
Resussov=resuspensiofactor= 8%
Local current velocity=8m/s

Equation (3.1) yields:
Eesu; (Rﬂesugloo) r dry,dredged Pdredgedz (8/100)X700X300 = 17000 kg/hC@B kg/S

Maximum sediment concentration increase at 50 m from ceBirg@150 mg/I
Maximum sediment concentration increase at 500 m from cebBirg.@1/3x150=50 mg/I
Maximum sediment concentration increase at 5000 m from cebg@1/30x150= 5 mg/I

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

EresuslAd = \urrent near bedCnearbed
Chearbed= [Erequ(Ad Vecurrent near bet)]

Using: Bsus= 5 kg/s, A&=400 n? and urrert near bed= 01 M/s, it follows that:
Cnearbed™ [Eresud (Ad Veurrert near bed]= 5/(400x01) = Q125kg/m®=125mg/l over an area of abowt00 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@to 600m?,

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

Thus the con@ntration increase is about 17006000 @3 kg/m? @000 mg/l within an area of 20x20°m
This value applies to the situation with novadtion (current velocity= 0 m/s0 dilution and no settlement
of the fines within the dredging area.

If a silt screen around the area of 408iswused, the sedimemoncentration will go up to values of the order
3000 mg/l (brown waterseeFigure 35).

Example3: Turbidity generated by hopper overflonin muddy conditions

Given: Hopper volume Mppe= 5000 ni; Overflow rateRovertiow= 7%
Dry bulk density ofmudin hopperr dr,dredge 400kg/m?; fraction fines < 63m= 0.8
Filling time= 0.%ours; saliling speed during loading= 3 km/hour; water depth=15m
Local current velocity =0m/s

The following formula can be used:

DCfineF [Qines (RJverrovxlloo) r dry,dredgethoppeJ/[Ltrack Btrack hmixingil

with: ennes= fraction of fines ohopper load (38); Lrac= sailing distance during dredgingadd= effective ship
width (20 to 30 m) hnixing= effective water depth over which sediment is miXédo 5 m).
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The total overflow loss of a hopper with a volume of 5000wiil be about 350m® (assuming loss of 7%) or
about350x0.4=14@onnes of sediment (assumingday densityof 400kg/m?3).

This amount of sediment will be released (mixed) in the water column during sailing over a didtémee o
order of 1500 m, a width of about 30 m (abib3 times the width of the vessel) and affective mixing depth
of 5 m (30% of water geh).

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 biterpreted
as an average value over the sailing track with area of 30x1500 m

The method of Becker et al. (2015) yiel8g¢tion 3.2:
Ff,plume: eplumel Mf'overﬂov\/ DToverrow= O3X[(08X400X007X5000)/1800]= 20 kg/S
Dc =R pumd Q = Fpumd (B hu) = 20/(30x15x0.6)= 0.074 kg/m3= 75 mg/I

Table 3.6shows values up to 1000 m/l in the vicinity (at 50 m) of the dredger.
Using a dilution factor of 10 (Table 3.8, the increase of the mudomcentration at 500 m is about00 m/I.
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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 conpaction and drainage of dumped materials;
1 open water (rivergstuary or coastal sea)
- nearfield dumping and fafield dumping.

Theselection of a dumping site in open water depends on:

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

1 location of the disposal sit&ith respect to the recirculation of fines to the dredging site (preferably on
downdrift side of net current); some recirculation is acceptable as long as the cost of additional dredging
is less than dposing it at another site without recirculation; tkorage 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 easilyesuspended);
downdrift bypassing (maintenance dredging in a channel through a large shoal can be best dumped
at downdrift location so that theand remains in the system);
9 thin-layer disposal over wide area to predeesuspension and backflow to dredgilogation (area
should be much larger than the dredging area)

Far-field dumping
This disposal method is relatively expensive as it is aimed at dumping the séslaadar as possibledm
the dredging site tgrevent sediments from reirning tothe dredgingsite.
The following methods can be distinguished
1 offshore mounds in deep water; it may be attractive to make an offshore reef protecting the coast
landward of the reefif dredged material is sand);
1 nearshorefeeder berm; it may be attactivto keep the dredged material (if sandy) in the nearshore
system with possible effect of nourishing the beach system.

Unpolluted or lightly polluted dredged material can generally be dumped at afieddror farfield digposal
sites. Verypolluted materials should preferably be dumped on land in confined areas.

4.2 Dumping processes in open water

The method of dumping strongly depends on thevironmental effects (turbidity should be minimum); silts
and clays are gemally dispersed oer relatively large areas in the presence of currents (mud plumes)

The esuspension potential at dumping site (stirring up of deposited sediment by local currents and storm
waves)should be studiedMost of the disposed materials willrst 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 s$teould remain relatively small (not morkan 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 curreglated bedshear stresses remain relatiyesmall so that

the sediments are not deersed or carried away from the designated limits of the ssehgffner, 1991
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The available dumping methods are:

1 free fall dumping (bulk load) using hopper or barges with bottom doosplit hull hopper/barges;
9 continuous jet or plume disposal bumping of mixture through #oating orsubmerged pipe (with
or without a diffusor) into the water column;

9 side casting at dumping site (sediment is pumped from the hopper into the waliemocat
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 into the water as ffasamble
away from the dredger; this is very efficient in situasomithveryweak tidal currents (lagoons) or
unidirectional crosgurrents away from the dredging sjte

9 continuous free fall disposal from a spray boat; which is often used in shallow teateke land
reclamations by spraying thin layers of sand on th#dim 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 in three modes, depending

on local depth, strength of local currents and types of sedinfsee alsadohn et al., 200D

1 coarse materials (gravel, clay balls and coarse sand) will immediately settle to thié seettl
percentage is less than 30%, the sand will not settle out, but tends to stay within the slurry;

9 the vast majority of the fing 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 clbwith a thickness of about 2 to 3 m will be generated
(settling to background concentrations takes about 1 hour) andsddiment load will radially flow away
from the point of impact over the bed as a flow of lal@nsity mud (dry density of 10 to 100 kg# bulk
density of 1150 to 1200 kg/f
the fluid mud front propagates in the form of a ndamttom head wave over a sliance of about 100 to
500 m, depending on initial density and momentum of the sedirveater mixture and the strength of
the local curent 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 mud layer;

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

the slope is larger than about 1 to 50/100, the fluid mud will flow downslopevalacity of about 0.1

to 0.3 m/s; if the local slope is smaller than 1 to 100 the mud flow can not be maintained and it will tend
to settle ou and the velocity of the head wave will decrease and form a mound with a density of 200
kg/m®and a surface slopef 1 to 500;

the mud density in the centre of the mound may become about 500 kdime to consolidation
processes;

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

9 asmall amount (3% to 5%) of the bulk load will be eroded asay cloudrom the outside of the bulk
load during itddescent to the bed and dispersed into the water column as a passiielity cloud
the clouddispersion depensl onthe types of sediment and settling velocities of flocs and individual
particles; direction and strength of the currents; local waterttiepalinity-flocculation;
the suspended sediment concentration along the centre line oictbadwill rapidly decrease with
increasing distance dowstream from the disposal site due to settling and lateral dispersal by
turbulence;
under tidal conditims thecloud/plumewill extend in the flood and ebb directions; the maximum
cloud/plume length will be equal to thtidal excursion; the adjustment length to background
concentrations generally is of the order of 100 to 300 times the local water deptinahzontal
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 and variation 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);
1 low-concentration mixture pumped into the water column and dispersed over the depth by turbulence
and settling due to indidual sediments (passive plume moving due to external forces);
basic procesesare:
- segregation of fractions (heterogeneous sediments); larger particles have larger settling velocities;
- horizontal advection by windriven, tidedriven and wavedrivencurrents;
- lateral diffusion due to turbulent forces generated by currents;
modelling techniqueare:
- random walk models including advection and diffusion;
- gaussian diffusion models;
- numerical transport models including advection and diffusion;
1 high-concentration mixture pumped into the water column behaving as a dereityrjas a
cloud’plume of particles (cloud settling) descending rapidly to the bed (dynamic plume moving due to
internal forces);
basic processeme:
- initial descent of plumed bottom (cloud or convective settling);
- settling from highconcentration neabottom layers as density current;
- horizontal flow of density current along bed;
dynamic plume behavioutepends on:
- nature of sediment;
- dendty and momentum in descemthase;
- degree of aggregation during descent (increased settling velocity).

_\ Hopper I

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 maintenance dredging using a boom dredgérainnel
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Figure 43 Verticaly movable diffuser pipe to reduce environmental effects during dumping of sediment.

The environmental effects of sediment dumping can be greatly reduced by using special equipment (vertically
movable diffuser pipe, seEBigure 43). The pipe outlet shoultbe placed close to the bed to prevent the
generation of a thick suspension cloud. Arer method is a diffuser pipe connected to a piomom system,

which can be lowered overboard (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 directly mixed with the
ambient wder (passive plumeFigure4.1) or behaves as a densityreent (dyname plume;Figure4.1)
descending to the bed and flowing along the bed after impact.

They varied: the sailing speed of the outflow pipe at the hopper (0 to 2 m/s); the velocity of the mixture at
the outflow pipe and the concentration of the riure. A mixtue 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 0 and 2 m/s in nature. The outflow velocity of the mixture in the model was vaneednet

0.06 andd.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 studiedxing over deth, thickness of plume, radial dispersal of
sediment along bottom of flume and the radial dispersal velocity.

The type of plume can be expressed as a function of 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 ambient water relative to the ship sailing with or against the flow,
w= outflow velocity ofmixture (plume) at pipe; Riegd/w? with €= (f mixure- water)/T water, I mixure= density of
mixture in outflow pipe, gacceleration of gravity, ddiameter of outflow pipe.

Given the following values as an example calculatiort: m#s, w=2 m/s, I mixuwre= 1100 kg/n?, r wate= 1025

kg/m3, d=1 m; the plume will behave as a density current (RE8; u/w=0.5).

Free fallspraying

Land reclamationsn shallow waters (< 3 m) are often made by using a $pgagystemconnected to a
pipeline, sedrigures4.5 and4.6. The production rate of water + sand is about 0.5 to*srfor one pipeline.
The pipelineconcentration of sand is of the order of 200 to 300 kg/ifihe spraying system continuously
moves forward along the land reclamation area. Thin layersmd sae produced until the top level of the
new sand area is close to the waterline. After that, #praying boat is removed and the pipeline exit is
placed directly on the 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 witkiglylatft
subsoils so that the consolidation process of the subsoil can proceed gradually.

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

vy |l

| Ceal

i
{5
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*, clouds of fine sediment
" generated in suspension

Rilitie

- N - sediment bottom

5m

Figure 45 Vertical praying system

sand supply by pipeline

sediment bottom

Figue 4.6 Horizontal sprayingystem
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4.3 Turbidity measured at field dmpingsites

Freefall dumping(bottom doors; pipeline exit)

Wolanski et al (1992%tudied the offshore dumping of mud dredged from the Port of Townsville, Australia.
The sediment mateal was dumped offshore in typically 12 m depth. The hopper suction dredger usually
dumpsabout 2500 Mof material while underway at about 2.5 m/s by opening trap doors in the bottom of
the hull at the dump site. After dumping from a moving vessel, thénseat plume settled down rapidly
(velocities between 0.1 and 1 m/s) as a dome with seaskal motions resulting in a widening of the plume.
No internal bores were generated along the bottom. Additional mixing in the turbulent wake of the moving
vessel cased rapid dilution. Following dumping a long muddy streak was visible at the surfdeevedter.
During the dumping from a stationary vessel, two stages of settling were observed. Initially, there was a rapid
descent as a negatively buoyant jet, formenfpighconcentration suspension near the bottom, followed by

a subsequent slower settiinof mud flocs. After impact upon the bed, the jet spread laterally, with an internal
hydraulic jump (bore) being present at its leading edge. In calm weather, mgdsiétited out of this layer

in about 15 minutes and the suspension did not move ouhefdump site. In rough weather, the settling of
mud flocs was inhibited by waveduced turbulence and the suspension was mobile and was transported
away from the dumgsite.

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) initially a layer of about 4 m thick had developed with
concentrations of 5 to 6 gr/After 16 minutes thdayer 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. The bottom turbid
layer settled 3 m in 5 minutes with an effective settling velocity oflatiacm/s. In rogh weather conditions

a sharp interface (lutocline) was generated during the dumping process, which remained sharp after 15
minutes. Reversals were observed with higher concentrations at 15 min than at 8 min suggesting effects of
waveinduced neasbottom turbulence and patchiness. In these conditions the dumped material formed a
longlived, turbid, bottom layer of about 1 m thick. This mobile layer was carried away in landward direction
by windinduced bottom currents of about 0.3 m/s. Theaves played amssential role in keeping the
sediment in suspensiotn quiescent waters, this suspension settled out and was compacted to about 11%
of its original volume in about 4 days. The compacted sediments were resuspended by long wave action
forming a mobile, 1 nthick, highconcentration 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 | 25 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 the time after dumping)

Healy et al. (19993tudied the dumping of muddy sedimentsediged 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 opposition to disposal of the dredgings @ lithoral (beach) environment, two
alternative disposal methods were studied: (1) sesting into a mound alongside the channel and (2)-thin
layer disposal at an offshore location at the end of the approach channel. The dredging was carried out by a
digger mounted on a barge. Initially, theediged sediment was siesasted 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. Sedbn the dredged material was dumped athan-layer disposal

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

the offshore end of the approach channel and was about 11 times larger than thectmahel area.
Monitoring of mud concentrabns 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. Monitoring
of mud concentrations during dumpired sediments (from a barge) at the dispbsae 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 background values (about 20 mg/l). The turbid plumebserved to be a
transient feature whichypically 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 muddy deposits accumulated.

Spanhoff et al., 1998tudied the recirclation of fine sedimergadumped at an offshorenud disposal site

W[ 202RINRQ YySIFENI 6KS SYydiNIyOS olid Fozdzi mm {Yo G2 &
Large quantities (15 to 20 million®mper year) of sediment (mud and fine sand) dredged from the harbour
basins are dumgd at this site. The sea bottom at the site iatively flat outside the dump area. The water
depthsvary in the range of 15 to 20 m below mean sea level. The tidal range is about 2 m; the peak tidal
flood currents to the north are about 0.7 m/s and theak tidal ebb currents to the south are aboud @n/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 rafsjheebottom

at the dump site are found to bemicted landward to the river outlet. As the sediments at the dump sites
are confined to the lower layers, there is a potential for recirculation of sediment back to the dredging sites
(harbour basins). Redslfrom mass balance studies (comparison of tdtahped volume and sedimentation
volume of the imsitu mound at seabottom) over about 20 years show that about 50% to 80% of the dumped
mud and about 30% of the fine sand has been carried away from the gitmim alongshore directions
Mathematical modebtudies (3D) suggest the presence of a relatively strong return flow of mud from the
dump site towards the harbour entrance largely due to the generation of a4sggke horizontal gyre and

the presence oVertical circulation due to salinitiynduced desity gradients.

Free fall spraying

Svasek (2011has studied the spreading of turbidiparticles < 63rm) around a spraying systeof sand
(Figure 45) at the dumping site of land reclamation in a shaW lake (Marker lake) in The Netherlandibe
natural bed of the lake is covered with a thin mud layidre production rate of sand was 2000/day. Asilt
screen around themaying boat was usedtreduce the tubidity pollution as much as possible (déigure

4.8). The concentration of fines in the water column was measured usiogtral OBSsensor from a small
survey boat. The settlement of fines was measured by using small mud trapping bottles attached to fixed
poles at about 0.25 m above the bottaiseeFigure 47). The bottles weremptied andreplaced every week
over a period of 1 year (2010)he poles with trapping bottles were situated in rows at about 200 to 1100 m
from the mud screeifFigure 4.7.

Based on measured dai@vasek 2011, 201 7bhe flow velaities in depths of 2.5 to 3 nare strongly
winddrivenand vary with the strength of the wind. The flow direction is approximatley equal to the wind
direction. The flow velocity is about 0.05 m/s for conditions with Beaufofwidd velocity=4 m/s) and
increases to about 0.15 m/s for Beaufort 6 (wind velpeil2 m/s).

The concentration of the sprayimgixture is about equal to that of the supply piff€ipe Coipe= Qpray Cspray=
constant and Quipe= Qpray)-

The mud concentratio(Cmudcious; S€EHgUre 45) close to the spraying system can égimated from:
Cmud-cloud= EGnudl Pmud Cspray= €mud1 Pmud Cpipe

Another method is:

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

with:

Cpipe @Cspray@200 to 300 kg/rfy;

P=total production rateof sand+ mudm?/s); range 0.51.5 n¥/s;
pmug= fraction of mud (82 nm) of sandmud mixture (ca. 0.00.1);fraction 3263 mm will settle rapidly;
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Coipe= Mud concentration in supply pipeline (200 to 300 k§/m
r su= bulk density of sandnud mixture @L600 kg/nd);
Qrow= b h u=flow discharge passing the spraying boat;
b= size of spraying boa@L0 m); h= local water depth; u= local flow velocity;
emuaz= mud loss factor (0.0Q.05); mud loss from outer spray layer under water (about 10%);
outer layer $ about 20% of total spray layer
emudz= mud loss factor (0.0Q.05).

The codéficients end1and end2 can be deternrmed from the measured data of Savsek (2011):

Crmud-cloud @L50 Mg/I@0.15 kg/n¥; pmus @.05,P=0.11 m¥s (16000 n¥/week; 40 hours);

Qrow=bhu=10x3x0.% 3 m¥/s; Cpipe@250 kg/n? yielding: emuu@0.15/(0.05x25080.01;
€mud2@0.15x3/(0.05x1600x0.11)= 0.05

Y codrdinaten [km]

128 1285 129 1295 130 1305 131 1315
X cobrdinaten [km]

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

Based orthe analysis of measured mud concentrations (ir/ likgr) and mud settllingates (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 conditions without sprayimg sandis about 0 to 4 mm/dg with little wind and
8-14 mm/day with much wind;

1 mud settlementvaluesat a distance of 200 to 100 m from the mud screeare:

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

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

- influence of sprayingystem on the turbidity levelsutside the screeiis limited to a circle of
about 200 m around the seen, where increased mud settling rates and concentraida occur;

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 boat9s1 mm/day and1-3 mm/day a
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 passes the sreen on windy ¢days
mud clouds wth initial concentration éabout 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 distances > 200 m from the screen;

mud doudswith initial concentation 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 clouds are local and temporary phenomeageas with relatively cleavater (concentrations <
10 mg/l) are present inside and outside the sre¢mrbitrary locations and times

Mud clouds

Fgaly ,;/ - -~ 2 /.
e | and area ©

Figue 48 Mud clouds inside anoutside mud screenear 1Jburg in Marker lake, The Netherlands

(Upper:5June2010;Middle: 25Jure 2010;Lower 19July2010)
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Conditions Mud concentrations(mg/l) | Mud concentrations and mud Mud concentrations 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 20m 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
BF3 from 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
13July 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.=spaying boat w=muchwind; nw=no wind; BF= Beaufort wind scale; wk=week
Tadde 4.2 Mud concentratons(in mg/l)and mud settling rate§n mm/day) aroundspraying boat ldburg,
Marker lake,The Netherlands
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4.4 Examplesof predicted turbidity values at dumping sites

Examplel: Dumping ofsandthrough a pipeline exit of a bpper dredger
Production  Pump discharge at exit = 55@¢/hour
Sediment: Mixture of sandandmud; 3% fines <63 mm; 1% < 32rm.

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

The followingormula can be useMGines= Efines Prines Cpipe

with: prnes= fraction of fines< 32mm of hopper load (0.021) Coipe™ dry,sediment= dry density of the sediments
leaving the pipeline ex{00 kg/n?); eines=0.020.1= efficicencyactor related to thedilution and mixing close
to the pipelin exit.

The sediment concentration of the watsediment mixture leaving the pipautlet will be about 300 kg/rh
Assuming anudfraction (<32nm) of aboutprines=0.01and &ines=0.1, the mud concentrationf the sediment
plumewill be about0.2 kg/m?or 200 mg/l in an area with horizontal dimensions of about 10Ttme fraction
32-63 nm (settling velocity=1.8 mm/ayill settle rapidly close to the dumping site.

The sand fraction will settle rapidly within 100 rorh the dumping site, but the fines/mud widke carried
away by the local currents.

Theexit concentration ofines/mud of200 mg/I will be diluted rapidly as the fine sediments are carried away
by the fbw with velocity of about 1 m/s.

After 100 s the fies are about 100 m away from the plme 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 usingged szie of 100 mat the 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 (order of 0.5 toHours)

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

Barge: Volume=1000 rf) dumping time= 10 min= 600gessel width= 10 m
Annual dumpig volume= 10 million i
Tide: Maximum tdal flow velocity at site®.7 m/s; water depth= 3 mgdischarge2.1 m?/s

Tidal volume= 19m3

Thesediments are brought in the flow by direct dumpittgough bottom doors of the bargeUsing this
method, a cohegnt load of sediment witta 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 loBithe sediments can only be dispersed from the outer
layerof the load.The fraction 3463 nm (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 amost instantaneous concentration increadec) immediatelyafter dumping of the load of sediment
can be eStimateDhS fOIIOWS: Dcdumping @Vlfines dumprater,dump: e ﬁnes Ndumplvwater,dump) rdry,sediment

with:

e= efficiency factor (@) as only finesra dispersed from the outer layer of the load,

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

Vaump= dumping volume ofumper bargg@1000 n¥) and

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

Viwater,dumg= Watervolume in the area oflumper (2 to 3 times the volume of theunper bargg.
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Using these values, the concentration increaBe) (immediately after dumping isstimated to beabout
Dc=4 kg/m3over a horizontal domain of about 100 m (model gize). These relativeligh concentrations
will be diluted rapidly by the mixing capacity of the floyelocity=0.7 m/s).

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

The method oBecker et al. 2015 yiedd'see Section 3.2):

Ff,dumpplume= €plume2 Mf,hoppet/ DTdumping: Slume2 (r dry,hopper Pfines Vhopper)/ DTdumping: 01X(400X03X1000)/600:20
kg/s.

Source concentration increase Be=Raumppumd Q = F.aumppumd (b h u)=20/(0.5x10x3x0.7)=2 kg/m?*= 2000
mg/l. Effective plume width is assumed to be half the vessel width.

Both methods yields a source concentration increase in the range of 2000 to 4000 mg/| at the dump site.

The long term increase of the concentration of fine8g<mm) at the dumping site éhgth of about 5 km;

width of about 2 km) and surroundings can be estimated, as follows:

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

With: Méines= Prines Vaump I dry.sedimeni Prines= fraction of fines< 32mm (@.3), Vaump= annual dumping volumeg]

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.

The water volume passing the dumgiarea during onéde can be estimated as:

Vwater,ltide= b QneanT

with: b= width of dumping site@1.000 m), gear= Mmean discharge during flood and el@l(m?/s),
T=tidal period (12 hours or 45000 s)¢dd number of tides per yea@y/30).

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

Dcines @(0.3x10x10x400)/(730xL000x1x45000)@0.035 kg/m?® @85 mg/I for a tidal flow tube of 1 km wide
In practice, this concentration increase of fin@s addition to the bakground concentrations of fines)ill
be muchsmaller(< 10 mg/l)due to additional lateral dispersion.

The sednent coneentration increase can also be computed by using the tidaime.
Using:DCiines @Minestotall [Nide Viidavolume = (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 very small settling velogi{almost zero)
as a bulk property (averaged concentratpintegrating all spreading/dispersion procességnerally, he
dispersion coefficienincluding alleffectsis larger than the turbulent mixing coefficieriffusive type 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:

UC/ |t + UC/ X € Ws UG/ Pz € €, 2C/UZG e Pc/pxé = 0 (5.1)

with: ¢= sedimentconcentration, u= flow velocity (constant in space and time); settling velocity of
sediment,e= effectivediffusion/mixingcoefficient (assumed to be constant in space and fiatwout0.1to

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

The concentration of very fenmud (< 8rm) with almostzerosettling velocity (< 0.1 m/s) is uniform over the
depth.

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

UC/ Ut + upc/ X ¢ e p2e/px? = 0 (52)
Assuming a fluid aest (u= 0), the expression becomes:
pc/pt - eple/uxe=0 (5.3

When a mass M (in kgipis released at x= 0 aitte t= Oas 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= timg 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 clail
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)?® exp[c{xA4 et)°5}?] (5.5)
Definingx=ut£ Q Bigu850 | Yy R Qukidillows @at: E
c= M/(4p et)®5 explc{(x-ut)/(4 et)*F] =GraxeXplc{(x-ut)/(4 et)°5?] (5.6)

with: Gnax=M/(4p et)?>= peak value of the concentration at 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/=[2s? %S expf(x-n%(2s?}.
This yields: 2=4 et or e=s?/(2t)
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Thediffusion coefficient can be determined from thigavel time Qt) between 2 stations and thetandard
deviation of the dispersed clowgize in longitudinal directioat both stations: e =(s2?-s1?)/(2 Dt).

The transport and dispersion pbllutants has been extensiwestudied in USAivers 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 elongabn of the tracefresponse 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 nuch slower but is usually completavithin 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 linesource injection (dye injection by mydte 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 longitudim$épersia, so the tracer concentration can geadly be
assumed to be uniform in the cross section.

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

with: Gnax.uni= UNit peak concentration 13, Q= river discharge (its), M=injected mass (kg), r= loss factir
injected mass(usually@0.9 to1; losses due tthe presences ofleadzones and harbours etc

Based on analysis of many river data, it was found ak;uniir= 1000 T°with T= travel time after
injection (in hoursjnd cmax unitt= UNit peak concentration dime T after injection (in'y.

If Fickian dfusion correctly represers the total longitudinal mixing in rivers, the ufpeak concentration
decreassin propotion to the square root of tim¢cuni~t™®or cunr=x°andb=0.5; see Equation 5.8)leasured

data showthat the unit-peak concentration in natural rivers generally decreases more rapidly with time than
predicted by the Fickian la. KS LINBE &4 Sy OS 2 dead.dngsbeads,laydRtheXdhanneband

reach characteristics will increase the rate of longitudMal EA Y3 | yR | fY2ad +Ftgsl&a @&
than the Fickian value of 0.5K S @I fisiSprodnTately 1.5dr very short dispersion times (sectionfl o

Figure 5.) and decreasgto 0.5 forvery long dispersion timggdobson 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 and=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 transpeqid/px). Further away from the source, the
concentration gradient decreases and hence the diffusi@esport decreases.
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Longitudinalmixing (constant width)

Equation 6.6) is shown irFigure 5.1 for a point sourecévi=10 kg/n¥ (being a spikeype release at x= 0 at t=
0; single 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 frothe source.

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

The maximum concentratiodeaeases in downstream direction due to diffusiéiigure5.2.

The maximum concentration in the 1D case decesass: gax—(et)%°

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 function ¢harizontal)and t

-20

Figure5.2

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

factors arevery small for large dispsion coefficients (100 As) due to longitudinal spreading. Most of the
spreading occurs in the initial phase (over a small distance from the source location).

Ideally, thee-value can be determined from a dye tracer experimientinidirectional flow witha constant
velocity. In practice, dye tracer experiments are often done in river flow, where the velocities near the
bottom and near the banks are much smaller resulting in additional velocity gradients and mixing processes.
Thecombined effect is knownsathe dispersion coefficient (K) with values in the range of 1 to 7€ 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 n#/'s 100 nt/s
0.1 c@1 kg/m? @i 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 (@/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(x@/1000) | 0.0003g:@/3000)

Table 5.1 Dilution factors fom mud cloudf{neswith settling velocity ©.1 mm/s);M =1 kg/n¥ at t=0;
single release event at source location
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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 nwster depth is about 0.3 m, the creek width is 10 m.

The results are:

x1= 700 m afteri@1 hour: 6ax,= 140my/l (mg/m?); s; @150 m (longitudinal cloud si@@®s);

Xo= 2800 m after4@b hours: : gaxz= 3509/l (mg/n?); s2 @250 m;

xs= 5200 m after @0 hours: gaaz= 20/l (mg/m?); sz @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..»= [52%5:7/(2 Dt)= [25F-15(]/(2x10500)@2 nv¥/s
e3= [s2%-s17)/(2 Dt)= [45(F-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 inténeRver in Switserland. The mean velocity is about
0.8 m/s. The maximum concentration is 9 mg/rny/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 haurs. Th
dispersion coefficient was determined from the longituglicloud size (order of 5 km) at both 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 kilogranfs10 percent dye solution was used to meastire travel 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 about 200 mhave been
used across the wide rivéWilson 1968). Lateral mixing generally goes fairly quickly within a few kilometres
from the injection points (Wilson 1968)he average discharge was approximately 678Gaa. The river
width near Baton Buge is about 1000 nT.he dispersion patterns foine mid-stream 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 midsteam
sampling points, MississipRiver, Louisiana, September 1965 (Wilson 1968, Stewart 1967)

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 croesection averagetlow velocity).The dye dilution is lgest(estimated
factor 1 to 1000 due to lateral mixinpover theinitial traject 334 km and a factor of 4 between station-34
202km.

Equaion (5.6) has been used to estimate the dye concentration for dispersiefficents in the range K=1

to 1000 ni/s, seeTable 5.2 A problem is the estimation of the initial load M (in kgfm

The total dye mass is 1800 kg or 1.8 kg/m using a riigthwaf 1000 m.

Assuming that the dye is released quickly (< 1 minute)lahgitudinal distance covered by the flow is about
20 m resulting in M2.8/20 @0.1 kg/nt.
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