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1. Introduction

This paper paper adresses the problem of the erodibility of mud and mixturasdfind sandt the bottom of
tidal channelsMud is defined aa mixture ofclayandsilt particles with sizes <36rm and fine sand particles
Various laboratory and field studi€September-December2016; March-June2017, MarchJune 2018 have
been done to determine the critical shear stress for erosion as function of basimesgdoroperties (bulk
density, permeability, etc.)Several insituiéld instrumentsare availablego test the critical beeshear tests for
initiation of motion/erosion. Herein, the attention is focussed on the EROMES (Geesthacht 1991, 1995).
Mitchener and Torfs (1996)ave summarized experimental results on the ebility of mudsand mixtures in
laboratory and field conditionsThdr results which originate from both laboratory and field experiments,
describethe physical processeaglated tothe erosion behaviour of mud/sand mixtures. It was found thgt
adding sand to mudor vice versathe erosion resistances increased lad the erosion rategre reduced Tleir
laboratory beds consietl of homogeneously mixed beds and layered beds tesidthime experiments.
The present study results are based on flume tests and ER@id&Bsts. The EROMES has bestibrated and
used in several erosion studies in Germéagesthacht 1991, 1995The original EROMES system was developed
by the GKSS Bearch Centre (Germany) to investigate the erodibility of natural muddy sediments in the
laboratory. A portable fieldversion of the original EROMES has been designed, built, calibrated and tested
(Andersen 2001)The mairadvantages of the portable EROME®at it is a simple instrumerthat it is able to
produce data orthe erosion threshold®f sandmud mixturesand that the measurements can be done quite
rapidly.
The present study is focussed on:

9 recalibration of the EROMHESstrument usingesults of flume tests (Section 4);

1 testing of mixtures of sand and mud in the flume amdhe EROMES&ibe (Section 5).

The experiments have been done by the studeBtsKoetsier, N. Simm&s 2016 A. Klomp and M. de Boar
2017, J.J. Miedema and an de Wofshaain 2017, T. Braaksma and R. Haagen in 2018e Hanze Technical
School in Groningen (The Netherlands) under supervision of Dr. L.C. van Rijn.



2. Flume instrumentation, sedimentsand test programme
2.1  Flume

The experimentbave been carried out in a laboratory fluriength= 10 m, width=0.4 nof the Hanze Technical
School in Groningen, The Netherlan@lee experimental setup is givenkigure2.1.
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Figure2.1 Experimental setup

A false floor vasinstalled in the fumawvith a smalldeepened sectioffor the sediment bed ocfandmud (depth=

5 cm, length= 60 cm; ramps with slopes of 1 to 3 on both sides to prevent the generation of scour holes;
volume=10 litres)A narrow slot was present in the flopanels (se€&igure 2.} at about 0.5 m from the sediment
section to trap the andparticles moving over the flume bottorithebottom surface of the flase foor was painted

with varnish on which fine sand of 0.2 mm wswayedto create a fixed rough bottomThe water depth
upstream of the mud/santbed wasabout 0.2 mduring the tests Thedepth-meanflow velocity upstreanwas

in the range of 0.2 to 8.m/s depending on the grain size tine movable bed section

2.2 Vectrino 1ow velocity sensor

Theflow velocities were measured by a thréémensional vectrinanstrument (NORTEKdiameter measuring
volume @B mm; measuring time= 2 minutes; segure 2.2 used in the neabed region of the water depth and
by a mechanical Ofr

Figure 2.2 Sandbed (0.74 mm)Vectrino acoustic velocity sensord Ottpropeller meter
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The lowest measurement point of the Vectrino was at z=5mm above the fixed bottom.

The velocities were measured above the false fl@oth sand roughness of aboutgt200mm) just downstream

of the sediment bed. It was problematic to measure the flow velocities above the sediment surface due to the
generation of small scale ripples ofasamum 5 mm high and due to acoustic reflections of the Vectrino
instrument. Furthermore, the wall origin is difficult to define in case ripples are present (test with sand of 0.18,
0.37 and 0.52 mm)rhe instrument was adjusted to a vertically movable t@grecisely position (within 1 mm
accuracy) the sensor at the measuring poifiise vectrino sensor was only used in the tests with fine sand of
180 M.

2.3 Calibration of optical sensors

Two optical sensors have been udadNovember and December 281

1 NEP15Z\nalyte (McVasnnstruments) which is the stanard optical sensor used in the EROMEBRe;

1 OBS3+ (Campbell instruments), which was supplidd@iR TEXnstruments.
Both sensors were calibrated over the range of 50 to 5000 mg/l in a bucket with a-gikere of mud and
(native) seawatefrom the smallharbourbasinof Noordpolderzijl The target mud concentrations were made
from small subsamples consisting of wetid taken from the base containdafter thorough mixing). The we
mud samplesonsised of 25% sediment and 75% seawafsee Table3.1). The offset values of both sensors
were measured ira bucket filled with native seawater, which wasnalst clearwater but may havenada mud
concentration (very fine mud fraction) in the range of 1 to 10 mifier each test, a small subsample of about
100 ml was taken from the bucket to determine the real concentration by filtration, drying and weighing. This
method was not accurate for tests 1 to 3 as theongfilter paper wasused {ery hygroscopipaper;attraction
of moisture).
The basic calibration data are givermable 2.1 The output of theaNEP152s giverin ADCwhich is digital output
number derived form the output voltage (Analog Digital Conversion). The output of the G888+~n in
millivolts.

Test | Target | Dry Wet Added | Measu | Best estimate | Output | Correc | Output Corected
mud mud mud mass | red of mud NEP152 ted OBS3+ Output
concen| mass | massin real concentration Output OBS3+
tration | in bucket mud in bucket NEP152

bucket | of 6 concen
of 6 liter tration
liter
(mg/l) | (mg) (mg) (mg) (mg/l) | (mg/l) (ADQ (ADC (Millivolt) | (Millivolt)

0 1-10 - - - - 1-10 19.3 1 428 1

clear (offset) (offset)

water

1 50 300 1200 1200 | - 75°25 23.4 4 414 10

2 150 900 3600 2400 | - 200° 50 32.4 13 564 136

3 300 1800 | 7200 3600 | 500 400° 100 43.0 24 807 379

4 400 2400 | 9600 2400 | 510 500° 100 69.1 48 1080 652

5 500 3000 | 12000 | 2400 | 740 625°125 70.9 52 1171 743

6 700 4200 | 16800 | 4800 | 1170 950° 250 103.2 84 1468 1040

7 1000 6000 | 24000 | 7200 | 1430 1250° 250 125.2 106 1598 1170

8 2000 12000 | 48000 | 24000 | 2800 2500° 500 175.8 156 1888 1460

9 3000 18000 | 72000 | 24000 | 4700 4000 1000 238.5 219 2134 1706

10 5000 30000 | 120000 | 48000 | 6500 6000 1000 246.3 227 1978 1550

Corrected value©utputvalueminus offset value
Table 2.1A Calibration data of optical sensoldEP15Z2nd OBS3+)
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Figure2.3A  Calibration curves of optical sensogovembeiDecember 2016

Figure2.3A shows the calibration cungof both optical sensos using mudn seawater (density of 1025 kgfn

from Noorpolderzijl. The output values minus the offset value (from test 0) is given on the horizontal axis. The
vertical error range of the mud concentration is about 30%. The clear water concentration is set to 10 mg/I (offset
value). The saturation mud concentration is ab®000 t02000 mg/l for both sensors. Both sensors are not very
sensitive for mud concentrations below 50 mg/l. The output values for clear water and a suspension of about 50
mg/l are almost the same for the NEP152. The OBS3+ even gives a lower reladisgdpension of 50 mg/l.

A similar calibration has been done for the GBSensor used in MareApril 2017, sedable 2.1BC andFigure
2.3B The calibration plots show the sensor output minus the offset valugasured in almost clear water)

The OBSensor hashorizontal optical path with a length scale varying with the mud concentration. In relatively
clear water, the optical path is quite long (order of 0.5 m). Hence, the OBS should be calibrateldtinetyre
wide bucket,otherwise the OBS will see the bucket waltonditions with low concentrationg he offset value

in the EROME#®Ibe was found to be quite higfsee tablesas the sensor sees the propelraft and the tube
wall. As a result, theancentrations smaller than about 100 mg/l are not very accurate.

The offset vue in a standrd bucket of 10itreswas about 500 counts. The ofsset value in the flume with clear
water and no obstacles was about 50 counts.



Test Target | Measured | Output Corrected Output Corrected
mud real mud | OBS3+ Output OBS3+ Output
concen | concen analogl OBS3+ analog? OBS3+
tration | tration analogl analog?

(Counts) (Counts) (Counts) (Counts)
(mgll) (mgl/l) (Millivolts) (Millivolts) (Millivolts) (Millivolts)

0 (clear) 0 <3 5180ffset (39) | © © | 201m0ffset (153) | © ©)

water )

1 50 35 963 (74) | 445 (35) 3798 (290) | 1787 (147)

2 100 100 1414 (108) 896 (69) 5602 (427) | 3591 (274)

3 150 135 1885 (144) 1367 (105) 7488 (571) | 5477 (418)

4 200 200 2393 (183) 1875 (144) 9526 (727) | 7515 (5740

5 300 280 3309 (252) 2791 (213) 13198  (1007) | 11187 (854)

6 500 460 4781 (365) 4263 (326) 19099  (1457) | 17088 (1304)

7 700 650 6146 (469) 5628 (430) 24770  (1890) | 22759 (1737)

8 1000 910 7837 (598) 7319 (559) 31349  (2391) | 29338 (2238)

9 2000 1800 11029 (841) 10511 (802) | 44146  (3368) | 42153 (3219

10 3000 2830 13526 (1032) | 13008 (993) | 54157  (4132) | 52146 (3979)

11 5000 4820 15585 (1189) | 15067 (1160) | 62288  (4752) | 60277 (4599)

Corrected value=outputalueminus offset value

1 count= [1/(2%+1)] x 5000 = [1/65537] x 5000 millivolts
Table 2.1B Calibration data of optical sensors (OB38-Huckef March-April 2017

Tet Target | Measured| Output Corrected Output Corrected
mud real mud | OBS3+ Output OBS3+ Output
concen | concen analogl OBS3+ analog2 OBS3+
tration | tration analogl analog?2
(mg/l) (mg/l) (Counts) (Counts) (Counts) (Counts)

0 (clear| O <5 2000 0 8000 0

water )

1 50 65 3085; - 12340;

not used not used

2 100 95 2600 600 10390 2390

3 150 120 2805 805 11210 3210

4 200 150 2775 775 11010 3010

5 300 260 3600 1600 14400 6400

6 500 390 4870 2870 19495 11495

7 700 600 7005 5005 28045 20045

8 1000 910 8540 6540 34205 26205

9 2000 1890 11910 9910 47715 39715

10 3000 2600 14305 12305 57315 49315

11 5000 4670 16080 14080 64360 56360

Corrected value=output valuminus offset value

1 count= [1/(25+1)] x 5000 = [1/65537] x 5000 millivolts
Table 2.1C Calibration data of optical sensors (OBIB8-HROME&ibe; MarchApril 2017
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24 EROMEshstrument
2.4.1 Instrumentdescription

Basically, the EROMES erosion instrunieigfure2.4) consists of a 100 mm diameter perspex tube that is pushed
gentlyinto the sedimentbed. The tube is gently filled with local seawater and the erodingwittit propelleris
placed on top of the tube. This eroding unit consists of a propeller that generates a prijtatjiye flow which

hits from abovethe sediment surface at the bottorof the tube and is retured along the tube wallThe
rotational flow in thetube is significantly reduced by placing a series of vertical baffles arounihriee tube
wall.
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An opticatsensor inside the tube monitors the changing suspended sediment concentration. The propeller
revolutions are transferred to bed shear stress by use of a calibratiove based on the onset of erosion of
guartz sands with known critical erosion shear stre
One of the disadvantages of EROMSiem is that the fluctuations afirbulence generated by the propeller
are large and the turbulent energy spectrum exceeds those found in natural channel flows.
The instrument can be used with or withoutaagerstoragémixingtube. Using the storage/mixing tube with 2
propellers the suspension is continuoustyixedand pumped @1.5 litres/minute) from the instrument tube to
the storage tube and back. Sand is not allowed to return to the instrument tybesing a separator. The
suspension concentrations in both tubes are measured continuously by using optical sensors. The sediment
concentrations in the storage tube are smaller than those in the instrument tube.
Problems during test runs are:

1 redeposition of sand particles on top of the sediment bed during a (although this may also occur in
nature),
generation of a thin layer of rolling sand particles (acting as armour layer for mud particles)
decreasing visibility due to increasing mud concentratjahe propeller in the middle of the tube is not
visible anymore when the mud concentrations are larger than about 800 to 1000 mg/I (based on special
tests), which is equivalent with the erosion of a layer of about 0.5 B Ghud hw/ T ary; Grue= 1 kg/m3,
hw=water depth=0.15 n; 4y = 300 kg/ms3; Equation 5.1.1).

)l
)l
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2.4.2 EROMEShear stresgalibration GKSS

A propeller generates a jaype rotational flow by accelerating the rear water, deigure2.5. About 50%of this
acceleration takes place in front of the propeller, and tiker 50%behind the propeller. The velocity vector
consist of two main componés: the axial velocity grallel to the propeller axis and the radiadlocity(or angular
velocity; also known as the swirl velocitpprmal to the propeller axis. The amount of swirl depends on the
rotational speed. The radial velocity at the propelleiptis about equal td/ipradiai= 2R Nev With R= propeller
radius and\,s= number ofevolutions per segyieldingVip,radia= 0.3 m/s for = 2 (120 per minute) and R=0.025
m. The swirl angle (abol®°) may cause neaymmetrical flowconditions on parts behind the propeller.
When the jet flow of the EROME®opeller hits the sediment surface at the bottom of the tube, the jet will be
forced outwards into a return flow along the side walls of the tube, (see skeféilyume 25 upper). In the middle
zone above the sediment surface, pressure gradients will be generated to force the outward flow. These
additional pressure gradients are not present in an open channel flow parallel to the channel bottom. The
pressure gradients will have annkown) effect on the initiation of sediment particle movement. Thus: particle
movement in the EROMEGbe is caused by the combined effect of shear stresses and pressure gradients. Most
likely, the bottom shear stress in open channel flow causing sipldicle movement will bsomewhat larger
than in the EROMESbe because the pressure gradients related to jet flow processes are absent in open channel
flow.
To find the relationship between the beshear stress at the sediment bed beneath the rotagimgpeller and
the number of propeller revolutions, various calibration experiments have been done by GKSS, as follows:

A. measurement of walshear stresses using a hilm anemometer at bottom of EROM#E®e;

B. initiation of motion of various narrovgraded and samples (sand fractions) in EROMIES.

Contours of axial velocity magnitude

Axial Velocity (m/s)
8.0

" Time (s): 0.100

Q iso-surface coloured by axial velocity

Axial velocity (m/s)
8.0

6.0
4.0
2.0
0.0

Figure2.5 Propellerinduced jettype flowin air (+ zone of high pressurezone of low pressure)
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A. Measurement of turbulent flow velocities

Aflushr-mounted hot film anemometer (DANTEC M5Sampling rate 50 Hzias been used to measure the wall
shear stress at themoothbottom of the tube at various distancés= 0, 20, 30 and 40 mnfjom the centre axis
of the tube (Geesthacht 1999Mller etal. 1995. The radius of the bottom plate of the tube is 50 mm (inner
tube diameter =100 mm)lrhe propeller diameter is 50 mm (radius=25 miit)e propeller height was set to 30
and 40 mm above the bottom plate.

A hot film anemometer is made of a thin,dt©O G dZNBRXZ YSGl f £ A O NB dpladedohtdd T A £
(quartz)substrate seeFigure2.6. The sensor is mounted intele in the wallin such a way that theensoris
flush with wall surfaceThe sensor is oriented perpendicular to tlew direction. The hot film is heated by
electrical powerat a constant temperatureA fluid or airflow with velocity(V) cools the heater down until an
equilibriumheat loss is reachedThe heat loss increases with increasing velociliee sensor cabe calibrated

in a setup where the velocity and or wahear stress is known.

F5R4S (0.5 prn coating)
SER46 (2 pm coating)

Figure2.6 Hot film anemometer

The measured shear stress at thmooth bottom plate is largest at thelocationsr=20 and 30 mm from the
centre axis, sedable2.2. The measured values are significantly smaller (factor 2) @tmm (centre) and at r=
40 mm (close to the side wall).

The calibration based on the hot film data is only valid for hydraulically dmeali flow conditions as present
during a test with a smooth muddy bed surface.

The average value of the measured values at r= 20 and r=30 mm is shBigarie2.7. The variation range of
the shear stress is indicated by the error bars.

Revolutions| Propeller height= 30 mm Propeller height= 40 mm

perminute | r=0mm | r=20 mm | r=30 mm | r=40 mm | r=0 mm | r=20 mm | r=30 mm | r=40 mm
50 0.016 0.030 0.041 0.029 0.011 0.013 0.023 0.022
100 0.045 0.082 0.097 0.077 0.025 0.045 0.069 0.051
150 0.075 0.149 0.180 0.112 0.050 0.095 0.117 0.086
200 0.117 0.259 0.210 0.154 0.078 0.155 0.206 0.130
250 - 0.411 - 0.203 0.117 0.258 0.219 0.168
300 0.226 0.610 0.394 0.239 0.143 0.385 0.515 0.251
350 0.296 0.925 0.874 0.327 0.183 0.592 0.757 0.310
400 0.420 1.312 1.172 0.419 0.265 0.869 1.074 0.414
450 0.624 1.831 1.578 0.519 0.316 1.250 1.301 0.531
500 0.824 2.491 1.904 0.658 0.341 1.699 1.624 0.678
550 1.165 3.817 2.857 0.792 0.529 2.284 2.349 0.861
600 1.377 4.263 3.726 1.003 0.716 2.805 2.645 0.993
650 1.781 5.056 4.189 1.187 0.916 3.487 3.268 1.185
700 1.977 6.200 5.539 1.486 1.334 3.818 3.210 1.357

Table2.2 Measured wall shear stregd/m?) based on hot filnsensoDANTEC M58 iller et al. 199%
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B. Initiation of movement of various narrovgraded sand samples

Geesthacht 1991 presents data of calibration expents withvarioussedimentfractions obtained by sieving.

The smallest sand fraction was @25 mm and the largest fraction was 3:%%nm. Eaclsedimentfraction was

tested in the EROMEtSbe. The thickness of the sediment layer was about 10 mm for fine sand fractions to
about 30mm for coarse gravel fractions. Each test run was executed by two persons. The number of propeller
revolutions was increased until the beginning of transport was visually observed (defined as the stage when a
particle was displaced over a noticeabletaiiee of various particle diameters and continued movingach run

was repeated seven times.

Figure2.8 show the number of revations at the beginning of movement for a propeller height of 30 and 40 mm
above the sediment surface (distance between the ensitle of the propeller and the sediment surface). The
number of revolutions increases by about 15% to 20% for a propeller height of 40 mm in stead of 30 mm. The
experimental range is about 10% to 15% for each propeller height.

Assuming that the Shieldsiwve is valid for the sand and gravel fractions used, the criticakbedr for initiation

of movement can be plotted as functions of the number of revolutions,Fgare2.7 (Geesthacht 1991 he
bed-shear stresses based on the Shields curve are isigmify larger (factor 2) than those measured by the HFA
(hot film anamometer)lt is known that the Shields curve represents a stage with almost general transport.
Hence, tle Sheldsbed-shear stressalues ofFigure2.7 represent conditions with generadansport rather than
initiation of movement.

12



Propeller revolutions per minute

Figure2.8

1 1 1 1 1 1 1 1 1
480 H = = =Propeller height=30 mm (GKSS lower experimental range) ‘l

460 H emmm—Propeller height=30 mm (GKSS upper experimental range)

y A
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400 : e Propeller height=40 mm (GKSS upper experimental range)

380 H O Propeller height=30 mm; HTS some grains moving (S1)

360 H O Propeller height=30 mm; HTS 10% of bed surface moving (S2) /
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GKSS= Geesthacht 1991 Germany; HTS=Hanze Technical School Groningen

Initiation of movement for sand and gravel particles in EROGMIS
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3.  Sedimens and test programmédANZE Technical School (HTS)
3.1 Sand beds

Sixsize classearrow graded fractionsdf sand have been usdd determine the critical beghear stresses
and bedload transport rates just beyond initiation of motiohable3.1 specifies the sand propees.
Each type of sand was tested in the flume and in the EROMES focussing on 4 stages of movement, defined as
follows:

9 Stage S1: movement of single particles at some locations;

1 Stage S2: frequent movement of particles at many places (10% of sedimeresisrfaoving; initiation

of ripples for fine sand particles);

1 Stage S3: movement of many particles at most places (50% of sediment surface is moving);

1 Stage S4: movement of all particles at all places (100% of sediment surface is moving).
The flume testsvith sand bectonsisted of:
preparation of flat sediment surface (as flat as possible) in test section;
increasing the flow rate until particle movement of Stage 1 is observed to be present;
measurement of velocity pfiles (10 points ovethe water depth)
removal of sediment from the bed load slot and from the flggome isolated rippledhetween the
sediment section and the slot;
1 increasing the flow rate until particle moveent of Stage 2, and so on.

= =4 =4 =

Parameter Sand

A B C D E F

0.1 mm 0.18 mm | 0.35mm | 0.52 mm | 0.74 1.8 mm

(Asser sand) mm
Graindiameter ¢ (mm) 0.045 0.10 0.12 0.24 0.53 1.4
Graindiameter ¢ (mm) 0.095 0.18 0.35 0.52 0.74 1.8
Graindiameter g (mm) 0.13 0.24 0.55 0.65 0.95 2.2
Percentage fines <3Gmm 15% <1% <1% 0% 0% 0%
Percentage fines <r@m 5% 0% 0% 0% 0% 0%

Table 3.1 Sand data

3.2 Mud beds
3.2.1 Mud sampling sits

Mud was sampled at three sites: Harbour basin of NoorpaigéNmud); 2) tidal channel of Noordpolderzijl{N
mud) and 3harbour basin of Delfzi{D-mud)

Harbour basin NoordpolderzifiN-mud)

Weakly consolidated od was takenrbm the smallharbour of Noordpolderzi{November 2016March 2017

and June 201)/ located at the Dutch part of the Wddn SeaseeFigure 3.1

The mud bed of the harbour basin is exposed at low water and a container of 100 liter (using a bucket of 10 litres)
was filled with mud at a locatiothat wasa few metres from thend of thequay wall. Furthermore, a container

of 100 litres was filled with saline water. The mud bed is so soft that a person sinks about 0.7 m in the mud when
walking over the mud bed.
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In addition (November 2016 and march 2017), five mud samplesMB)lwere talen for the top layer (5 cm) of
the mud surfaceFigure 3.1

The mud containeand samples werearried to the laboratory of Wiertsema Soil Engineering, where it was
stored at a temprature between 5 and 16C

In june 2017, various samples were taken aherdepth of the toplayer of 0.4 m (sample spacing of about 0.05
m) to study the vertical variation of the wet bulk density.

Various methods were used to take the samples, as follows:

1. transparent perspex tube with diameter of 40 mm pushed into the mubgtwith mud was cut into
sections of 50 mm and the wet bulk density was determined by weighing and the known sample volume;
problem: sampling is hindered by wall frictiogsulting in disturbed samples (small sample height and
sample campaction inside thiabe);

2. transparent perspexube (Beeker tubewith diameter of about 70 mm was pushed into mud; sample
was taken by suction (vacuupump); sample was pushed out of tubdey mechanicabiston+od;
problem: sample is disturbed and compacted by pushing #imepde out of the tube;

3. digging ofa small pit will an almost vertical side wall over a depth of about 0.5 m; take small samples
with vertical spacing of 50 mm using small standard steel ritsvolume of 100 m{seeFigure3.1).

Method 3 is simple andasy to use in conditions with an exposed (dry) channel bed.

Various basic mud tests have been done to determine the mud propertieg,adses 3.2A, 3.2B3.3and3.4.
The wet bulk density of the mud bdxhsed on the analysis of 5 samples tak@mdomly from the containeis:
1 November 2016: about 1440° 2%kg/m? (dry bulk density of 685 kg/fh
1 March 2017: about1275° 2% kg/ni (dry bulk density ofi25kg/m?3);
T June 2017: about 1400° 5% kg/nt (dry bulk density 0600kg/m?®) in the toplayer of about 0.1m;
about 1500° 15% kg/mi(dry bulk density 0800kg/m?) in the toplayer of about 0.4 m.

The percentage of organic materials (loss on ignition) varies in the range of 2.5% to 4%.

The variations are caused by sampling errors and natural variations depending on the degree of
consolidation/conpaction The consolidation time of the topmost layer of about 0.4 m is of the order of of 6 to
12 months depending on the dredging interval of trelbour basin.

Based on the wet bulk density, the porelumeof the base mub sample (M@an be determined as
9 November 2016p= { st wet)/(r s water) @0.75 the mud consist of 25% sediment and 75% seawater
1 March 2017 P=r(sT wet)/(r sf water) @0.85; the mud consist 0f5% sediment an85% seawater

The mud samplérom location My (base mudwas analyzedn the laboratory to determine the particle size
distribution, as follows:
1 sample of about 300 grams is spreadout on a large tray (0.4 m length) for drying in oven;
1 subsample of about 50 grams is taken and weighed;
1 subsample is mixed with peptr solutian (for deflocculationand washedhrough a sieve 063 nm to
separate fine mud fraction and the sand fractier63 nm);
1 drying, weighing andieving of sand fraction;
9 settling analysis of muffaction (subsample) using SEDIGRAPH llI; resulsoakerted to grain sizes
using Stokes settling formula.

Based on the analysis results, the mud from Noordpolderzijl is an almost perfect mud with an equal contribution

of the three base fractions (clay, silt and fine sand), as follows:
NoordpolderzijL: 35% clay ( nm, 30% siltZto 63 mm) and 35 % sand 36m (63-200mm);
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For comparison, the data of a mud bed samipleen in May 2016rom the Holwerdtidal ferry dvannel in the
Dutch Wadden sea (abo&0 km west of Noordpolderzijl) is givehhis ldter sample contains much more silt
(sandy silt).

Holwerd channel: 10% clay (sr&, 65% silt (2 to 68m) and 25 % sand > &8n (63200mm).

Sample location November 2016 March 2017
Wet bulk | Dry bulk | Wet bulk | Dry bulk
density density | density density
(kg/m3) (kg/m3) | (kg/m3) (kg/m3)

MO Base mud from upper 0,3t0 0.5 m 144015 |685°15 | 127515 | 425°15

M1 Sample from upper 5 cm 138 580 1345 535

M2 Sample from upper 5 cm 1390 590 1215 325

M3 Sample from upper 5 cm 13% 600 1170 250

M4 Sample from upper 5 cm 1325 490 1305 475

M5 Sample from upper 5 cm 1210 300 1130 190

M6 Sample from upper 5 cm - - 1375 585

Mean of samplévi1 to M6 1300 100 | 500° 100 | 1250100 | 400° 200

Mary = (]-‘p) sy Fwet=P I water + (1‘p) s, 'wet="T water + [(r sT Water)/r s] I dry
I water= density of seawater (kg/f), r = sediment density@650 kg/n¥), p= porosity factor.
Table 32A Wet and dry bulk density of mud samp{B®vember 2016 and March 2017)

Location Depth belowmud surface (m)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
M3 1520 1590 1370 1430 1720
steel rings (800) (940) (560) (680) (1140)
M3 1470 1410 1700 1735 1695 1745 1695
Steel rings (730) | (630) | (1100) | (1150) | 1100) (1160) | (1100)
M4 1400 1460 1525 1655 1485 1459 1470
Steel rings (610) | (710) | (810) (1015) | (790) (710) (715)
M5 1340 1390 1450 1475 1400 1400 1335
Steel rings (520) | (600) | (700) (720) (610) (610) (510)
M5 1350 1360 1375 1565 1510 1635 1450 1325 1330 | 1395
Steel rings (530) (545) | (570) | (890) (800) (1000) | (700) (490) (500) | (600)
M5 1495 1590 1445 1370 1450 1360
plastic tube (770) (925) (685) (570) (690) (550)
cut in pieces
of 5 cm long

Table 32B Wetbulk densityand dry bulk densitfred) of mud sample$19-28 June 2017
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Sample| Date % sand | % mud< 63mm | Mud-Sand sample | Sand fraction | Mud fraction
le d50 d90 d50 d90 d50
>6um | %clay< fm | (mm) | (mm) | (mm) | (M) | (mm) | (mm)
MO Nov. 2016 | 35 65; 30 <1 15 100 85 150 <4
MO-1 March 2017 | 30 70; 45 <1 10 90 70 150 <4
MO-2 March 2017 | 30 70; 45 <1 10 90 70 120 <4
MO0-3 March 2017 | 30 70; 45 <1 10 90 70 300 <4
M6 March 2017 | 45 55; 25 <1 40 100 80 150 <4
M5 March 2017 | 5 95; 55 <2 <2 30 90 350 <2
M4 March 2017 | 30 70; 30 <1 15 100 70 150 <4
M3 March 2017 | 25 75; 35 <1 15 80 80 150 <4
M2 March 2017 | 20 80; 35 <1 10 70 80 250 <4
M1 March 2017 | 35 65; 30 <1 25 100 80 150 <4

Table 3.3 Particle size data of mud samples (November 2016 and March 2017)

Figure3.1
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Parameter N-mud N-mud N-mud D-mud
November March 2017 October2017 November 2017
2016 without with without with without with
. chemical chemical chemical chemical | chemical chemical
(without treatment | treatment | treatment | treatment | treatment treatment
treatment)
Particle size diameter <2 << <2 << << <2 <<
mud-sand do (mm)
Particle size diameter 15 10 10 30 30 4 5
mud-sand @ (mm)
Particle size diameter 100 90 95 110 110 100 100
mud-sand do (mMm)
Median particle sizedd 3 <1 <1l 3 3 2 2
(mm) mud fraction < 8 nm
Median particle sizedd 85 80 100 85 85 120 120
(mm)
sand fraction > 8mm
Largest particle sizeygl 170 280 <300 170 170 300 300
(mm) sand faction > 8mm
Fluid density seawater 1025 1025 1025 1010 1010 1007 1007
(kg/md)
Sediment density (kg/f) 2615 2650 2650 2570 2570 2560 2560
Wet bulk density (kg/); 1440 10; 1275 15 127515 1470 10 14710 | 131010 1310° 10
mean of 5 samples (2 139C°50
methods; large and small
samples)
Percentage seawater 75%I/25% 85%/15% | 85%/15% | 70%/30% | 70%/30% | 80%/20% 80%/20%
(porosity) and sediment (%
Dry bulk density (kg/®); 685° 20 425°15 425°15 75510 75510 505’10 505’10
mean of 5 samples
Percentage organic 2.5%4% 5%7% 0% 7% 0% 10% 0%
material
Percentage calcareous 15% 15% 0% 17% 0% 18% 0%
materials
Percentage sediment 35% 30% 35% 40% 45% 20% 20%
> 63 mMm
Percentage fines between | 35%45% 40%-55% 25%-35% 35%40% 30%35% | 409%50% 40%50%
2 and @ nm
Percentage clay < rén 20%30% 15%-30% 30%-40% 20%25% 20%25% | 30%40% 30%40%
Settling velocity 0.007 <0.003 n.m n.m n.m n.m n.m
deflocculated wso (mm/s) | (3mm) (< 2mm)
of mud fraction at Te=15
°C; SEDIGRARRethod
Settling velocity 5.5 5 n.m n.m n.m n.m n.m
deflocculated wso (mMm/s) | (85mm) (80mm)
of sand fraction at Te=15
°C; Stokedormula
Settling velocities wso 0.25; 1.1; 0.02; 0.8; n.m n.m n.m n.m n.m
(mm/s); WASEfest at 0.7; 0.055 1.3;0.054
Cmue= 0.01, 1, 10, 100 kgfn

n.m.= not measuredSedigraphmethod yields largest percentage s
Table 34  Mud datafrom Noordpolderzijl channel {iMud) and Delfzijl harbour (Bud)
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Tidal channel NoordpolderzifiN-mud)

In June 2017, vausmud samples wereakenat different locations along the tidal channel of Noordpolderzijl
which is situated between the landward harbour basin and seaward Wadders&sfgure 3.2

The length of the tidal channel is about 30@0the width is about 10 t@0m.

The channebed is expose¢almost dry) at low water.

Bed samples were taken over the upper 0.5mthe middle and at theeastern side of the channel bed low
water with exposedbed. The dry bulk density and the percentage of sand3m6) have been determined in
the laboratory seeTable 3.2\

The characteristic diameters of the sand fraction ) are shown iTable 3.6

The do of the sand fraction varies between @ at the landward end to about 12@im at the seaward end.

Figure3.3 shows the dry bulk density danction of the percentage sand. The dry bulk density increases for
increasing percentage of sarnthe dry bulk density of sardud deposits in tidal channels strongly depends on
the bed composition (percentage clay, silt, sand). The bed composition idynatithe landward end and sandy
at the seaward end.

The dry bulk density data can be fairly well represented by (trend lineFigeee3.3):

I ay= 400 (Piay/100)+ 800 (psi/100) + 1600 (psand 100) (2.2)

The ratio of the fraction of clay/lutum &nm) and silt (863 nm) is about 1 t0 2(si=2iay)-
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Figure3.2 Sampling locations alongastern side dfidal channel; BS near landward harbour basin and B19 at
most seaward end of chann@hannel length of about 2.5 to 3 km)
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Location Depth below sediment surface (m)
0.025 | 0.075 | 0.125| 0.175 | 0.225 | 0.275 | 0.325 | 0.375
B5 wet bulk ensity (kg/m®) 1350 | 1360 | 1375 | 1565 | 1510 | 1635 | 1445 | 1325
percentage sand (%) 15 25 20 40 40 50 25 5
B6 wet bulk density (kg/m?®) 1640 | 1555 | 1685 | 1755 | 1720 | 1775 | 1500 | 1605
percentage sand (%) 55 45 60 70 65 65 40 50
B7 wet bulk density (kg/m?®) 1240 | 1625 | 1585 | 1665 | 1580 | 1685 | 1715 | 1680
percentage sand (%) 30 60 60 70 65 70 75 65
B8 wet bulk density (kg/m?) 1455 | 1355 | 1560 | 1590 | 1595 | 1730 | 1710 | 1610
percentage sand% 65 45 65 70 70 80 70 65
B9 wet bulk density (kg/m?) 1670 | 1645 | 1685 | 1710 | 1745 | 1615 | 1455 | 1635
percentage sand% 75 75 80 75 85 80 60 75
B10wet bulk density (kg/m3) 1290 | 1660 | 1580 | 1660 | 1620 | 1635 | 1565
percentage sand% 40 70 65 65 65 70 65
B11wet bulk density (kg/mq) 1435 | 1305 | 1350 | 1385 | 1745 | 1665 | 1725 | 1735
percentage sand% 25 40 40 35 70 70 70 80
B12wet bulk density (kg/mq) 1575 | 1775 | 1810 | 1615 | 1365 | 1650 | 1655 | 1650
percentage sand% 50 55 60 30 20 50 45 55
B13wet bulk density (kg/m?®) 1855 | 1910 | 1965 | 2010 | 1915 | 1870
percentage sand% 90 90 90 95 90 85
B14wet bulk density (kg/m?) 2005 | 2010 | 1875 | 1915 | 1985 | 1775
percentage sand% 90 90 80 85 90 85
B15 wet bulk censity (kg/m?®) 1705 | 1830 | 1815 | 1635 | 1650 | 1785
percentage sand% 65 80 95 80 80 85
B16wet bulk density (kg/m?) 1750 | 1830 | 1715 | 1675 | 1790
percentage sand% 85 95 85 80 85

Table 35A Wetbulk densityand percentage of sanfted) of mud sample$19-28 June 2017

Location Characteristic diameters of sarfdaction > 68 mm

dio (MM) dso (mMm) doo (Mm)
BS 70 95 150
B6 70 85 130
B15 90 115 180
B16 100 120 180

Table3.6 Characteristic diameters of sand fractiirased on sieving)

Figure3.4 shows the wet bulk density and the percentage of sand of 4 layers along the tidal channel.

The following features can be observed:

1 wet bulk density of top layer of 0.1 m is about 1400 kgjitmharbour basin (x=0); wet bulk density of top
layer is about constant at about 1500 kg¥in the landward part of 1.5 km of the channel; wet bulk
density increases to about 1900 kgfin the most seaward part of 1 km of the channel,

1 wet bulk density idarger in deeper layers; the wet bulk density is about 1600 Rdyinthe layer 0.10.4
m in the landward part of 1.5 km; wet bulk density is about constant at 1900°kg/mertical direction
(over layer of 0.4 mih the seaward channel section of 1 km
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In March and April 2018, various mud surface samples were taken at the same locations B5 to B16 in
Noordpolderzijl as in June 2017, deigure3.2. Small samples were taken to determine the wet bulk density.
EROMES81be samples were taken at the same tirtebe tested in a local field laboratory, which was setup in
the building of the pumping station. The EROME is pressed into the dry bed, the surrounding mud is
removed and the tube is closed by using a bottom plate. Four locations could be samplealwalk at low

tide; the tubes were placed in a small sledge which was towed to the field laboratory.

The dry bulk density and the percentage of sand (383 have been determined in the laboratory, sEable
3.5Band Figure 3.3

1800 =
e Trend line

1600 H @ Measured tidal channel Noordpolderzijl (June 2017)
1400 H__© Measured tidal channel Noordpolderzijl (April 2018) | g+

1200 o®
1000 o
800 o —y STe
600 ® 3 ®

400 ®

200 fe— < <t
o silty mud sandy mud muddy sand

Dry bulk density (kg/m3)

0 10 20 30 40 50 60 70 80 90 100
Percentage sand (%)

Figure3.3 Dry buk density as function of percentage of satidal channel Noordpolderzijl, Wadden Sea,
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Time Samplelocation Wet and dry bulk density (kg/m?)

March 2018 | B5 (March)ps=57% | 1450; 670
B6;ps=71% 1650; 1020
B7;ps=66% 1605; 950
B8; ps=58% 1510; 800
B9;ps=78% 1635; 990
B10 middle ps=74% | 1620; 970
B10 sideps=74% 1885; 1400
Bl1, ps=78% 1660; 1025
B12; ps=95% 1970; 1545
B13; ps=90% 1915; 1450
B14; ps=85% 1770; 1220
B15-1; ps=90% 1895; 1410
B15-2; ps=77% 1830; 1310
B15-3; ps=79% 1810; 1280
B16; ps=90% 1810; 1280

April 2018 B5;ps=55% 1500; 800
B7;ps=70% 1810; 1290
B9;ps=80% 1855; 1350
B15;ps=90% 1905; 1450

Samples B13 to B16 were taken at seward end of channel; feet sank into bed over 10 to 20 cm during sampling

Table3.5B Wethulk densityand percentage osand(red) of mud samplesNoordpolderzij(March-April 2018)

Harbour basin of DelfziilD-mud)

Some veakly consolidated mudamples have been takgiNovember 2017)n the harbour basin of Delfzijl by
using a VanVeegrab sampler in shallow water nearetbank (depth of about 5 m), séggure3.5. The total
volume of mud was about 80 litres.Furthermore, a container of 100 litres was filled with sea water.

The mud container and samples were carried to the laboratory of Wiertsema Soil Engineering, twir@se i
stored at a temperature between 2@nd 20°C.

The mud properties of Delfzijhud (Dmud) are shown iffable 3.4

Figure 35 Mud sampling in harbour basin of Delfzijl, The Netherlands
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3.2.2 Particle sizeof deflocculated mud

Sand and silt particles are almost spherical, but the fine sediment particles of the mud fraction haveladitaky
(plate-shaped) with an aspect ratio ofigh/d = 5 t020 (dmea=0.5(Ghint0nay), d=plate thickness, gh=minimum
diameter,dma= maximum diameter, seléigure3.6).

(N\&

e

Figure3.6 Flaky platetype clay/lutum particles

Various methods are available to determine the particle size distribution of very fine sediments(clay, lutum), as
follows:
9 microscopic analyis method (Conlég65);
9 settling column tests (hydrometer test; pipet tesEBIGRARSt) yielding the equivalent (spherical
settlingdiameter based on the Sokes settling formula);
1 LasetDiffraction(LD)test yielding an equivalent diaeter (Haverbeke 2013)

LD takes both the particle shape and its optic properties into accoustpaiticle will scatter thencidentlight

and through a number of detectors, the intensity and shape of this scattering pattern are measured. The
Fraunhoferor the Mie theory can be used to interpret the obtained pattern. Larger particles will scatter strongly

over small angles, small particles will do so more weakly and over greater aBglaier jarticles will pass

through the light source more than on¢iey are suspended in a closed water circuit). This should allow particles

G2 LIaa ALK I RAFFSNBY(d 2NRASyYydGlFrdAz2y SIFOK GAYSI | yF
sphere which would produce the same scattering pattern. Thasugng range is 0.04 to 2000 pm.

TheHydrometer test is based on the measurement of the decreasing sedidensityby using a floating body
in a column with settling mud particleseeFigure3.7. The effective settling distancis the distancebetween
the centre of gravitfcentre of bulb)f the floating body and the surface of the suspensibime test method as
used in the laboratory of Wiertsema consists of:
9 preparation of a suspension with comteation of about 20to 30 gram per liter(fresh water) peptiser
is used for complete dcculation (period of 24 hours);
1 the column is shaken many times to create a homogenous suspe(gadi@n which the settling test
starts)
1 the scale othe floatingbody is read at the suspension surface at-pedected times;
1 the scale of floating body is read at the water surface of a column with clear water at the same
temperature
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Figure3.7 Floating body oHydrometer test

In this study, he SEDIGRAPIH-instrument (Wiertsema Soil laboratory)as beenalsoused to determine the
settling velocities of thenud concentrationg(fresh water with peptiser for deflocculationh a smabkscale
settling column The mud concentrations are determined thyect (precalibrated) xay absorption. Using the
known settling height, the decreasing mud concentrations in time are converted to settling velocitide and
equivalent(sphericalsediment diameters with the Sokes settling formula.

Figure 38 shows theparticle size distributions of thdoordpolderzigmud sample(base mud MOpased on the
SEDIGRARHSstrument (particles <®mm) in combination with sievenethod (particles >&nmm). Analysis results
from the mud samples collected in November 2016 &march 2016 are shown. Sample SS March7281a
special sample treated chemically to remove the organic materials and the calcium carfragatents showing
very similar results as the untreated samebecept for the fraction < 1@m. The particle size diribution of

Kaolin (also known as China clay; all fractionsrni;Hydrometer test oHaverbeke 2013) is shown as reference
sediment materialThe basic dataf mud from Noordpolderzigire given ifTable 34.

The do of the mud bed samplis about 151m for November 2016 and abod0 nmm for March 2017.
Thedgo is about90 nm.

The mud fraction with particles 8&m is aboti65%to 70%

The clay/lutum fraction € nm is about30% to $%(which is similar to that of Kaolin)

The silt fraction betwee and & mm is about35%.

The do of the sand fraction is aboatO to 90mm.

Summarizing, the percentages of three basic fractions clay, silt and sand are approximately equal (30% to 35%).
¢tKSaS GellSa 2F al YL Sa INB (1yz2ey +a Otle t2FY 6wWQlf
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based on &digraphSieve method; Mud fromNoordpolderzijlThe Netherlands

Figures 3.9A,Bshow the particle size distribution deflocculatednud samples from Noordpolderzj-zijl) and
Delfzijl (Bmud) based on the &ligraphmethod (SG) the FiltrationWasedmethod (settling test based on
filtration of concentrations) and the Hydrometenethod (HM). For reference, the particle size distribution of
Kaolin is also showtiFigure 3A). The Delfzifmud is significantly finer; the percentage of sand is smaller and
the percentage of clay/lutum is larger (s@able 3.4.

TheFiltrationWased nethod is described isection 3.23. The mud sampkeweretested in fresh water with
peptiser (for deflocculation). The test was done at a temperature 8fCL&nd the settling velocity data were
converted to particle diameter using the Stokes settling formalamethodsyield the same percentage (about
65%) of particles smaller thar8&m. TheFWmethod and the Hydrometemethod yield the same particle size
distibution of the fine fraction. Th8G-methodyields much finer sediment3 he percentage 4nm is about25%

for the FW-methodHM-method and about 4% for the &method. The cause for tis discrepancyis not yet
clear, but thefluid-sediment mixturein the small sedimentationedl may suffer from small temperaturdreven
circulation flows and wall effects. The main advantage of this method is the rapid analysis of many samples. The
resultsof the SGmethod should at present be used in relative sensenfparison of samples) rather than in
absolute senséPersonal communication Th. van Kessel, DeltarBs¢ FW and HMmethods produce more
accurate results in absolute sense.
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3.2.3 Settlingvelocity tests of flocculated mud

Settling velocities have measured using the mechafithtionWasedmethod (FWmethod). This methods
based on the settling of suspended sedimenta gettling columnconsisting o perspex ginder with interrel
diameterof 100 mm and height of about 0.5, meeFigure 310. A small plastic tapping tube (hose with a clamp
is present at about 70 mm ale the bottom of the column. A suspension of seawater and (aaliime of about
2.5 liter)was prepared with an initial concentration of about 2600 n{giltial concentration should be larger
than 1000 mg/l) The suspension was mixed thoroughly (manualéjig a simple wooden mixing stibkfore
the start of the settling processSmall samples (about 100 ml) of water and mud were taken afté05180,
300, 600, 1800, 3600 and 7200 secotmidetermine the decreasing mud concentrations over time. Immetiia
after each sample withdrawal, the water surface level of the settling column above the tap opening was
measured.Most of the suspended mud has settled out to the bottom after 2 holitee mud samples were
filtrated (using glass fibre filter materialitiv size of 0.45m and diameter=47 mmeach filter was numbered
and preweighed Whatman filters 0.45mm, 47 mm diameter, art 528746, www.vwrbv.nt Figure 310 right
cornen and weighed to determine the mud concentration. The results are presentealle3.7.

27


http://www.vwrbv.nl/

Figure3.10 PerspexVasedsettling columrof FW-method(internal diameter=100 m) and filtration unit

Sample| Sample time Settling height | Settling Mud concentration Mass percentage

after start from surface to | velocity smaller than

settling process| tapping point

(seconds) (mm) (mm/s) (mglliter) (%)
1 5 261 @100 2634 100

(initial concentration)

2 60 250 4.17 2212 2212/2634x100-84.0
3 180 236 1.31 1180 1180/2634x10044.8
4 300 225 0.75 754 754/2634x100=28.6
5 600 211 0.35 481 481/2634x100=18.3
6 1800 200 0.11 262 262/2634x100=10.0
7 3600 186 0.05 174 174/2634x100= 6.
8 7200 170 0.024 107 107/2634x100=  4.]

Table3.7 Basic data of settling tegF\Wmethod; temperature of 18C) November 2016

Fgure 311 shows the settling velocitiesf flocculated mud (VASEESettling column,Table 37) and non
flocculated mud based on tHeEDIGRAPHiktrument(November 2016and the Hydrometer (June 2017he
settling velocities were derived from thgarticle szie curve&based on the SEDIGRARIdthod plack curvefor
November 2016given inFigure 32) and Hydrometeimethod using the Stokes settling velocity formula
(temperature =18 C) It can be seen that the settling velocitie§the nonflocculated mudwsse= 0.25 mm/s)

are much smaller thathose of the flocculated mud @¥= 1.5 mm/s). The y¢éovalues @6 mm/s; fine sand
range) of both curves are about the saniée results of the SEDIGRAREthod may besomewhat too small.

This means that mud suspended in the tidal channel of Noordpoldexait likelywill have an effective settling
velocity (Ws 59 in the range of 0.25 to 1.5 mm/s depending on the degree of flocculationfldoculated mud is
mostly present at low concentrations < 100 mg/l around slack tide, whereas flocculated mud generally is present
at high concentrations (> 500 mg/l) in thearébed zone (within 1 m of the bed) around maximum flow.

It is uncertairto what extent the flocs generated in the tube by mechanical mixing represent natural conditions.
The organic matter in sea beds is highly refractive and has different, most prabablylower stickiness than
pelagic (deposited) material. Futhermore, most time the suspended matter is dominated by advected material
with little contact with the seabed.
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Figure 312 shows theFWdata of March 2017The F\Wsettling velocities were measured at a temperature of
18° C.The initial concentration varies in the range of 75035 mg/l.Most tests were done twice yielding very
similar results.One test (@00 mg/l; temperature =18C) was done in fresh water with peptiser to get non
flocculated settling.The settling velocities of theGdnethod were done at a temperature of 3@nd were
corrected to 18 CelsiusThe settling velocities increase with increasing concentrations ddleetdlocculation
effect, seeTable 38. The results of Marctpril 2017 and Novembddecember 2016 are very similar.
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FILTRATIOM/ASEMINovember 2016 FILTRATIOM/ASEMMarch 2017
Initial Flocculated settling Initial Flocculated settling
concentration ¢ velocity Ws so concentration ¢ velocity Ws so
(mg/l) (mm/s) (mg/l) (mm/s)
750 0.55
990 0.8
1755 1.1
2130 1.1
2635 1.5 6035 1.9

Table 38  Settling velocity as function of initial concentratiddovember 2016 and March 2017

3.24 Consolidationand hinderedsettling tests

Consolidation tests have beelone in saline water (native seawater) with initial suspension concentrations of
co= 10, 30, 50, 100, 200 and 300 kg/nfhe base mud suspension has a dry density of ab8&t kg/n?
(November 2016)The suspension concentrations were made by dilution using the base mud.

The dilution formula reads asse M/ Vo) Gase With G= initial concentration in consolidation tube (diameter of

60 mm), G.se base mud concentration icontainer (@85 kg/n¥), Vi= sample volume from base mud,=
consolidation tube volume (about 1.5 liter).

Each mixture was poured into a settling column (plastic cylinder/tube closed at b¢geefigure3.13) and was
stirred mechanically to create a homogeneous suspension of seawater and mud. After that, the settling starts
and the position of the interface between the clear water and the suspension was recorded over time.
Figure3.14 shows the relative helg of themudheight(ratio of mud height and total heigh#}s function of time

for the data of November 2016The initial settling height is 360 mm for all six settling colurithg. dataof
November 2016Gre presented ifTable 39.

The consolidation process consists of two clear phasediotyulation-hindered settling phaseand 2)
consolidation phase, sdeigure3.14. The end of the hindered settling phase is the transition form a concave to
convex (hollowonsolidationcurve.Thedry density at the transition point is known as the gelling concentration
(matrix/network structure)

The test with initial concentration of 10 kg/m3 shows a deviating behaviour in the sense that two (upper and
lower) interfaces were generated in the iiait phase. The upper interface is that of the suspension of very fine
sediments, whereas the lower interface marks the deposited coarser silt and fine sand particles. This is an
indication of segegation of finer and coarser sediments.

Figure 315 shows tte dry mud density as function of time derived from the consolidation tegtSovember

2016 Mud suspensions with initial concentratisof 10 to 100 kg/m (as present imearbed layers) can reach

a dry density of about 200 to 250 kgfrduring a period of 3 hours, whidk a typical value for the tidal slack
period when deposition takeplace.Initial concentrations of 200 to 300 kgfmman reach a dry density of 400 to

500 kg/n? after 3 hours.

Figure 316 shows the relative height of theud height (ratio of mud height and total height) as function of time
for the data of March 2017. The initial settling height is 365 mm for all six settling columns. The data of March
2017 are presented imable 310.

Figure3.17 shows the settling veloi as function of the mud concentration for all test results including the
values from Figure3.4 and 3.5 The maximum settling velocity due to the flocculation effect is about 2 mm/s at
a concentration of about 6 kg/MThe settling velocity decreasesie to hindered settling effects to about 0.1
mm/s atavery highconentration of about 10tkg/mé. Results from other sites (Van Rijn 1993; Deltares 2016)
are also shown. The Holwendud sampleis taken fom the ferry chanel at a depth of about 4 to 4.5 m below
mean sea level (Wadden Sea). The median sedimenvfthe Holwerdmud bed samplds about 15 to 20mm;

the percentage of sand >86rm is about 25%; the percentage of clay r is about 5% to 10%.
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The mean sedient size of the Noordpolderzijl sample also is in the range of 5 tm2ahe percentage of sand

is about 30%, but the percentage of clay is much larger at about 35% to 45%idsee 38 and Table 3.4.
Therefore, the settling velocities (in the flocatibn range) of the Noordpolderzijl sample are much smaller than
those of the Holwerd sample.

The gelling concentrations are in the range of 75 to 150 Rdfon initial concentration smaller than 100 kgfim

and are reached after settling timesleks than 1 hour, which is much less than the slack water period of a tidal
cyle (2 to 3 hours). The tests with initial concentrations of 200 and 300°%kdgmot have a marked hindered
settling phase as these concentrations are larger than the gellingeotnation. Dry densities of 400 to 700 kgim
can be obtained after about 3 days of consolidation at a depth of 0.3 to 0.4 m below the surface of the mud bed.
The top layer (upper 50 mm) of the mud bed with concentrations of 50 to 1003%kig/the tidal chanel of
Noordpolderzijl can reach a dry density of about 300 after 1 day increasing to 3504dftgn3 days.

Initial mud Hindered | Hindered Hindered | Dry density(or gelling concentrationht Dry density

concentration | settling settling settling end of hindered settlingphase(start of after 280
duration | height velocity consolidationphasg hours

(kg/m?3) (s) (mm) (mm/s) (kg/m?3) (kg/m3)

10 410/480 | 40/330 0.1-0.7 - 355

30 1000 250 0.25 100 430

50 1500 200 0.13 110 455

100 3000 160 0.055 180 525

200 3500 145 0.04 - 690

300 4000 100 0.025 - 715

Table3.9 Consolidation test resul{itial settling height= 360 mmNovember 2016

Initial mud Hindered | Hindered Hindered | Dry density(or gelling concentrationht Dry density

concentration | settling settling settling end of hindered settlingphase(start of after 140
duration | height velocity consolidationphasg hours

(kg/m3) (s) (mm) (mm/s) (kg/m3) (kg/m?3)

15 300 255 0.85 75 300

30 800 220 0.27 85 330

50 1000 145 0.15 125 360

100 2000 110 0.054 150 370

200 - - - - 435

300 - - - 460

Table3.10 Consolidation test resul{itial settling height= 36 mm); March 2017

Figure 313 Consolidation column@nitial settling height=360 mmNovember 2016
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3.2.5 Flowpoint stresses

The Brookfield rotoviscometer has been used to determine the flow point strdesmsplots of shear stress
against shear ratelhe mixtures have been made by dilutiivom the base mud container.

Figure 318 shows an example plot for dry density of 685 kg(iovember 2016)The flow point stress is about
355 N/n¥ for this test. All test results amgivenin Table 311 andplotted in Figure 319. The measured flowoint
stress values are relatively small compared to those of other mud saripiissnay be caused by the presence
of fine sand 0% to35%) in the mud samples of NoordpolderZijhe flow point stress increases considerably
(factor 1.5 to 5) after 2 dayof consolidation.

Period Dry density (kg/nf) Flow point stress (N/m)
immediately after after consolidation of 2
preparation days

November 2016 170 6

340 12
377 27
470 50
565 100
680 355
March 2017 300 5 30
350 15 45
420 35 50

Table3.11 Flow point stress data; November 2016 and March 2017

Math Model Graph: Bingham Math Model Graph
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3.26 Compressibility tess

Mud from Noordpolderzijl (Nmud)

The base mud from November 2016 was usedpésform a compressibility @Qedometer) testin the soil
laboratory of Wiertsema (Tolbertfwo mud sample wre taken(15 March 2017jrom the base mud container
(November 2016after a consolidation period & to 4 months. Excess water was siphoned off. @hedensity
of the sampls wasmeasured to be in the ramgof 690 to B0 kg/m?® (wet bulk density of about450to 1500
kg/m3).The base mud had a soft buttetype of texture after a consolidation period of 3 to 4 months.

Aring with thickness of about 20 mm was filled with mud and subjected tOestometer test under a series of
external loads. The resultsf sample 2based on the Terzaghanalysis methodare given inTable3.12. The
permeability is computeads: krw g 6 my with ry, =1020 kg/ni. The results of sample 3 are giveriiable 3.13
After 7 steps(of 40 hours eachloadingup to 128kpa = 28,000N/m? or 12.8ton/m? or 1.3 kg/cn¥), the total
settlementof sample 4s about7.3mm (about35% of the initial value of 20 mngeeFigure 320.

The compressibility grcoefficient decreases by a factorafout S0between step 1 and step (sample2).

The kvalue decreases stronglpy a factor of 20 between step 1 and. As the sample is more
compressed/compacted, the permeability-klue) will decrease.

A separate permeability test with an external load of &pa (=3500 N/f) has also beemlone yielding a
permeability value of k=3.9 #0m/s.
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Test steps Settlement | ¢,-coefficient my-coefficient k-permeability
(mm) (m?/s) (m?/N) (m/s)

1(0-2kpa) 2000-1806 | log tmethod 5.210%° | 4510° 2.3 107
2500 minutes
2 (2-3.6kpa) 1805-17.32 | log tmethod 4.510%° 24 10° 11 107
2500 minutes t®>-method 3.610%° |31 10° 11 10%°
3(3.6-8.3kpa) 17.3216.32 | log tmethod 5.510%° 11 10° 0.58 10?0
2500 minutes t®>-method 4.510%° 13 10° 0.58 101°
4(8.3-16.2kpa) 16.3215.43 | log tmethod 62 10%° 6.3 10° 0.38 10?0
2500 minutes t®>-method 6.010%° 7.0 10° 0.41 101°
5(16.232kpa) 1542-14.53 | log tmethod 7.910%° 3.2 10° 0.25 1070
2500 minutes t®>-method 7.910%° | 3.4 10° 0.26 101°
6 (32-63.6 kpa) 14.5313.60 | log tmethod 10.110%° | 1.8 10° 0.17 10?0
2500 minutes t®>-method 10.310%° | 1.8 10° 0.18 101°
7(63.6128.3kpa) | 13.6012.66 | log tmethod 12.910%° | 0.9 10° 0.11 1010
2500 minutes t®>-method 13.310%° | 0.9 10° 0.11 101°
aloads= Weightedaverage Weightedaverage k=rwgamys=
2+3.6+8.3+16.2 value oflog tmethod value oflog tmethod 1020x9.81x
+32+63.6+128.3 =(1/254)x =(1/254)x 11 10'%x3 10°
= 254kpa (2x5.2+3.6x4.5+ (2x45+3.6x24+ =0.3310°

+8.3x5.5+16.2x6.2+ +8.3x1H16.2Xx63+

+32x7.9+63.6x104 +32X3.2+63.6x18+

+128.3x12.9) 1® +128.3%.9) 10°

=11 10° =310°

Table 3.2 Oedometer test result&ample 2Noordpolderzijimud after 3-4 months ohatural consolidation;
dry density of 700 kg/f(wet density of 1450 kg/f

The TERZAGENsolidation mode(Van Rijn, 2017has been used to compute the end settlement of a layer
with thickness of h&m with dry bulk density of 700 kg/under an external load af=100000 N/n¥ (about 10
ton/m?) using the expression;

Send=0,99m, q h=-0.99x 3° 1 10°®x 100000x 1 @0.2 to-0.4 m
Sendh= 02 to 0.40r 20% to 40%

The time after which this settlement is completed is given by the exymeg¢dewatering in upward direction

only):
Tena= 0.5 H/cy = 0.5x# (11° 4 109 @B.5to 7 10° s=4000 to 8000ays(about10 to 20 years

Mud from Delfzijl (D-mud)

Mud samples fronDelfzijlwith initial dry density values of about 410 kg/mere used to perform a standard
compressibility (Oedometer) test which gives information ofltreg term consolidation behaviour. Excess water
was siphoned offThebase mud had a soft butteype of texture after a consolidation period of about 1 month.

A ring with thickness of about 20 mm was filled with mud and subjected to an Oedometer test under a series of
external loads. The results based on the Terzaghiysis method) are given Trable3.13 The permeability is
computed as: kmy g ¢ my with r, =1010 kg/m.

After 7 steps consisting of 40 hours each with loading up to about 200 kpa (or 2.0°kghoertotal settlement

is about 6 mm which is about 30% of the initial value of 20 mm.

The compressibility grcoefficient decreases by a factor of alb&@0 to 100 between step 1 and step 7.
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The kvalue also decreases by a factor of 50 to 100 between step 1 and 7. As the sample is more
compressed/compacted, the permeability-{klue) increases. The mud froBelizijl has a slighthsmaller
permeability (h the end phase) as the percentage of sand is larger.

The consolidation time scale forbud is 5 to 10 years, because thecoefficient is much smaller.

Sam Maxi Total Dry and wet cs-coefficient my-coefficient k-permeability
ple mum settlement | density
loading | (mm) (kg/m?3) and (m?/s) (m?3/N) (m/s)
(N/m?) percentage sand
(%)
N-mud 202 1G | 20.0713.75 | initial=760; 1490 | initial= 200L0'° | initial= 2210% | initial= 4210%°
(sample3) =626 end=1115; 1525 | middle= 90 16° | middle= 2 16 | middle= 2 16°
(313%) ps=40% end= 1200%° | end= 0.40° |end= 0.30%
D-mud 201 1G | 20.03 initial=410; 1265 | initial= 20 16° initial= 80 16 | initial= 15 16°
(samplel) 13.70=6.33 | end= 940; 1515 | middle= 20 16° | middle=50 16 | middle= 1 1@°
(31.6%) ps= 20% end= 1510% | end= 110 |end= 0210

Table3.13 Oedometer resultef Noordpolderzijmud (Nmud) and Delfzijimud (Dmud)

Tijd [dagen]

4,05

mm]

1
=
[~ T
] .
.81 i 0 ] B —
I \ x"‘“n \\
e R TR
1,82 [
[~
[~

] h \R\'\\N T — _
y | \ - \ L
n ‘x\ ﬁ"‘% [

~ L T

N ™ H
[
324 \
™
™ \ N N
[~ ™ I
Z aN [~

4,28

587

AVAVAVAYAY

7.20

i vavVAVAVA

10

Figure 320 Settlement (mm) as function of time (days); Sample 2 Noordpolderzijl

37



4, EROMES8alibration testsof HANZE Technical School
4.1 Flume test resultsvith sand beds
4.1.1 Basic data oflume tests

The basic data of the sand bidme tests are presented iffable4.1.
Two methods have been used to determine the bglikar stress, as followseeTable4.1):

1 usingty=r (u-)?>with u- from thefit of the measuredrelocities by a logéithmic function
u/u-=k™In(z/z) with u= measured flow velocity at height z-@.11u/u- +kgJ30=zero velocity level,
u-= bedshear velocityk= coefficient Von karman (=0.4),= bedshear stressy = fluid density,
ks=equivalent roughness of Nikurade=kinematic viscosity coefficient;

1 usingty=r g (meadC¥ and C= Gizy coefficient5.75¢"°log(12h/k), unear=depth-averaged flow
velocity ancks= 1ds0-2ds0.

Figure4.1shows the measured beshear stress values of meth@wbf Sages S2, S3 and S4 for the five sediment

beds (d=0.18, 0.37, 0.52, 0.74 and 1.8 mm). The critical bed shear efekthe Shieldgurveare also shown

(red values). The Shields curve data are between Stage S2 (10% moving) and S3 (50% moving) for the coarser
beds (do> 0.3 mm). It has been noticed by others (Van Rijn 1993) that the Shields curve is most representative

for a stageof movement defined as frequent particle movement at nearly all locations. Based on the present
data, the Shelds curve is equivalent with a transpotage of about 30% moving particlesll measured bed

shear stress values of the fine bed of 0.18 mm are snialgrthe Sheélds bedshear stress, whidls an indication

that the Shidds curve is not really valid for fine sediments as noticed by many odkearchers (Van Rijn, 1993).

1.5 1 1 1 1 !
= 1.4 H --@- Stage S2 (10% moving) —-
£ %g | --A-- Stage S3 (50% moving) o
2 71 H --w- stage S4(100% moving) s -
@ 1 H === shields curve Piad —~ oo
8 0.9 2 el -
. o '
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o 0.3
m 0.2
0.1

0

o
o
(N)
©
I
o
o

0.8 1 1.2 1.4 16 18 2
Particle size (mm)

Figure4.1 Bed shear stressased on Gémy-coefficientcompared with critical bedhear stress according to
Shielddor different @andbeds

4.1.2 Flow velocity profiles

Flow velocity profiles using the vectrisensor wereonly measured for the test with 0.18 mm sand

Figure 42 shows measured velocity profillata for 0.18 mmsand.The data can be represented by a logarithmic
velocity function with fitted parameters:u-=0.0109 m/s; k=0.00017 mk=0.4;u=0.00000105 m?/s. The fitted
ks-valueis equal to 0.00017 mwhich isin good agrement with the sand roughness of the fixed flume bottom
(dsc=0.0002 m)
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Parameter SandB; dsg=0.18 mm SandC ds=0.3 mm SandD; ds0=0.52 mm
S2 S3 S4 S2 S3 S4 S2 S3 S4
(10%) | (50%) | (100%)| (10%) (50%) | (100%)| (10%) | (50%) | (100%)
Water depth (m) 0.2 0.195 0.195 0.205 0.205 | 0.205 | 0.205 | 0.21 0.2
Depthrmean vel (m/s) 0.226 0.242 0.272 0.301 0.331 | 0.362 | 0.307 | 0.346 | 0.374
Bed forms IR IR IR IR IR R IR R R
Bed load tr (g/m/s) 0.0029 | 0.002 0.021 0.0036 0.0078 | 0.089 | 0.0098 | 0.031 | 0.0634
Bedroughness &(m) 0.00017| 0.00009| 0.00006| n.m. n.m. n.m. n.m. n.m. n.m.
from velocity profile
Critical bedshear stress| 0.0109 | 0.12 0.097 n.m. n.m. n.m. n.m. n.m. n.m.
(N/m?) Method
Critical bedshear stress| 0.106 0.121 0.153 0.221 0.267 | 0.32 0.251 | 0.318 | 0.372
(N/m?) Metho# | (68.8) | (68.8) | (68.8) (63.4) (63.4) | (63.4) | (60.7) | (60.7) | (60.7)
Critical bedshear stress 0.17 0.23 0.29
Shields (N/rf)
Parameter SandE ds¢=0.74 mm SandF, ds=1.8 mm
S2 S3 S4 S2 S3 S4
Water depth (m) 0.2 0.195 0.2 0.17 0.195 | 0.19
Depth-mean velocity (m/s 0.354 0.385 0.422 0.5 0.55 | 0.61
Bed forms None None None None None | None
Bed load transport (gram/m/s) 0.014 0.088 0.771 0.055 1.34 |29
Bed roughnessskm) n.m. n.m. n.m. n.m. n.m. | n.m.
Critical bedshear stress (N/R) Method 1 n.m. n.m. n.m. n.m. n.m. | n.m.
Critical bedshear stress (N/R) Method 0.369 0.436 0.524 0.99 1.15 | 144
(57.7) (57.7) (57.7) (49.6) | (50.6) | (50.4)
Critical bedshear stress Shields (N#n 0.39 1.1

n.m.= not measuredR=solated Rpples5 to 10 mm

S1= Stage 1= few particle moving; ; S2= Stage 2= 10% of bed surface moving;

S3= Stage 3= 50% of bed surface moving; S4=Stage 4= 100% of bed surface moving
Method 2 (Chézy-coefficientusing k=1dse-20s0 between brackets (A¥/s))

Table4.1 Basiadata of flume testswith sand beds
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4.1.3 Bed load transport data

The bed load transport data derived from the sand particles accumulating in the slot downstream ahthe s
bed are shown irFigures 43 and 4.4. Figure 45 shows ripple generation in the teswith fine sand (¢= 0.1
mm).

Figure 43 shows the bed load transport as function of the deptiean velocityThe bed loadransport of the
very fine particles of 0.1 mrfAssersand)is strongly underestimated at higher velocities, because the fine
particles are partly washed over the sldthe bed load transport increasesaigly with increasing velocities.
Based on the present dati,is found that:gp~Umeari’ for velocities betwea 0.3 and 0.4 m/s.

Figure 44 shows the dimensionless transport paramef®r qu/[rs(r /1 -1)°>°¢**dse™9 on the vertical axis as
function of the dimensionlesShields parameteq) =t pmetodd [(F s-T )gtg] ON the horizontal axis. The bed load
transport data of Paintal 1971 are also shown for comparigbie. present data are somewhat larger than those
of Paintal who used coarser sediments (2.5, 8 and 22 mm).
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Figure 45 Ripple generation along sand bed wiia=0.1 mm (Asser sand)
depth-meanvelocity v=0.3 m/s (left) and v=0.4 m/s (right)

4.2 EROMES tests with sand beds
4.2.1 Bed $ear stresses ofough sand beds

The sixsandbeds(thickness of &out 5 cm and a flat surfagdave also been tested in the EROMESrument.
Thepropeller was set to 30 mm above the bed and the propeller speed (revolutions per minute) was increased
until particle movement S1, S2, S3 and S4 was observed visually by two persons. The basicstataraie

Table 4.2

Figure2.8 shows the measured propeller speed as function of the grain size for the Stages S1 (some grains
moving) and S2 (10% moving). The data match very well with the earlier GKSS data.

Figure 46 shows the bed shear stress values of Stages S2 (yafiewdotg, S3 (redpen dot9 and S4 (purple

open dot9 as function of the propeller speed of the ERONE&ument. Allpresentresuts (HTS)can be
represented by thesolid red curve which is thecalibration curvgHTS¥or rough sediment beds.

The calibration curveg(een solid curvifor rough beds used by GKSS is also shown. This latter GKSS calibration
curve yields relativelizigh valuesibove the Shields calibration curve and yields muctetarglues (factor 1.5 to

2) than the calibration curve of HTS. The hot film calibration curve is only valid for very smooth bed surfaces.

Parameter | SandA; ds;=0.1 mm SandB; ds;=0.18 mm SandC dsp=0.3 mm

S1 S2 S3 S4 S1 S2 S3 S4 S1 S2 S3 S4

Number of| 80 90 100 110 70 80 100 120 a0 110 130 150
revolutions
per minute

Parameter | SandD; ds¢=0.52 mm SandE, dsc=0.74 mm SandF; ds;=1.8mm

S1 S2 S3 sS4 S1 S2 S3 S4 S1 S2 S3 sS4
Number of| 110 | 140 | 170 200 | 120 |150 | 180 210 | 210 | 260 | 300 | 330
revolutions
per minute

S1= Stage 1= few particle moving; ; S2= Stage 2= 10% of bed surface moving;

S3= Stage 3= 50% of bed surface moving; S4=Stage 4= 100% of bed surface moving

Table4.2 Basic data of EROMES tesith sand beds
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4.2.2 Bed shear stresses smooth mud beds

The EROMES8strument is designed to determine the critical bsklear stress of smooth mud beds. It is most
logic to assume that the relationship (curve) of bsftkar stress against revolutions for a smooth mud bed will
lie between the curves for a rouglrsd bed and a smooth (perspex) wall, ségure4.6.

Two flume tests with a mud bed have been done to determine the criticalshbedr for initiation of erosion of

a mud bed. These data sets are discussegkiction 5.2.1and5.2.2

Based on the data dhe two mud flume test§seeSection 5.2.2, a tentative calibration curvéropellerat 30
mm above the bed surfacé&r mud beds is proposed, which reads as (seevn curveof Figure 46):

t bed, mu= 0.000000Q N;*+0.0000% N,* + 0.0006 N+ 0.0029

with Np= number of propeller revolutions per minute.

At some tests with the fine sand surfacesd0.11 mm), the propeller was placed at 10 mm above the surface.
The fine sand particles were set in motion atvislue which was about 20% sneatll

Based on this te bedshear stress is estimated to be abal@% higher at the samid,-value (with propeller at

10 mm above bed surface)

O ———
Calibration curve for mud bed:
tpei=1E8 N3 + 5E6 N2 + 0.0006 N + 0.0029

P

L/ PRy Propeller height above mud surface =0.03 m

A |4 Py HEEEEEEEEREEEEEEREERNREEERREREREEN
& e Bed-shear stress (Shields; 0.2-4 mm sand)

e a» o Bed shear stress for smooth wall (hot film at r=20-30 mm from centre)

»- Bed shear stress flume tests HTS (0.1-1.8 mm sand; 10% moving)
e=O== Bed shear stress flume tests HTS (0.1-1.8 mm sand; 50% moving)

e=0O== Bed shear stress flume tests HTS (0.1-1.8 mm sand; 100% moving

Bed shear stress for rough sand bed based on calibration GKSS

| | | e» e» Bed shear stress for rough sand bed based on calibration HTS

O Bed shear stress for smooth mud bed based on calibration HTS

==m=» Bed shear stress for smooth mud bed based on calibration HTS
LT e —
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Figure4.6 Bedshear stress generated by propeller flow of ERO(diEegeller at 30 mm above bed surface)
Bedshear stress i40% higher if propeller is at 10 mm above surface (at saphalNe)

Bed shear stress (N/m?)

o
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42



5. Erosion test results omoulded mud beds critical bed-shear stressesf mud beds
5.1 Introduction anddefinitions

This chapter 5 describes the results of the erosion tests with moulded and unmoulded (undisturbedamnaud
beds.

The moulded beds are beds made in the laboratory using natural and artificiasamedmixturegSection 5.2
and 5.3)

The unmailded beds(Section 5.4are beds taken as slices of madnd (using a tray) from the natural tidal
channel near Noordpoldderzijl and testedtire laboratory(flume and Eromes)

Once, sediment is eroded from the bétlime or Eromes)the sediment conceamation of the water will increase
in time.

The sediment concentration g in kg/n?) in the system (Eromes or flumean be computed as:
Cmud= Enud Dt AV = (r dry de/ Dt) ([I A@/VW)z I ary de AV =r dry de/ hw (511)

With: emud="r dry de/ Dt = hy Dcmud/ Dt = erosion rate (kg/m's),
Dt= elapsed time period (s)A= surface area of bed @nh.,=AJ/V., =water depth(Eromes)
V= water volume (), r ¢y = dry mud density (kg/f), de = thickness (m) of eroded bed layer affar

An erosion rate of @« 0.1 gram/nf/s is approximatelyequivalent with an eroded layer of about 1 mm in 1
hour. This valuecan beused as the threshold erosion rate to define the critical shear stress for erosion.

EROMES example

rary = 300 (kg/m), de = 0.001 m (1 mmafter 1 hour A= 0.008 m, W= 0.002 n? (2 liter) yields: gus= 1.2
kg/m3=1200 mg/l.

If it takes 1 hour tcerode a layerof 1 mm, the erosion rate is:mg~= 300x0.001/36003:0001 kg/nd/s= 0.1
gr/m?/s.

FLUME example:

I ary= 300 (kg/m), de = 0.001 m (1 mm) after 1 hours20.4x0.6=0.24 f\,= 5 n? (5000 liter in pump reservoir)
yields: ¢ue= 0.024 kg/m= 24 mg/l; hence, the mud concentration in the water supply system will be about 20 to
25 mgl/l.

If it takes 1 hour to erode a layaf 1 mm, the erosion rate is:mg~= 300x0.001/3600=0.0001 kgffe=0.1
gr/m?/s.

The erosion rateélepends on the applied beshear stress, the dry density of the mud, the sediment composition
of the mud (percentage of clay, silt and sand; percentage organic materials).

The dimensionless erosion rate is defined as: E= @nud/ (I dry Wmud,may) (51.2)

The dimensionlesBed-shear stressate is defined as: T=(b-tocre)/tbcre (5.1.3)

with: emy¢= erosion rate (Kg/mis); r ary = dry bulk density of mud (kg/y) Wmud,ma= Mmaximum settling velocity of
mud (m/s) t, = bedshear stress (N/A), ty = critical beeshear for erosion (N/f).
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5.2 Erosion tess of mouldedmud beds
5.2.1 Noordpolderzijl mud;initial dry mud density of 685 kg/m(NovemberDecember 2016)

Flume test~N685ps35%

The initial dry mud density of the bas®ordpolderziimud container(salinemud) is aboutr 4= 685kg/m?®and
percentage of sand is 35%he mud of the base containernsulded (nixed) first and a bucket of mud is taken

to fill the mud compartment of the flumaBased on this, the dry mud density of the mud bed with a thickness of
about 50 mmis assumed to be about 685 kgfnThe bed suace is made flush with the upstream and
downstreambottom sections by scrapingwoooden stick in sideard direction. The excess mudascarefully
removed and the glass windowsere cleaned seeFigure5.2.1. The time between the preparation of the mud
bed and the start of the test was about 18 hours (mwght consolidation). Initially, the mud surface was black,
but a very thin (0.1 mm) grey film layer of mud was formed at the bed surfiémehin fluffy surface layer was
present, as often observed at field sites.

The Vectrino velocity sensor and tNER.52optical sensor were installed above the rigid flume bottom at about
0.1 m from the mud bed sectigiseeFigure 52.1. The NEP152 sensor did not function properly in the flume.
Thevelocity of the fresh waterflow was raised in stepom 0.25 m/s to 0.85 m/$o observe the behaviour of
the mud bed surfaceseeTable5.2.1. Minor mud erosion was only obserdat both transition zones to the rigid
bed, where the mud bed surface was somewhat more irregulae mud stface became black at the erosion
spots(removal of thin gey mud film) seeFigure 52.1 Right LowerThe erosion area was about 0.15 m in length
and approximately uniform over the width (0.4 m) of the flume. The maximum erosion depth close to the rigid
bed was about 3 mm decreasing to about 0 mm at 0.15 m from the rigid bed resulting in a mean erosion depth
of about 1.5 mm.

The total erosion volume after the test of 2 hours is about 2x0.4x0.15x0.0006818 mi or 0.18 liter.

Given a dry density of 6&g/n?, this yields an eroded mas$§0.123 kg after 2 hours or an erosion rate per unit
area ofEnue=0.123/0.12/7200=0.000143 kg/r¥s = 0.15 gr/ni/s at both transition zones. The erosion rate in
the middle section of the mud bed is much less (factor 10 to ) eroded surface layer is of the order of 0.1
mm or 100mm. The eroded mass of about 120 grams consists of mud, silt and sand paetimtied from the

top layer of 0.1 to 1 mm at the transition sectiofi$e eroded silt and sand particles were partly trapped in the
slot downstream of the mudsection. The trapped particles were removed at two time moments. The trapped
sediment consisted of veffine silt and sand in the range of 30 to 10@n. The bed load transport rates are of
the order of 0.001 gr/m/swhich is extremely small.

At the end of theflume test, a mud sample was taken in the middle of the mud section from the top layer with
a thikness of about 1 cm. The dry mud density was 615 k@it density of 1402 kg/f), which is about 10%
smaller than that of the base mud container.

The complete test was reapeated using the same mud itiomd, except the overnight consolidation period.
The mud bed was prepared and the test was immediately starfdak grey mud film was not present.
Everywhere, the mud surface was bla€keerosionresults are similar to those reported frable5.2.1.

Based on the results of this test, the critical bedear stresssfor a mud bed with dry density of about 685 kg/m
are assumed to be:

{ initiation of surface erosion of sand (minor bed load transport)t pcre= 0.50.8 N/n?;

9 initiation of surface erosionfanud; toere= 1-1.5 N/n?.
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no erosion

Figure5.2.1 Mud bedin flume(initial dry density of about 685 kgh) fresh water in flume
Left= before the testpperright = beforethe test; Lowerright Lower=during the stest

Time | Mean | Water | Bed NEP152 Mud Erosionof bed surface Bed Bed
flow depth | shear | values | concen rough | load
velocity stress tration ness tran

Chézy | sport
(mm)

(hrs) | (m/s) (m) N/m? (mg/l) (m®%/s) | (g/m/s)

11.45| 0.25 0.2 0.09 n. m. <10 clear water; no surface esion in| 0.1-0.3 | 0.0002
nov.p. 0.13 middle of mud section; (80-70) | (mea

rolling particles (sitsand 30100 nm) sured
12.45| 0.33 0.2 0.17 n. m. <10 clear water; no surface esion in| 0.1-0.3 | overl
v.p. 0.2 middle of mud section; (80-70) | hour)
rolling particles (sitsand30-100 nm),
but less

12.55| 0.5 0.2 0.38 n.m. < 50 | almostclear water; no surface esion | 0.1-0.5 | 0.0015
no v.p. 0.56 in middle of mud sectiongerosion at| (80-66)

13.35| 0.55 0.2 0.46 n.m <50 both transition zones to rigid bed (1 t (over 40
v.p. 0.68 2 mm); min.)

rolling particles (sitsand 30100 nm)

13.40 | 0.78 0.15 10 n.m. <50 almostclear water; nogeneralsurface| 0.1-0.5 | n.m.
no v.p. 15 erosion in middle of mud section| (77-64)

erosion at both transition zones to rigi

13.50 | 0.85 0.13 1.25 n.m. <50 bed (23 mm); 0.1-0.5 | n.m.

no v.p. 1.80 rolling particles (sitsand -100mm) | (75-63)

n.m.= not measuredv.p. = velocity profile measured in 10 pointster temperaturedls® C
Table5.2.1 Erosion ¢sts with mud bed in flume (dry mud densi685 kg/mq); fresh water
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EROME®est EN685-ps35%

The initial dry mud density of the badéordploderzijimud container is aboutq,= 685kg/m? (percentage of

sand =35%)The mud of the base container is mixed first and a bucket of mud is taken to fill a small wooden
frame with mud (the frame is coveredlith plastic sheetframe surface area of 15x15 énthickness of frame

=50 mm, seé&igure 52.2). The mud surface is scraped horizontal by moving a wooden stick over the frame. The
perspex tube is pushed vertically into the mud surface of the frame. Therfitame is taken away (dismantled)

and the excess mud is removed from the plastic sheet. After that, the plastic sheet is cut circular and taped
(ductape) around the perspex tube to prevent any leakage through the mud layer in the ER@&ERhe tube

is partly filled by spraying seawater over a height of about 1 to 2 cm above the mud surface.

The time between the preparation of the mud bed in the tube and the start of the test was about 16 hours
(overnight consolidation). Initially, the mud surfacesaaack, but a very thin (0.1 mm) grey film layer of mud
was formed at the bed surface. No thin fluffy surface layer was present, as often observed at field sites. The mud
surface in the middle of the tube was about 3 to 5 mm higher than at the sides.

Jug before the test, the tube was carefully filled with seawater (about 2 liter). The propeller was installed at the
prescribed 30 mm above the mud surface. The NEP152 optical sensor was mounted with its sensor at 80 mm
from the mud surface.

The number of pwpeller revolutions () was raised in steps (10 to 20) from 50 to the maximum value of 360 to
observe the behaviour of the mud bed surface, $eble 52.2. The total test duration was about 1.5 hours. No
surface erosion was observed during the test. prapeller jet was not able to cause any significant erosion. The
maximum mud concentration was estimated to be about 50 m/l (almost clear water). This value is equivalent
with an eroded mud layer of 0.1 mm (16fh). Fine silt and sand particles have been eroded from the top surface
layer with a thickness of about 0.1 m (18t). As no more mud was eroded, the amount of fine silt and sand
particles in the tube was very limited.

Based on the results of this testjstassumed that the mud bed surface with dry density of 685 kigreroded

for Np2 360. Herein, it is assumed that this is equivalent with a criticaldbeghr stressf surface erosiortpere

2 1.3 N/n? for a mud bed with dry density of 685 kgiifFlume test F685).

Thus: N2 360 of EROMEBst is equivalent with,cre2 1.3 N/n? of the flume test, see data point (brown open
circle) ofFigure4.7.

/’V'Ud Plasticsheet
—
L ¥ ||
5 15 Scm
+—> —> strip with screws
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\ tube / 15¢m
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I ] | sem

Figure 52.2  Wooden frame fomud bed oEROME®est
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Number of Mud concen Erosion of bed surface Estimated bed

revolutions (p) tration shear stress
per minute (mg/l) (N/m?)
50-70 <10 clear water; nanud erosion of surface <0.1

rollingand suspendegarticles (siksand 36100 nm)
eroded from top surface layer

70-100 <10 similar 0.1 °0.05
100-150 <10 similar 0.2 °0.1
150200 <30 similar 0.35°0.15
200-250 <50 similar 0.4 °0.2
250-300 <50 similar 0.7 °0.3
300-360 <50 similar 1.0 °0.4
360 <50 similar 1.3 °04

Table 52.2 Erosion results of EROMES teBI6B5; dry bulk density=685 kgAtseawater)
5.2.2 Noordpolderzijl mud;initial dry mud density 0325 kg/m?*(NovemberDecember 2016)

Flume test AN325-ps35%

The mud of the bas&loordpolderzijl mudcontainer(about r gy= 685kg/m?; psane=35%)was mixed first and a
mud mixture ofabout 300 kg/m® was made in a bucket. A mud layer with a height 670n was made ithe

mud compartmentmaximum depth of 0.05 njf the flume which was enclosed by temporary woorden svall

on both sides. After a consolidatiorefiod of 20 hours (overnight) the mud layer thickness was about 0.06 m,
whichwasabout 0.01 m above the surroding flume bottom.Based on this, the dry bulk density of the mud
layer is about 7/6x@0=350 kg/ni. The excess mud layer of 0.01 m was removed by scraping horizontally in
downstream direction using a window wiper. This resulted in a flat horizontal mud surface flush witimtiee
bottom, seeFigure5.2.3.

3 . 4 : /f 4
Figure 52.3 Mud bedin flume(initial dry density of abou25 kg/m?); fresh water in flumeTest F25
Left = mud surface preparation; Right= mud surface just before the test
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section; mass erosion a@bout 5

to 10 gr/n¥/s

Time Mean Water | Bed | Mud Erosionof bed surface Bed Bed
velocity, | depth | shear | concen rough load
velocity stress | tration ness tran
atlcm OBS3+ Chezy sport of
above fine
bed (mm) sand

(hrs) (m/s) (m) N/m?2 | (mg/l) (m%%s) | (g/m/s)

13.42/ | 0.205; 0.2 0.05/ | <10 small particles are eroded locally 0.030.3; | n.m.

13.58 | n.m. 0.08 near irregulariteis 90-70

14.10/ | 0.306; 0.2 0.12/ | <50 small erosion pits/grooves are | 0.03-0.3; | 0.0005

1450 | 0.247, 0.18 generated; mud layer in middle | 90-70
v.p. part is wavy due to pressure

fluctuations; layer is not wavy at
transitions

14.53/ | 0.325; 0.2 0.15/ | <50 mud grooves grow larger in 0.050.3; | 0.001

15.32 | 0.258; 0.21 length; flakes are eroded from | 85-70
Vv.p. surface

15.36/ | 0.35; 0.2 0.16/ | <50 more grooves are generated; 0.050.3; | 0.003

16.13 | 0.30; 0.25 mud clouds are generated from | 85-70
Vv.p. the grooves;

16.15/ | 0.39; 0.2 0.19/ | <50 many grooves (70% of surface);| 0.050.3; | 0.01

16.55 | 0.30; 0.30 upper grey film layer is almost | 85-70
v.p. completey removed; grooves arg

4 to 5mm deep; mud clouds
eroded from grooves; erosion
rate=0.%1 gr/n?/s
16.59 | 0.45 0.18 0.30/ | 100 many mud clouds from grooves | 0.1-0.3; | n.m.
0.40 80-70
17.02 | 0.47 0.18 0.35/ | 150 many mud clouds from grooves;| 0.1-0.3 n.m.
0/45 grooves are 10 mrdeep; 80-70
visiblility decreases; erosion rate
1 gr/mé/s
17.06 | 0.50 0.18 0.5 200 many mud clouds from grooves;| 0.3; n.m.
grooves are 10 mm deep; mud | 70
grooves not visible anymore;
erosion rate = 1 gr/rfis
17.13/ | 0.59 0.18 0.6 250 mud layer is eroded away over 1 0.3;
17.20 500 to 30 mm in the middle of test | 70

n.m.= not measuredv.p. = velocity profile measured in 10 pointsater temperature@l5°® C
Table 52.3 Erosiorflumetestswith mud bed (dry mud density825 kg/m?); fresh water

A mud sample was taken from the mud surface layer (upper 0.01 m) by moving a small cup through the mud.

The small pit created by the cup was filled slowly by the surrounding mobile mud

The wet bulk @nsity of the mud surface sample was 1260 kiyesulting in a dry bulk density of 380 kg/m
The time between the preparation of the mud surface and the start of the test was about 2 hours.
Initially, the mud surface was black, but a very thin ({@rh) grey film layer of mud was formed at the bed

surface. No thin fluffy surface layer was present, as often observed at field sites.

The Vectrino velocity sensor, the NEP152 and OBS3+ optical sensors were installed above the rigid flume bottom
at about 01 m from the mud bed sectiohe NEP152 sensor did not function properly in the flume.
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The velocity ofhe fresh water flow was raised in steps from 0.2 m/s to 0.6 m/s to observe the behaviour of the
mud bed surface, se€able 5.23. Long and narrow grooves were generated in the mud bed surface at a mean
velocity of about 0.32 m/s, sdeigure 52.4. These grooes extended gradually in length and in width. About 80%

of the mud surface was covered with grooves at a mean velocity of 0.4 m/s. Mud clouds were eroded from the
grooves. The erosion rate from the grooves is aboutl0dk/m?/s at a mean velocity of 0.4The erosion rate
(mass erosion) increases to about 5 to 10 gfévat a mean velocity of 0.6 m/s

Based on the results of this test, the critical ksdvkar stresses for a mud bed with dry density of about 325 kg/m
are estimated to be about:

1 initiation of surface erosion of sand (minor bed load transport)tpcre= 0.20.25 N/n¥;

1 initiation of surface erosion of mud (erosion rate <0.1 g¥&)1  tpcre= 0.250.35 N/n¥;

1 initiation of mass erosion of mud (bed failure); tbere= 0.50.7 N/nt.

. - o
Figure5.2.4A  Upper= velocity of 0.3 m/Middle= velocity of 0.4 m/d.ower= mud clouds at velocity=0.45 m/s
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Figure 52.4B Mud bed (top and side view) after test; erosion caused by velocities between 0.45 m/s and 0.6
m/s; scour in middle dest section of about 2 to 3 gritest B25-ps35%

EROMES®est EN350-ps35%and EN400-ps35%

TheNoordpolderzijimud of the base container wittiry mud density ofiboutr 4= 685kg/m?is mixed first and
mud concentrations (dry density) of about 200 and 300 Kgfiave been made in two buckets. The mixtures
from the buckets were poured into two EROMiEBes. The mixture in each tube was stirred to create an
homogeneous suspension and tBEROME&ibes were allowed to settle/consolidate for two days (about 45
hours). After the EROMESsts, the suspended mud in the tubes was allowed to settle for 1 hour and small mud
samples using a 50 ml pipet were taken from the upper 1 to 2 cm of thelawed The basic data of the dry and
wet densities are given ihable 52.4. The depthaveraged dry bulk density of the mud layer varies in the range
of 350 to 400 kg/m The dry density of the top layer (layer of 1 to 2 cm) varies in the range of 240D tog/n?.
Andersen (2001) reports dry density values of 200 to 400 kfpnthe topmost 5 mm (taken by a 20 syringe)

of the mud layer for various field samples of the Danish Wadden Sea.
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Test | Initial Initial mud | Mud height Height of | Dry bulk density of mud, Wet and dry
mud suspension| after 2 days water layer after 45 hours bulk density
concen | heightin in EROMES | column based on pipet
tration | EROMES | tube above mud sample of upper

tube surface 2 cmafter after
the test
(kg/m3) | (cm) (cm) (cm) (kg/m?3) (kg/m?3)
E400 | 200 24.8 12.6 (51%) 12.2 24.8/12.6x200@400 1110; 140
E350 | 300 255 21.9 (86%) 3.6 25.5/21.9x300a850 1150; 200

Table5.2.4 Wet and drybulk density of mud layer in EROMESe; Tests EN350-ps35%and EN400-ps35%

After consolidation of 2 days, the mud surface has a thin grey film on top of it (0.1 to 1 mm thick). No thin fluffy
surface layer was present, as often observed at field sites. The height of the water column was sufficient in test
E400. The watecolumn height was too small in test E350 and seawater was supplied carefully to get a height of
about 0.15 m above the mud surface. During filling, small mud flakes < 5 mm were dislodged from the grey mud
film.

The propeller was installed at the presmd 30 mm above the mud surface. The NEP152 optical sensor was
mounted with its sensor at 80 mm from the bed surface.

The number of propeller revolutions gNwas raised in steps (10 to 20) from 50 onwards to observe the
behaviour of the mud bed surface, s@éables5.2.5, 52.6 and Figures 52.5, 52.6. The total test duration for

each tube was about 20 minutes.

The cumulative erosion rate (gramffa) can be computed as: @= hv DGmud/Dt, with h,=0.15 m,
c=concentration (1 mg/l= 1 gr// Dt = total time from start (t=0)Pcmus= total concentration increase with
respect to start t=0; se€ables5.2.5and5.2.6.

The erosion rate is in the range of 0.1ad.5 gr/n¥/s for a shear stress of 0.250.05 N/n? (seeTables 5.2.5,

5.2.6). Erosion of 0.1 mm is equivalent with a mud concentration in the tube of about 300 to 400 mg/l, which
occurs at a beghear stress of about 0.25 Nfm

This value is assumed to ltee critical bedshear stress (10% of bed is moving) for a mud bed with a-layer
averaged dry density of 350 to 400 kg/(Flume tests f:N350/FN400), see alsBigure 47. Mass erosion cannot

be generated in the EROM#EDe.

The total erosion layer at the end of the EROMESs is approximatelyde= (Grudend I ary) hw= [@ kg/m3)/350
(kg/m3)]x 0.15 (m) = 0.00085 m = 0.85 n@h mm after about 20 min.

Based on the EROMESt results othe tests E350ps35%E400ps35%and E685ps35%with mud, a tentative
calibration curve for mud beds is proposed, which reads asKiggee 47):

tbed, mu= 0.00000001 R + 0.000005 B¢ + 0.0006 N+ 0.0029,

with Np= number of propeller revolutions per minute.
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Time Number of | Mud Estimated Estimated Erosion of bed surface
revolutions | concen bed-shear erosion rate
(Np) per tration stress cumulative
(s) minute (mg/l) (N/m?) (gram/m?/s)
100150 50-70 <10 <0.1 <<0.01 clear water;no mud erosion ofurface;no
flakes
rollingand suspendegarticles (siksand
30-100mm) eroded from top surface layer
150220 70-100 50-100 0.10 °0.05 | <0.1 similar; flakes/flocs of eroded from grey
film layer and suspended
220-380 100120 100200 | 0.15 °0.06 | 0.08 water less clear; suspended flakes, flocs,
particles;
propeller isclearly visible
380620 120140 200400 | 0.20 °0.07 | 0.1 similar; grey film is eroded in middle;
620-820 140160 400-1000 | 0.25 °0.08 | 0.15 propeller hardly visible;
erosion of upper 1 mm
820-:1200 | 160-180 >1000 0.30 °0.10 | 0.2 propeller notvisible

Table 52.5 Erosion resul

ts of EROMES test EgBb% dry bulk

density= 400 kgfhiseawater)

Time Number of Mud Estimated Estimated Erosion of bed surface

revolutions | concen | bed-shear erosion rate
(Np) per tration stress cumulative

(s) minute (mg/l) (N/m?) (gram/m?/s)

80-120 50-70 <10 <0.1 <<0.01 clear water;no mud erosion o$urface;
rollingand suspendegarticles (siksand 30
100nmm) eroded from top surface layer;
mud flakes (< 5 mm) from grey top film are
dislodged and suspended

120200 70-100 10-50 0.10 °0.05 | <0.05 similar; mud flakes are broken into smaller
flakes

200-300 100120 50-150 0.15 °0.06 | 0.06 clear water with suspended mud flakes

300400 120-140 150200 | 0.20 °0.07 | 0.08 almost clear water with suspended mud
flakes

400600 140160 200400 | 0.25 °0.08 |01 surface layer (1 mm) breaks locally, small
grooves; flakes; propeller remains visible

600-700 160180 400-1000| 0.30 °0.10 | 0.15 similar; erosion of upper 1 mm; propeller
hardly visible

700-800 180-200 > 1000 0.35 °0.12 | 0.2 similar; propeller not visible

Table 52.6 Erosion results of EROMES tebIBE0-ps35% dry bulk density 350 kg/hfseawater)

Based on the results diiis test, the critical beghear stresses for a mud bed with dry density of about 350 to
400 kg/ntare estimated to be about:

9 initiation of minor surface erosion of sand:

1 initiation of minor surfac erosion of mud (loaosion rate of < 0.1 gr/ifs):

tbycr'e: 02'03 N/mz,
there= 025-0.35N/m?2.
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5.2.3 Noordpolderzijl mud;initial dry mud density of435 kg/m?*(March-June2017)

Flume test FN435-ps30%

TheNoordpolderzijmud of the base containeaboutr gn,=425 kg/n¥; r wer= 1275kg/m?; psan=30%)was mixed

first. A mud layer with a height of 0.06 m was made in the mud compartment (maximum depth of 0.05 m in the
middle) of the flume which was enclosed by temporary woorden walls on both sides. After a consolidation period
of 43 hous the mud layer thickness was about (® above the surrounding flume bottonesulting in a dry

bulk density of about 35 kg/m® (layeraveraged).Two surface sample@t about 1620 mm below the mud
surface)were taken using a syringe of 25 ml resultingvet bulk densities of 1260 to 1270 kgiifury dendiies

of 390 to 400 kg/r).

The excess mud layer 6fmmwas removed by scraping horizontally in downstream direction using a window
wiper. This resulted in a flat horizontal mud surface flush with the flume bottomi-iggee 52.7.

The time between the preparation of the mud surface and the start of thevies about 2 hours.

Initially, the mud surface was black, but a very thin (0.1 mm) grey film layer of mud was formed at the bed
surface. No thin fluffy surface layer was present, as often observed at field sites.
TheOtt-propellersensomnwasinstalled alove the rigid flume bottom at about m upstream of the mud section

The OBS3+ sensor was installed above the rigid flume bottom at about 1 m downstream of the mud section.
The velocity othe fresh water flow was raised in steps frdir2 to 0.65 m/s to doserve the behaviour of the

mud bed surface, se€able 5.27. Small water surface undulations (about 3 cm high)s were generated at the
flume entrance section during consitions with relatively high velocites (0.65 m/s; FeDus)e

Long and narrow groovesare generatedmass erosionn the mud bed surface at a mean velocity of abogt 0.
0.7m/s, seeFigure 52.8. These grooves extended gradually in length and in width. About 80% of the mud surface
waseroded at the end of the tesMud clouds were eroded from the grooves.

The tdal eroded mas at the end of the tesfFigure 5.29) was about 3 liters or 3885=13®M grams of dry mud

over an area of 0.14 faluring a period of about 12 minutes resulting in a mass erosion rate of 13 gréfas/m

The erosion rate from the groovesnsaich less (8.1 gr/n¥/s) at a mean velocity of 0.4. The erosion rate (mass
erosion) incrases to about 5 to 10 gr/ffs at a mean velocity of Bm/s

Based on the results of this test, the critical bstkar stresss for a mud bed with dry density of abous%l
kg/mare estimated to be about:

9 initiation of minorsurface erosion ofand: tohere= 025-0.35N/m?;
{ initiation of minorsurfac erosion omud (local erosion rate 0£0.1 gr/n¥/s): tpcre= 04-0.6 N/m?;
1 initiation of mass erosionf mud(local erosion rate of 25 gr/né/s): tberfai=0.8-1.0N/m?.

Figure 5.2.7 Mud bed before the test-R435-ps30%
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Time Mean Bed Mud concentrationOBS3+ Emsionof bed surface | Bed Bed
velocity | shear | at1 m downstream of rough load
at8cm | stress | mud section ness fine
above (mgll) Chezy sand
bed counts mg/l (mm)

(hrs) (m/s) (N/m?) | (countsoffset) (m®¥s) | (g/m/s)

1225 |0 0 50 (offset) @o - - -

(0)
12.27 0.21 0.05 150 <10 minor movement of <0.1; n.m.
(100) individual particles 80-90
12.37 0.27 0.11 200 20 minor movement of <0.1; n.m.
(150) individual particles 80-90
12.39 0.32 0.14 220 25 minor movement of <0.1; n.m.
(170) individual particles 80-90
12.45 0.39 0.25 240 25 minor groove <0.3; n.m
(190) generation 70-80
13.10 0.46 0.40 350 30 minor groove <0.3; n.m
(300) generation 70-80
13.16 0.52 0.50 400 35 minor groove <0.3; n.m
(350) generation 70-80
13.22 | 0.56 0.60 550 50 minor groove <0.3; n.m
(500) generation 70-80
13.29 | 0.630.68 | 0.80 750-1550 100250 | mass erosion <0.3 n.m.
13.41 (700-1500) (150200 | generation of large 70-80
mg/l scour hole (length=47(
based on | mm; width=300 mm;
water maximum depth=30
sample) | mm); mass erosion
rate= 13 gr/ni/s; OBS
not visible

n.m.= not measuredwater depth=0.2 mwater temperature@l5° C
Table 5.27 Erosiorflumetests with mud bed (dry mud densit¢35kg/m?3); fresh water
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Figure5.28  Generation of long groove at mud bed during flume tels1B5-ps30% mean velocity=0.65 m/s



Figure5.29  Mud bed aftettest F185-p3305c:our hole length=47 ém; width=30 cm; maximum depth=30 mm

EROME®est EN435-ps30%

TheNoordpolderzijimud of the base container wittiry mud density ofiboutr 4= 425 kg/n¥ and pan=30%is

mixed first and a bucket ahud is taken to fill a small wooden frame with mud (the frame is covered with plastic
sheet; frame surface area of 15x15 énthickness of frame =50 mm, s&@gure 52.10). The mud surface is
scraped horizontal by moving a wooden stick over the frame pEhngpex tube is pushed vertically into the mud
surface of the frame. Then, the frame is taken away (dismantled) and the excess mud is removed from the plastic
sheet. After that, the plastic sheet is cut circular and taped (ductape) around the perspetotpbevent any
leakage through the mud layer in the EROME® (Figure 52.10). The tube is partly filled by spraying seawater
over a height of about 1 to 2 cm above the mud surface.

The consolidation between the preparation of the mud bed in the tube e start of the test was about 43
hours resulting in a dry buk density of abo@5kg/m? (averaged over layer thickness of about 50 mm). Initially,

the mud surface was black, but a very thin (0.1 mm) grey film layer of mud was formed at the bed. doface
thin fluffy surface layer was present, as often observed at field sites. The height of the water column was filled
to about 150 mm. The water temperature was’1®

Just before the test, the tube was carefully filled with seawater (about 1.2 Tikerheight of the water column

was about 150 mm.

The propeller was installed at the prescribed 30 mm above the mud surface. The OBS3+ optical sensor was
mounted in the tube (at about 80 mm from the mud surface).

The number of propeller revolutions {Nwas raised in steps (10 to 20) from 50 to the maximum value of 350 to
observe the behaviour of the mud bed surface.

The total test duration was about 1 hours.

At the end of test a smal mud sample was taken at the bottom of the mud layer usimglasyringe resulting

in a dry density of 325 kg/imThe maximum erosion layer at the end of the test was about 1 to 2 mm. Mass
erosion cannot be generated in the EROMEHS:.

The mud layer with a layer thickness of about 50 mm was so soft that the ¢meeter tube (diameter of about

5 mm) sank to the bottom of the tube through the mud by its own weight (load of about 0.1 to 0.2 3gkine

water is dark grey at the end of the tegtigure 52.10).

The number of propeller revolutions gNwas raised irsteps (10 to 20) from 50 onwards to observe the
behaviour of the mud bed surface, s€able 52.8.

The cumulative erosion rate (gramffa) can be computed as:m@= hy Dcmud/Dt, with h,=0.15 m,
c=concentration (1 mg/l= 1 gr/f Dt = total time from star (t=0), Dcmus= total concentration increase with
respect to start t=0; se@able 52.8.
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The erosion rate is about 0.03 to 0.05 gf/mfor a shear stress of 0.24%.05 N/nt (seeTable 52.8).

The critical beeshear stress of surface erosionaissumed to be about 0.45 N/for a mud bed with a layer
averaged dry density of3% kg/m?* (mud concentration of 400 to 500 mg/I).

The total erosion layer at the end of the EROMESSs is approximately:

de= (Gnud,end I ary) hw=[(2.5 kg/mi)/435 (kg/nm¥)]x 0.15 (m) = 0.0009 @1 mm after about 45 min.

Time Number of | Mud concertration Estimated | Estimated Erosion of bed surface
revolutions | counts mg/l | bed-shear | erosion rate
(Np) per (countsoffset) stress
(s) minute (N/m?) (gram/m?/s)
0-400 50-70 2200 (offset) <10 |<0.1 <<0.1 clear water;no mud erosion of
(0) surface;
rollingand suspendegarticles
(silt-sand 36100 m) eroded
from top surface layer;
mud flakes (< 5 mm) from grey
top film are dislodged and
suspended
400600 | 90-110 2400 30 0.12 <0.01 similar; mud flakes are broken
(200) into smaller flakes
600 120-130 2500 50 0.18 <0.01 clear water with suspended mud
1000 (300) flakes
1000 150-160 3000 120 0.25 0.012 almost clear water with
1300 (800) suspended mudlakes; propeller
visible
1300 170-180 3500 200 0.3 0.01 propeller just visible; mud surface
1600 (1300) hardly visible
1600 190210 5500 500 0.4 0.035 propeller just visible; mud surface
2000 (3300) hardly visible
2000 230 7500 800 0.5 0.05 propeller not visible; mud surface
2200 (5300) not visible
2200 240 8000 1000 | 0.55 0.07 propeller not visible; mud surface
2300 (5800) not visible
2300 250 9000 1300 | 0.6 propeller not visible; mud surface
2400 (6800) not visible
2400 280 10000 1500 | 0.8 propeller not visible; mud surface
2500 (7800) not visible; dark grey colour
2500 300 11000 1800 | 0.9 propeller not visible; mud surface
2600 (8800) not visible; dark grey colour
2600 320 13000 2300 | 1.05 propeller not visible; mudurface
2700 (10800) not visible; dark grey colour
2700 350 14000 2500 | 1.25 0.15 propeller not visible; mud surface
2800 (12800) not visible; dark grey colour;
maximum erosior@L mm

Table 52.8 Erosion results of EROMES tebUB5-ps30%dry bulk density 42Kg/m? (seawater)
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Figure5.2.10 EROMESest EN435-ps30% before test (left) and after test (Right)

5.24 Noordpolderzijl mud;initial dry mud density 0530 kg/m?*(March-June2017)

Flume test FIN530-ps30%

TheNoordpolderzijimud mixture was made by taking mud from the base containers of November abaat(

I ay= 685 kg/n¥, psan=35% and march 2017apoutr ¢y=425 kg/n¥, psane= 30%. A mass of 5 kg was taken from
each container and mixed thoroughlielding abulk density of about (685+425)@650 kg/n¥, seeFigure 5.2.11

The mud after consolidation of 24 hours has a soft buttgpe of texture with a thin grey cover layeA mud

layer with a height of 0.06 m was made in the mud compartment (maximum d#@t05 m in the middle) of

the flume which was enclosed by temporary woorden walls on both sides. After a consolidation pe2id of
hours, the excess mud layer was removed by scraping horizontally in downstream direction using a window
wiper. This rested in a flat horizontal mud surface flush with the flume bottom, Begure 52.11. Two surface
samples (at about 220 mm below the mud surface) were taken using a syringe of 25 ml resulting in wet bulk
densities 0f1340kg/m? (dry density of 53&g/m°).

Initially, the mud surface was black, but a very thin (0.1 mm) greyldiymr of mud was formed at the bed
surface. No thin fluffy surface layer was present, as often observed at field sites.

The Ottpropeller sensor was installed above the rigid flume bottom at about 1 m upstream of the mud section.
The OBS3+ sensor was aiktd above the rigid flume bottom at about 1 m downstream of the mud section.

The velocity othe fresh water flow was raised in steps fr@2to 0.8 m/s to observe the behaviour of the mud

bed surface, se&able 5.29.

The mud bed surface showed to bery stable, even at relatively high velocities. Very minor erosion was
observed at a mean velocity of about 0.7 m/s.

Sudden bed failure was observed at a deptban velocity of about 0.78 m/s. The mud section (layer of 0.05 m)
was removed almost completein about 1 to 2 minuteshe total eroded mass at the end of the test was about
10liters or10x53G=5300 grams of dry mud over an area &29m? during a period of about.b minutes resulting

in a mass erosion rate about 250grams/n¥/s.
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Based on th results of this test, the critical beshear stresses for a mud bed with dry density of alk2Q
kg/mare estimated to be about:

9 initiation of minor surface erosion of sand s ¢re= 0.350.5 N/n¥;

9 initiation of minorsurfaceerosionof mud: tpcre=0.6-0.8 N/m?;

9 initiation of mass erosionf mud therfail= 1-1.2N/m?2.
Time Water | Mean Bed Mud concentrationOBS3+ | Ersionof bed Bed Bed
depth | velocity | shear at 1 m downstream of mud | surface rough load
at8cm | stress section ness fine
(m) above (mg/l) Chezy sand
bed counts mg/l (mm)
(hrs) (m/s) (N/m?) (countsoffset) (m%¥s) | (g/mis)
1454 | 0.2 0.2-0.34 | 0.06-0.18 | 300(offset) @o no erosion (turlid <0.1; -
15.12 water dueto dust 80
pollution)
15.12 | 0.2 0.4 0.25 420 10 no erosion (turbid <0.1; 0.006
15.30 (100) water) 80-90
15.30¢ | 0.15 0.5 0.45 500 10 no erosion (turbid <0.1; n.m.
15.37 (200) water) 75
15.37 | 0.13 0.7 0.85 500 10 very minorerosion, <0.1; 0.022
15,51 (200) very small craters 75
locally (turbid water
upstream mud
concentration@40
mg/l based on water
samplg
155k | 0.12 0.78 1.05 500-6000 101000 | sudden bed failure | <0.1; n.m.
15,55 |0.13 (2005700) cws=200 | initiated at upstream | 75
transition zone; bed
removed in a bout 1
to 2 minutes

n.m.= not measuredcws= concentration based on watsediment sample of 50 mlremperature= 14C
Table 52.9 Eosionflumetests with mud bed (dry mud densit§30 kg/m?); freshwater
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Figure 5.211 Mudin container (upper) and muakd before the test-N530-ps30%lower)

EROME®est EN530-ps30%

SimilarNoordpolderzijimud as used in the flume testNb30-ps30%was used to fill a small wooden frame with

mud (the frame is covered with plastic shefegme surface area of 15x15 énthickness of frame =50 mm, see
Figure 52.2). The mud surface is scraped horizontal by moving a wooden stick over the frame. 3jpexgabe

is pushed vertically into the mud surface of the frame. Then, the frame is taken away (dismantled) and the excess
mud is removed from the plastic sheet. After that, the plastic sheet is cut circular and taped (ductape) around
the perspex tube t@revent any leakage through the mud layer in the EROMES The tube is slowly filled by
spraying seawater.

The consolidation between the preparation of the mud bed in the tube and the start of the test was about 20
hours. Initially, the mud surface watack, but a very thin (0.1 mm) grey film layer of mud was formed at the bed
surface. No thin fluffy surface layer was present, as often observed at field sites. The height of the water column
was about 170 mm. The water temperature was €8

The propéder was installed at the prescribed 30 mm above the mud surface. The OBS3+ optical sensor was
mounted in the tube (at about 80 mm from the mud surface).

The number of propeller revolutions {(Nwas raised in steps (10 to 20) from 50 to the maximum va3&@to
observe the behaviour of the mud bed surface. The total test duration was about 1 hours.

No erosim was observed in the EROM#ES8e, not even at the highest propeller speed of 350 revolutions per
minute. The mud concentration at the end of thestewas about 70 mg/l based on a wateud sample of 50

ml. This means that the critical bezhear stress for erosion is higher than 1 R/m
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5.2.5 Delfzijl mud;initial dry density of 500 kg/m (February2018)

Mud from Delfzijtharbour(test ED300ps20%with initial dry density of about 500 kgfand ps=20%vas used

to fill a small wooden frame with mud (the frame is covered with plastic slieetie surface area of 15x15 ém
thickness of frame =100 mm, séeure 52.2). The mud surface is scraped horizontal by moving a wooden stick
over the frame. The perspex tube is pushed vertically into the mud surface of the frame. Then, the frame is taken
away (dismantled) and the excess mud is removed from the plastic sheet.tidit, the plastic sheet is cut
circular and taped (ductape) around the perspex tube to prevent any leakage through the mud layer in the
EROMES&ibe. The tube is slowly filled by spraying seawater.

The consolidation between the preparation of the muedhin the tube and the start of the test was about 24
hours. Initially, the mud surface was black, but a very thin (<0.5 mm) grey film layer of mud was formed at the
bed surface. Various cracks were hisiat the grey mudgface see alsdrigure 5.2.12No thin fluffy surface

layer was present. The height of the water column was abdQtrim. The water temperature was81C.The
propeller was installed at the prescribed 30 mm above the mud surface.

The number of propeller revolutions {Nwas raised in steps (10 to 20) from 50 to the maximum value of 350 to
observe the behaviour of the mud bed surface. The total test dunatias aboutl5 minutes

At the end of the test, the propeller was set at 10 mm above the bed surface yw#BBR370 resulting in mass
erosion with black clouds of mud being suspended. Estimateeshedr stress is abodt1.5N/m?,

Figure5.2.12 EROME&:st EDSOGpsZO%; large flakes with cracks at mud surface during test
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The EROMES®sUlts can be used to determine the critical batkar stress for particle erosion and for surface

erosion, as follows:
1 particle erosion(particles and flocs suspended): revolutions per minute58-200; critical bedshear
stress= B-0.4 N/m?;

9 surface erosion (propeller and bed hardly visible): revolutions per min2&&-300; critical bedshear
stress= B-0.9N/m?;

f mass erosion at bedhear stress of.0-1.5 N/m>.

Time Number of | Mud concertration Estimated | Estimated Erosion of bed surface
revolutions | counts mg/l bed-shear | erosion rate
(Np) per stress

(s) minute (N/m?) (gram/m?/s)

0-120 100 < 50 <0.1 clear water;no mud erosion of
surface;
some mud flakes (< 5 mm) from
grey top film are dislodged and
suspended

120240 | 150 50-100 0.25 mud flakes are eroded; propeller
is clearly visible

240420 | 200 100300 0.4 many mud flakes are eroded and
arebroken by vortices; mud
surface is black under grey flakes
and remains stable; propeller is
visible

420540 | 250 330500 0.6 mud flakes are eroded and
moving everywhere; propeller is
visible(Figure 5.2.12)

540780 | 300 500-700 0.9 Mud flakes eroded everywhere;

mg/| propeller just visible

780 350 7001000 | 1.2 Propeller not visible; mud surface

1020 not visible; maximum erosion=1
mm

Table 5.210Erosion results of EROMES teBrE0-ps20%; dry bulk density00kg/m? (seawater)
5.26 Delfzijl mud;initial dry density of 300 kg/m (February2018)

Mud from Delfzifharbour (test ED300ps20%)was used to fill a small wooden frame with mud (the frame is
covered with plastic sheeframe surface area of 15x15 énthickness of frame =100 mm, sEgure 52.2). The

mud surface is scraped horizontal by moving a wooden stick over the frame. The intial concentration was 250
kg/md, which increased to about 300 kgfmdue to consolidation over 24 hours (water layer obab20 mm on

top of mud surface)The percentage of sand was ps=20%e perspex tube is pushed vertically into the mud
surface of the frame. Then, the frame is taken away (dismantled) and the excess mud is removed from the plastic
sheet. After that, the [astic sheet is cut circular and taped (ductape) around the perspex tube to prevent any
leakage through the mud layer in the EROMlH$®. The tube is slowly filled by spraying seawater.

The consolidation between the preparation of the mud bed in the tabd the start of the test was about 24
hours. Initially, the mud surface was black, but a very thin (<0.5 mm) grey film layer of mud was formed at the
bed surface. No thin fluffy surface layer was present. The height of the water column was about 14@enm.
water temperature was 16C. The propeller was installed at the prescribed 30 mm above the mud surface.

The number of propeller revolutions {Nwas raised in steps (10 to 20) from 50 to the maximum value of 350 to
observe the behaviour of the mud tesurface. The total test duration was about 10 minutes.
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The EROMES®sUlts can be used to determine the critical batkar stress for particle erosion and for surface
erosion, as follow¢seeTable 5.2.1):
1 particle erosion (particles and flocs suspended): revolutions per minut@0130; critical bedshear
stress= 0.%-0.2 N/m?;
9 surface erosion (propeller and bed hardly visible): revolutions per minld€=150; critical bedshear
stress= @ -0.3N/m?;
f mass erosion at bedhear stress0.6N/m>.

Time Number of | Mud concertration Estimated | Estimated Erosion of bed surface
revolutions | counts mg/l bed-shear | erosion rate
(Np) per stress
(s) minute (N/m?) (gram/m?/s)
0-60 90 <10 <0.1 clear water;single particles/flocs
are suspended
60-120 100 50 0.13 larger flocs are suspended
120180 | 110 0.15 largerflocs are suspended
180240 | 130 200-300 0.20 water becomes turbid; propeller
is clearly visible
240360 | 140 500 0.21 Particle erosion; propeller is just
visible
360480 | 150 5001000 | 0.25 Propeller is not visible; larger
flocs/flames areeroded from mud
surface
480540 | 200 >1000 0.4 Mud surface vibrates slowly
540600 | 250 >1000 0.6 Black mud is eroded everywhere

Table 5.211Erosion results of EROMES teBt30ps20%; dry bulk densit$00kg/m?® (seawater)
5.2.7 Payra mudpitial dry mud density of 180 kg/m? (April 2018)

EROMES tef?ayra mudeP1280ps20%

Payra muds a very pure mud with almost raalcareous and organic materialbe bed surfacdsvery smooth
without any protrusions

The Payra mud from Bangladesh offshaséth dry mud density ofabout r 4= 1280 kg/m® and pand20% is
poured into the perspex tube andhé tube is partly filled by spraying seawater.

The consolidation between the preparation of the mud bed in the tube aedstiart of the test was about

hour.

The propeller was installed at the prescribed 30 mm above the mud surface. The number of propeller revolutions
(Np) was raised in steps (10 to 20) from 50 to the maximum valug@t@observe the behaviour of the mud
bed surfaceThe mud surfaces very smooth at the start of the tedtigure5.2.13shows the EROMHEG&be with

mud before, during and after the test.

The test with the propeller at 30 mm above the b&atfacedid not show any appreciable erosion of the mud
surfacefor the highest possible propeller speed equivalent to a-bbdar stress of 1.5 N/ffnseeTable5.2.12

After lowering the propeller to 10 m above the bed surface, erosion was generated at the highest propeller
speed, which is equivalent with a bezhear stress of about 2 Nfn
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Figure5.2.13 EROMES&ibe after filling

with Payra mudleft), with water and propelle(rmiddle)

and at end of test (right)

Sample | Wet and | Propeller | Number | Bed Turbidity Erosion description
dry bulk | height revolu shear | in water
density | above tions stress | column
(kg/m3) | bed (m) | (/min) | (N/m?)
Payra 1800; 0.03 30-230 | 0-0.5 low very smooth initial bed surface; n
mud 1280 movement except some loos individu
particles; water becomes slowly mo
turbid
0.03 230370 | 0.51.5 | medium to| similar; very fine silt/clay particles ar
high eroded; bed surface is intact; no surfa
(max  1000| erosion; water very turbid, but propeller i
gll) visible
0.01 370 2 very high very turbid (dark grey colour) ; propeller
(10005000 not visible; severe surface/mass erosi
mg/l) near tube wall

Testing: 2 hours after preparation of sample; native saline water; water temperatureS; 2f= water depth@.15 m; ps=

percentage of sand;

Cmud=T dry Je/hw(@0.5-1.0 forde@.001 m and ary@500 kg/m3; high turbidit@0.5-1 kg/m3 (=5061000 mg/l)
pjv= propeller in middle just visible (50®0 mg/l); pnv=propeller in middle not visible (70000 mg/l);

Cohesionless sand of 150 to 2®® has onset value of about 8@ n n
Table5.2.12 Critical bedshear stress of Payra mud based on ERGIRHES

EROMES test Payra sand

NEZQa LISNJ YAydziS

The Payra sand sample consist of 93% sand (g&nd 7% fines (< 68n).

Thesandsurfaceis very smooth at the start of the tedtigure5.2.14shows the EROMHESbe before during

and after the test.

The test with the propeller at 30 mm above the b&tbwed initiation of rolling particles at a bethear stress of

about 0.2 N/n%; initiation of suspension was observed at a ksdtbar stress of 0.4 N/fnseeTable5.2.13
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\
Figure5.2.14EROMES&ube after filling withPayrasand (left), with water and propeller (right)

Sample | Wet and | Propeller | Number | Bed Turbidity Erosion description
dry bulk | height revolu shear | in water
density | above tions stress | column
(kg/m3) | bed (m) | (-/min) | (N/m?)
Payra 1925; 0.03 30-140 | 0-0.2 low very smooth initial bed surface; no moveme
silty 1480 except someloose individual particles; n
sand suspension; water becomes slowly mqg
6LBAT turbid
0.03 140200 | 0.20.4 | medium rolling of particles; initiation of suspensio
propeller is visible; 109%0% of bed surface i
moving
0.03 200240 | 0.40.6 | high turbid water; 50%-100% of bed surface i
(2000 mgl/l) movingsuspension everywhere; propeller
just visible

Testing: 2 hours after preparation of sample; saline water; water temperature2C20.~= water depth@.15 m; ps=
percentage of sand;

Cmud=T dry de/hw(@0.5-1.0 forde@.001 m and 4¢ry@500 kg/m3; high turbidit@0.5-1 kg/m3 (=5061000 mg/l)
Table5.2.13Critical bedshear stress of Payra sand based on ERGBHES

Flume tests Payra mud=P1280ps20%

The test was done with Payra mud having a dry bulk density of about 1286 &gda percentage of sand of
aboutps=20%.

ThePayra mudvas poured slowly in the metal tray of measurement sectibime dry density of the mud bed
was about 1280 kg/fhh The mudsamplehad a soft muddy texture with a very smooth surface. Some irregularities
of the smoothing procedure are visible at the bed surface, Bigare5.2.15 The Ottpropeller sensor was
installed above the rigid flume bottom at about 1 m upstream of the mudi@e@nd the flume was filled with
fresh water.The water depth was 0.2 rithe time period between bed preparation and flume test was about 1
hour.

The velocity of the fresh water flow was raised in steps from 02rtds to observe the behaviour of theud
surface, seeTable5.2.14. Small water surface undulations (about 2 cm high) were generated at the flume
entrance section during consitions with relatively high velocite8.7 m/s)

Figure5.2.16shows the bed surface at the end of the tegth maximum velocity of about 1 m/sThe bed is
almost fully in tactMinor erosion with sall erosion grooves visible. The ttal erosionduring the testis about
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1 to 2 mm over the complete area of the tray (40x4Ccrithe bed surface is very soft. A fingerdan be very
easily pushed into the bed surface.

Figure5.2.16 Bed surface at end of test; tray with mud (left); detail of surface (middle); small pit with depth of
5 cm made irsurface (right)

Time Water | Mean Bed Ersion of bed surface Bed Bed
depth | velocity shear rough load
at 8 cmj| stress ness fine sand
above Chezy
bed (mm) (g/mls)
(hrs) (m) (m/s) (N/m?) (m®%/s)
1355 | 0.2 0.27 0.1 very smooth surface; no movemen{ <0.1 n.m.
14.00 water turbid 80-90
14.06 | 0.2 0.39 0.21 similar; no movement at surface <0.1 n.m.
14.06 80-90
14.06 | 0.2 0,57 0.44 similar; mud patches (remainings fro| <0.1 22 gram; 10 min
14.24 filling procedure) at dowmstream flum( 80-90 0.1 gram/m/s
bottom areeroded away
14.24 | 0.2 0.65 0.58 no movement at bed surface; water ve| <0.1 38 gram; 15 min
14.40 turbid 80-90 0.1 gram/m/s
14.46 | 0.2 0.77 0.8 local pit erosion at bed surface; n <0.1
14.48 general movement; watevery turbid 80-90
1448 | 0.16 1.0 15 minor local erosion at bed surface; r <0.1
14.50 general movement; water very turbid | 80
14506 | 0.15 1.03 1.65 minor local erosion at bed surface; r <0.1 22gram; 12 min
15.00 general movement; water very turbid | 80 0.08 gram/m/s

n.m.= not measured; water temperatu@8-20° C
Table5.2.14Erosion flume tests with Payra mud; fresh water
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Based on the results of this test, the critical kstbar stresses fahe Payramud bed (gana@20%) with dry
density of about 1280 50 kg/nare estimated to be about:

9 initiation of minor sand erosion: tb,ersand=0.350.45N/NY; Uersane= 0.55 m/s;
{ initiation of minor mud erosion (erosion rate < 1 géfis): tpcre=0.7-1.5 N/n¥; Uermud= 0.95 m/s;
1 initiation of mass erosion (local erosion rate > 10 ¢f&N tpcrmass> 2 N/nF; dmass= 1.3 m/s.

The depthmean critical velocies are computed as & C {vcr (1 g)I° with C=Chézgoefficient= 90 h%s
(water depth= 8m; bed roughness = 0.001 nfluid density = 1020 kg/m?3 and g=9.81 m/s2.

Given these results, the bed surface of the sandy areas in the coastal zone avMadastable up to velocities
of about 0.4 m/s. Inititiation of sand suspension is estimated to start at velocities of about 0.55 m/s.
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5.3 Erosion tests ofartificial, moulded mud-sand beds
5.3.1 General

Most natural mud beds are mixtures cfy/lutum (<2 mm), silt(2-63 nm) and fine sand> 63 nm).

The mud from the harbour area of Noordpolderzijl contains al39% to 35% of fine sand.

To study the effect of the percentage of fine sand on the erosive properties of a muddrémljs mixtures of
mud and sand have been preparadificially. The percentage of sand was varied in the range of 259 %@
Fine sand was added and mixed with the base mud to obtain the desireesamedmixture (see Section 5.3.1).
Two types of fine g&d have been use(see Table 3.1)ery fine sand of about®rm (percentage of fines 63
mm of about 15% and fine sand of@ mm (percentage fines <3dmm of about 1%)

5.3.2 Preparationof mud-sandmixtures

The mudsand mixtures have beeprepared bythe addingmixing of dry fine sand(with mass Mhial,added iNt0 a
given volume of mudVo) from the base mud containerith known wet/dy density fweto; I dry,0) and known
percentage of sand {ga,9. The volume Vis about 10 to 15 liter tdill the deepened section of the flume bottom,
seeFigure2.1.

Mass of mud and sand in volumei%* Mmud+sand,& I dry,0 Vo

Mass of sand in volume, \é: Msand,&= (Psand 100) I dry,0 Vo

Mass of mud in volumeo\s: Mmudo= (EPsand100) I dry,0 Vo

Mass of added sand Msand,addeE Qand,addec,\/ltotal,added

New mass of sand is: Msand,ne\A/:Msand,o+ leand,ad@d

New mass of mud and sand is: M mud+sand,new I dry,0 Vo + Motal,added

New volume of mud and sand is: View= Vb + Miotal added I' s

NeW percentage Of Sand |S psand’neW: (Nkand,nev“\/l mud+sand'ne\)xloo%
New dry density of mudand mixture is: I dry,new = (Mmud+sand,nedVnew) =

= (I' dry,oVo+MtotaI,added)/(V+ Motal,addec{r s)

Example
Given: Vo =15 litermud+sand= 0.015 M; pand,o= 25%;r weto= 1400 kg/m;

Totalmass addedMiotal,added= 2.5 K Psand,added 90%, Rud,added100%90%=10%
Question: What is percentage of sand, and dry bulk density of new-sartd mixture?

Solution:

I ary,0= 611 kg/n%

Mmud+sand,& I dry,o Vo = 9.16 kg

Msand,&= Psand! dry,0 Vo = 2.29 kg and Mud.o= (IPsand I dry.0 Vo= 6.87 kg/rﬁ

M sand,new=Msand,ot psand,addecxMtotaI,addz 2.290,92.5 = 429 +2.25=4.54kg
Mmud+sand,nevF I dry,0 Vo + Mtotal,added: 9.16+2.541.66 kg

View= \b + Mtotal,adde(!r s=0.015 + 2.5/2650 = 0.01594 m

Psand,new= (l\/kand,nev“\/I mud+sand,ne\)X100%: (‘5-4/11.66)X100 3%

I dry,new— (r dry,oV0+MtotaI,added)/(V+ Motal,addet!r s) =11.66/0.01594 = 732 kgf’m
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5.3.3 Noordpolderzijl mud;initial dry mud density 0530 kg/m?3; psana @45% (MarchJune2017)

Flume test IN530-ps45%

TheNoordpolderzijimud of the base containeaboutr 4y=425 kg/n¥) was mixed first and fine sands§@.095

mm, seeTable 3.} was added to obtain a mixture with a sand conten#t6% (based on sample analysighe

dry bulk density was about3® kg/m? (wet density of 1345 kg/f) based on samples taken by a syringe (50 ml).
The mudsand mixture had a very soft muddy texture after mixing, Sigeire 5.31.

A mud layer with a height of 0.06 m was made in the mud compartment (maximum depth of 0.05 m in the
middle) of the flume whickvas enclosed by temporary woorden walls on both sides. After a consolidation period
of about 22 hours, the excess mud about of 5 mm high was removed by scraping horizontally in downstream
direction using a window wiper. This resulted in a flat horizomtatl surface flush with the flume bottomThe

time between the preparation of the mud surface and the start of the test was abbour. The top surface of

the bed showed light grey stripes indicating the presence of fine,ss®&dFigure 53.2.

The Ottpropeller sensor was installed above the rigid flume bottom at about 1 m upstream of the mud section.
The OBS3+ sensor was installed above the rigid flume bottom at about 1 m downstream of the mud section.
The velocity othe fresh water flow was raised steps from0.2to 0.9 m/s to observe the behaviour of the mud

bed surface, se@able 53.1. Small water surface undulations (abazitm high) were generated at the flume
entrance section during consitions with relatively high velocites.

Long and narrow gawves were generated (mass erosion) in the mud bed surface at a mean velocity of about 0.6
0.7 m/s These grooves extended gradually in length and in width. ABOUt of the mudsection wasroded at

the end of the test.

The total eroded mass at the end of the test was al®liters or6x530=3120grams of dry mud over an area of
0.4x0.69.24 m? during a period of about@ minutes resuing in a mass erosion rate of 2Pams/nt/s at a
velocity of about 0.75 to 0.9 m/s

Theerosion rate from the grooves is much less (<0.1 gigimat a mean velocity of 0.4. The erosion rate (mass
erosion) increases to about 5 grffa at a mean velocity of 8.m/s

Based on the results of this test, the critical b&tkar stresses for a muad (psana@50%)with dry density of
about530 kg/mare estimated to be about:

9 initiation of minorsurface eroison of sand tbere= 0.30.4N/m?;
1 initiation of minorsurface erosion of mu¢ocal erosion rate of < 0.1 grfs): tpcre= 06-0.7N/m?;
1 initiation of mass erosionf mud (local erosion rate of 220 gr/m?/s): tocrai= 1.0-1.2 N/m?2,
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Time Water | Mean Bed Mud concentration Erosion of bed surface Bed rough | Bed
depth | velocity shear | OBS3+atlm ness load
at8cm stress | downstream of mud Chezy fine
above section (mm) sand
bed (mg/) (mP%/s)
(hrs) (m) (m/s) (N/m?) | counts mg/| (g/m/s)
(countsoffset)
11.31 | 0.2 0.17 0.04 350 (offset) bed surface is very smoot| - -
) @
11.34 0.2 0.32 0.14 425 <10 minor movement of <0.1; n.m.
(75) individual particlesnud 80-90
11.41 0.2 0.43 0.25 575 <20 minor movement of <0.1; 0.007
(225 individual particles; rolling| 80-90
sand particles depositing
in small depressions
12.06 | 0.2 0.52 0.40 600 <30 minor movement of <0.1; n.m.
(250 individual particles; rolling| 80-90
sand patrticles depositing
in small depressions
12.17 | 0.2 0.63 0.6 900 80 generation of small <03; 0.04
(550 grooves and mud clouds; | 70-80
grooves grow slowly
bigger(length=250 mm,
width=50 to 100 mm;
depth=5 mm)
minor vibration of bed
surface
12.32 | 0.2 0.66 0.65 1100 100 slow growth of grooves <0.3 n.m
(750 70-80
12.34 | 0.2 0.72 0.75 1550 200 mud clouds eroded from | <0.3; n.m
(1200 cws=14 | grooves; OBS is not visibl{ 70-80
0
12.39 | 0.2 0.75 0.85 1700 200 mud clouds eroded from | <0.3; n.m
(1350 grooves 70-80
12.412 | 0.15 0.9 12-1.4 | 3200 500 Mass erosion of mud; bed <0.3; n.m
12.45 (2850) collapses; 60% of bed is | 70-80
end cws= eroded; mudayer is
1900 middle is 20 mm high

n.m.= not measuredwater temperatureal4° C
cws= concentration based on watsediment sample of 50 ml
Table 53.1 Erosiorflumetests with mud bed (dry mud densit$30 kg/m?3; 45% sand)fresh water
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Figure 5.3.2Mud bed before the testR530-ps45%

EROMES testN530-ps45%

TheNoordpolderzijimud of the base containeaboutr 4y=425 kg/n¥) was mixed first and fine sands§@.095

mm) was added and mixed again resulting in a dry buk density of aB@kdgdm?® (similar to that used in the
flume test). The mud was used to fal small wooden frame, se®ection5.2.1andFigure 52.2).

The consolidation between the preparation of theud bed in the tube and the start of the test was abdgt
hours. Just before the test, the tube was carefully filled with seawater (about 1.2Tiherheight of the water
column was about 150 mnThe water temperature was 2.

The propeller was inatled at the prescribed 30 mm above the mud surface. The OBS3+ optical sensor was
mounted in the tube (at about 80 mm from the mud surface).

The number of propeller revolutions {Nvas raised in steps (10 to 20) from 50 to the maximum value of 350 to
observe the behaviour of the mud bed surface. The total test duration was about 1 hours.

The maximum erosion layer at the end of the test wdsnm. Mass erosion cannot be generated in the EROMES
tube.
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The number of propeller revolutions §Nwas raised irsteps (10 to 20) from 50 onwards to observe the
behaviour of the mud bed surface, s€able 53.2.

The erosion rate is about 0.03 to 0.05 gf/mfor a shear stress df 0.2 N/m? (seeTable 53.2).

The critical beeshear stress of surface erosion is assumed to be abhdwm? for a mud bed with a layer
averaged dry density &30 kg/m?® and45% sand.

The total erosion layer at the end of the EROMESSs is approximately:

de= (Gnud,end I ary) hw= [(0.3kg/m?)/530(kg/m®)]x 0.17 (m) = 0.0009 m@0.1 mm after abouB0min.

Time Number of | Mud concertration Estimated | Estimated Erosion of bed surface
revolutions | counts mg/l | bed-shear | erosion rate
(Np) per (countsoffset) stress
(s) minute (N/m?) (gram/m?/s)
0-500 70-140 900 (offset) <10 | <01 <<001 clear water;no mud erosion of
(0) surface;

rollingand suspendegarticles
(silt-sand 36100 m) eroded
from top surface layer;

mud flakes (< 5 mm) are

suspended

500900 | 140-230 1600 100 0.250.5 <0.01 similar; mud flakes are broken
(700) into smaller flakes

900 230310 2400 180 0.50.9 <0.01 clear water with suspended mud
1200 (1500) flakes
1200 310350 2600 200 0.91.2 <0.03 turbid water with suspended mud
1500 (1700) flakes; propeller visibte

generation of small groove
1500 350-380 2800 220 1.2-1.4 <0.05 turbid water with suspended mud
1800 (1900) (cws= flakes; propeller visible;

160) generation of small groove

(length=20 mm; width=5 mm)

cws= concentration based on watsediment sampl€50 ml)at end of test
Table 53.2 Erosion results of EROMES tesNSBO-psA5% dry bulk density530 kg/m® (seawater);
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5.34 Noordpolderzijl mud;initial dry mud density of700kg/m?3; psana @65% (March-June2017)

Flume test AN700-ps55%

TheNoordpolderzijimud of the base containeaboutr 4y=425 kg/n¥) was mixed first and fine sands§@.095

mm, seeTable 3.} was addedo obtain a mixture with a sand content 65%(based on sample analysi$he

dry bulk density was about 700 kgfifwet density of 1451465 kg/n¥) based on samples taken by a syringe (50
ml). The mudsand mixture had a soft muddy texture after mixing, Bégure 5.33. A mud layer with a height of
0.05 mand a flat horizontal surfac&as made in the mud compartmenthich was aglushas possiblevith the
adjacent bottom of the flumeThe time letween the preparation of the mud surface and the start of the test
was about 20 hours. The top surface of the bed showed light grey stripes indicating the presence of fine sand
and some grooves with depth of 1 mm were visible.

TheOtt-propeller sensor was installed above the rigid flume bottom at about 1 m upstream of the mud section.
The OBS3+ sensor was installed above the rigid flume bottom at about 1 m downstream of the mud section.
The velocity othe fresh water flow was rael in steps fronD.2to 0.95 m/s to observe the behaviour of the
mud bed surface, se€able 53.3. Small water surface undulations (about 2 cm high) were generated at the
flume entrance section during consitions with relatively high velocites.

The erosiorrate from the grooves is minor (<0.1 giffs) at a mean velocity of 0.4.

The erosion rate (mass erosion) increases to about 5%s/at a mean velocity of 0.7 m/s

Long andwide groovesare generated (mass erosion) in the mud bed surface at a mean vweloicabout 05-

0.95 m/s. These grooves extended gradually in length and in wisktleFigure 5.3.3 About70% of the mud
section was eroded at the end of the test. The total eroded mass at the end of the test was7dliers or
7x700@6000grams of dry mud over an area of 0.4x0.6=0.Z4loring a period of aboud minutes resulting in

a mass erosion ratefd00grams/n¥/s at a velocity of about 0.9 m/s.

Based on the results of this test, the critical bstkar stresses for a mud bed{ja@55%) with dry density of
about 520 kg/mare estimated to be about:

9 initiation of minorsurface erosion ofand: toere= 03-0.4N/m?
{ initiation of minorsurfaceerosionof mud {nitiation of groove¥. tpcre= 05-0.7 N/m?
1 initiation of mass erosion (local erosion ratel0gr/m?/s): toorfai=1.0- 1.2N/m?2,

Figure 5.3.3Left: Mud incontainer before the test-N700-psb5%
Right:Erosion of gpoves in mud surface
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Time Water | Mean Bed Mud concentration Emsionof bed surface Bed Bed
depth | velocity shear | OBS3+at1lm rough load
at8cm stress | downstream of mud ness fine sand
above sectiort 0.040.08 m Chezy
bed above bottom (mm)
counts mg/l
(hrs) (m) (m/s) (N/m?) | (countsoffset) (m®%s) | (g/mis)
11.12 | 0.2 0 - 500 (offset) bed surface is very - -
0) @o smooth; water turbid
11.19 0.2 0.14 - 500 <10 minor movement of <0.1; n.m.
(0) individual particlesnud 80-90
11.21 0.2 0.23 0.07 650 <10 minor movement of <0.1; n.m
(150) individual particlesnud, 80-90
11.28 0.2 0.27 0.1 650 <10 minor movement of <0.1; 0.001
(150) particles; rolling sand 80-90
11.33 0.2 0.29 0.12 650 <10 | similar <0.1; n.m.
(150) 80-90
1156 | 0.2 0.33 0.15 650 <10 similar <0.1; n.m
(150) 80-90
12.04 | 0.2 0.36 0.18 650 <10 similar <0.1; n.m
(150) 80-90
12.09 | 0.2 0.38 0.2 650 <10 turbid water; erosion of <0.1; 0.006
(150) mud/sand from grooves | 80-90
12.19 0.2 0.42 0.25 650 <10 similar; flakes break loose| <0.1; n.m.
(150) from surface layer; 80-90
initiation of grooves
12.23 | 0.2 0.47 0.35 700 30 mud clouds from grooves;| <0.3; 0.018
(200) long groove of 150 mm; 4( 70-80
mm wide; 10% grooves o
surface; 90%lat surface
1235 | 0.2 0.530.57 | 0.5 750 50 similar; slow gowth of <0.3; n.m.
(250) grooves 70-80
12.43 | 0.2 0.60-:0.64 | 0.65 850 60 similar;slowgrowth of <0.3; n.m.
(350) grooves 70-80
12.48 | 0.2 0.67 0.8 1000 70 mud clouds from grooves;| <0.3; 0.02
(500) 20% grooves; 80% smoot| 70-80
1258 | 0.2 0.73 1.0 1050 80 similar <0.3; n.m.
(550) 70-80
13.00 0.15 0.95 1.6 1100 CWS= | more grooves <0.3; n.m.
(600) 70 70
mg/l
13.1%+ | 0.15 0.95 1.8 1500 200 mass erosion from <0.3; n.m
13.14 (1000) grooves; 60% grooves; 70
40% flat, smooth without
erosion (mostly upstream
13.14 | 0.15 0.95 1.8 n.m. cws= | stick used to make small n.m.
13.16 (black turbid | 860 hole upstream; mass
water) mg/l | erosion of bed in 2 min
black clouds; erosion
depth in middle=35 mm;

n.m.= not measuredwater temperaturg@l 5’ C

cws= concentration based on watsediment sample of 50 ml

Table 5.3.3 Erosiorflumetests with mud bed (dry mud density®0kg/m?; 55% sand); fresh water
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EROMES testE700-ps55%

TheNoordpolderzijimud mixture with 5% sandvas used to fill a small wooden frame, seection 5.2.1and
Figure 52.2).

The consolidation between thgreparation of the mud bed in the tube and the start of the test was about 18
hours. Just before the test, the tube was carefully filled with seawater (about 1.Z2Therheight of the water
column was about 180 mnThe water temperature was 2.

The propeller was installed at the prescribed 30 mm above the mud surface. The OBS3+ optical sensor was
mounted in the tube (at about 80 mabovethe mud surface).

The number of propeller revolutions {Nwas raised in steps (10 to 20) from 70 to the maximum value of 350 to
observe the behaviour of the mud bed surface. The total test duration was diominutes The basic data are
given inTable 5.3.4

The maximum erosion layer at the end of the testsxx 1 mm. Mass erosion cannot be generated in the EROMES
tube.

At end of test, the propeller was lowedl to a level of 10 mm above the bed (in stead of 30 mm). Even at the
highest speed of }+350, the OBSoncentration did not increas@go additionsal ersion of mud from the mud
surface).

The total erosion layer at the end of the EROMESSs is approximately:
de= (Gnud.end I ary) hw=[(@ kg/m?)/700 (kg/m?)] x 0.18 (m) = 0.008 m @0.3 mm after about B min.

The erosion layer is about 0.1 mm ataid conentration of cmud= 0.0001x700/0.18=0.4 kgimwhich occurs
at a shear stress of anout 04 N/m? which is defined as initiation of mud erosion.

The critical beeshear stress of surface erosion is assumed to be abot@.@.8/m? for a mud bed wth a layer
averaged dry density of 700 kgfrand %% sand.
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Time Number of | Mud concertration Estimated | Erosion of bed surface
revolutions | counts mg/l | bed-shear
(Np) per (countsoffset) stress
(s) minute (N/m?)
0 0 1200 (offset) <10 |<0.1 clear water
0)
0-60 80 1200 <10 0.1 clear water;individual suspended
(0) particles
60-300 100 2000 80 0.13 clear water;individual suspended
(800) particles
300540 | 110 3100 200 0.14 turbid water; propeller clearly
(1900) visible
540660 | 130 3500 250 0.19 similar
(2300)
660840 | 140 3900 300 0.22 turbid water; propeller visible
(2700)
840 170 4500 350 0.3 turbid water; propeller visible
1020 (3300)
1020 190 4700 400 0.35 turbid water; propeller visible
1260 (3500) cws=
160
mg/|
1260 200 5200 450 0.4 turbid water; propeller visible;
1380 (4000) bottom not visible
1380 210 5700 500 0.45 very turbid water; propeller
1500 (4500) visible
1500 230 5900 650 0.5 propeller not visible
1620 (4700)
1620 250 6000 700 0.6 propeller not visible
1680 (4800)
1680 270 6500 7500 | 0.75 propeller not visible
1840 (5300)
1840 300 6800 800 0.9 propeller not visible
1960 (5600)
1960 330 6900 850 1.1 propeller not visible
2020 (5700)
2020 350 7100 900 1.2 propeller not visible
2080 (5900)
cws=
850
mg/|

cws= concentration based on wateediment sampl€50 ml)at end of test
Table 5.34 Erosion results of EROMES teBI7B0-ps55%; dry bulk density00kg/m? (seawater);
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5.3.5 Noordpolderzijl mud;initial dry mud density 0fL100kg/m?3; psana @80% (Marchlune2017)

Flume test AN1100-ps70%

TheNoordpolderzijimud of the base containeaboutr 4y=425 kg/n¥) was mixed first and fine sands§@.095

mm, seeTable 3.} was added to obtain a mixture with a sand conten70%s(based on sample analysighe

dry bulk density was about 1100 kgfifwet density of 165@.700 kg/n?) based on small subsamples. The mud
sand mixture had a soefirm muddy texture after mixing, seFigure 5.34. A mud layer with a height of 0.05 m
and a flat horizontal surface was made in the mud compartment which was as flush as possible with the adjacent
bottom of the flume. The time between the preparation of the mud surface and the start destevas about

20 hours.

The Ottpropeller sensor was installed above the rigid flume bottom at about 1 m upstream of the mud section.
The OBS3+ sensor was installed above the rigid flume bottom at about 1 m downstream of the mud section.
The velocity d6the fresh water flow was raised in steps fra2 to 0.95 m/s to observe the behaviour of the
mud bed surface, se€able 53.5. Small water surface undulations (about 2 cm high) were generated at the
flume entrance section during consitions witklatively high velocites.

R —

Figure 5.3.4Upper: flume setip
LowerLeft: Sandmudbefore the test lN1100ps70%LowerRight: Bed surface after the test
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The erosion rate from the grooves is minor (<0.1 gfénat a mearvelocity of 05.

Long and wide grooves are generated (mass erosion) in the mud bed surface at a mean velocity of8about 0.
0.95 m/s. The total eroded mag®cal)at the end of the tesis estimated to beabout 100 grams/rfis at a
velocity of about 0.9 m/s.

Based on the results of this test, the critical bsttkar stresses for a mud bed{ja@80%) with dry density of
about1100kg/m?are estimated to be about:

9 initiation of minor sand erosion: tbere=0.3-0.4N/m?;
1 initiation of minor muderosion initiation of grooves(erosion rate < 0.1 gr/Afs): tpcr.e=0.4-0.6 N/m?;
1 initiation of mass erosion (local erosion ratel0gr/m?/s): toorfai=1.2-1.4N/m?,
Time Water | Mean Bed Mud concentration Erosion of bed surface Bed Bed
depth | velocity shear | OBS3+atlm rough load
at8cm stress | downstream of mud ness fine sand
above section; 0.040.08 m Chezy
bed above bottom (mm) (g/m/s)
(hrs) (m) (m/s) (N/m?) | (mg/l) (mP/s)
counts mg/I
(countsoffset)
11.17 | 0.2 0.2 0.055 | 400 (offset) bed surface is very <0.1 -
0) @o smooth; water turbid 80-90
11.25 0.2 0.4 0.22 600(200) 30 bed surface is very <0.1 0.0083
smooth; water turbid 80-90 (10
minutes)
11.46 | 0.2 0.51 0.40 750(350) 50 small craters and grooves| <0.1 0.025
locally (max 40 mm long; | 80-90 (20 min)
mm deep)
1159 | 0.2 0.65 0.60 900(500) 70 more grooves (2 mm <0.3 0.05
deep); ottpropeller visible| 70-80 (10 min)
12.13 0.2 0.71 0.8 950(550) 80 similar <0.3 -
80-90
12.17 0.2 0.77 0.9 1050(650) 90 similar <0.3 -
70-80
12.21 0.17 0.90 13 1150(750) 100 long grooves <0.3 0.05
(max 400 mm) 70-80 (10 min)
12.32 | 0.15 0.95 16 - - similar; mass erosion at | <0.3 -
small local disturbances | 70-80

n.m.= not measuredwater temperature@l 5’ C
Table 5.35 Erosiorflumetests with mud bed (dry mud densit§£00kg/m?; 70% sand); fresh water

EROMES testE1100-ps70%

TheNoordpolderzijimud mixture with70% sand was used to fill a small wooden frame, Seetion 5.2.1and
Figure 52.2).

The consolidation between the preparation of the mud bed in the tube and the start of the test was about 18
hours. Just before the test, the tube was carefully filled wehwater (about 1.2 literfhe height of the water
column was about 20 mm.The water temperature was 2.

The propeller was installed at the prescribed 30 mm above the mud surface. The OBS3+ optical sensor was
mounted in the tube (at about 80 mabove the mud surface).

The number of propeller revolutions {Nwvas raised in steps (10 to 20) from 70 to the maximum valu8@f$
observe the behaviour of the mud bed surface. The total test duration was &5ouinutes. The basic data are
given inTable 5.36. At end of test, the propeller was lowered to a level of 10 mm above the bed (in stead of 30
mm). Small depressions are visible at the end of the test (propeller at 10 mm aboveskeHjgure 5.35.
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Based on the test resultdhe critical bedshear stresssof surface erosioffior a mud bed with a layesveraged
dry density of 1100 kg/fand 70% sandare assumed to be about:

9 initiation of surface erosion of mud: tpcre=0.5-0.8 N/m?

9 initiation of mass erosian there=2-2.2 N/m2

Time Number of | Mud concenration Estimated | Erosion of bed surface
revolution | counts mg/l | bed-shear
s (\p) per | (countsoffset) stress
(s) minute (N/m?)
0 0 700 (offset) <10 |<0.1 clear water
Q)

0-120 70 850 (150) 20 clear water;individual
suspended particles

120-300 110 1200 (500) 70 clear water;individual
suspended particles

300420 130 1350 (650) 80 clear water;individual
suspended particles

420540 150 1500(800) 90 0.25 sand particles rolling over
surface

540600 170 1650 (950) 100 similar

600-720 190 1800 (1100) 120 similar

720840 210 1900 (1200) 130 similar

840900 230 2100 (1400) 150 0.5 similar; propeller visible

900-1020 250 2300 (1600) 170 similar

10201200 | 270 2400 (1700) 190 similar

12001380 290 2500(1800) 200 0.8 small crater (5 mm); propeller
visible clouds of fine sand

13801500 | 310 2600(1900) 230 0.95 slow growth of crater

15001680 | 330 2700 (2000) 250 1.1 similar

16801800 350 2900 (2200) 300 1.3 similar

18002040 | 370 3400 (2700) 400 15 small grooves; propeller visible

Propeller at | 380 >10000 1000 | 2.0-2.2 initiation of mass erosion

10 mm

20402100

cws= concentration based on watsediment samplé50 ml)
Table 5.36 Erosion results of EROMES teBlEO0-ps70%; dry bulk densit§100 kg/m?3 (seawater)
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5.3.6 Noordpolderzijl mud;initial dry mud density 0f1450kg/m?; psana @75% (MarchJune2017)

Flume test AN1450-ps75%

The Noordpolderzijlmud of the base containerabout r 4n= 425 kg/n¥) was mixed first andery fine sand
(dso@.095 mm, seeTable 3.} was added to obtain a mixture with a sand content76% (based on sample
analysis) The dry bulk density was about 1450 kd/twet density of 185@950 kg/nf) based on small
subsamples. The mughnd mixture had a lumpy texture after mixing, $égure 53.6. A mud layer with a height

of 0.05 m and a flat horizontal surface was made in the mud compartment which was as flush as possible with
the adjacent bottom of the flume. The time between the preparation of the mud surface and the start of the test
wasabout 1 hour.

The Ottpropeller sensor was installed above the rigid flume bottom at about 1 m upstream of the mud section.
The OBS3+ sensor was installed above the rigid flume bottom at about 1 m downstream of the mud section.
The velocity othe fresh water flow was raised in steps frdh2 to 0.95 m/s to observe the behaviour of the
mud bed surface, se€able 53.7. Small water surface undulations (about 2 cm high) were generated at the
flume entrance section during consitions with relativelythiglocites.Figure 5.3.6hows the bed at the end of

the flume test.

Figure 5.3 Sandmud mixture with75% fine sand (lumpy texture)

Small craters and small groova® generated (mass erosion) in the mud bed surface at a mean velocity of about
0.80.95 m/s. The total eroded mass (local) at the end of the test is estimated to be dl#el®0 grams/m/s

at a velocity of about 0.9 m/s.

Based on the results of this teshe critical bedshear stresses forsandmud bed (Rana@75%) with dry density

of about ¥50kg/m3are estimated to be about:

9 initiation of minorsurface erosion ofand: there= 0.5-0.35 N/m?;
1 initiation of minorsurface erosion of mudr(tiation of grooves):  tpce= 06-0.8N/m?
1 initiation of mass erosion (local erosion rate >040/m?/s): toorfai= 14 - 1.6 N/m2,
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Figure 5.37 Bed suraface at end of flume te366 sand)

Time Water | Mean Bed Mud concentration Erosion of bed surface Bed Bed
depth | velocity shear | OBS3+atlm rough load
at8 cm stress | downstream of mud ness fine sand
above section; 0.040.08 m Chezy
bed above bottom (mm) (g/m/s)
(hrs) (m) (m/s) (N/m?) | (mg/l) (mP/s)
counts mg/|
(countsoffset)
14.00 | 0.2 0.28 0.11 1300 (offset) bed surface is very <0.1 -
0) @no smooth; water turbid 80-90
14.02 | 0.2 0.34 0.16 1350 <10 | similar <0.1
(50) 80-90
14.04 | 0.2 0.4 0.22 1375 <10 similar, erosion of top <0.1 BLT1
(75) layer ;rolling particlesod | 80-90 0.025
mud/sand
14.17 0.2 0.45 0.28 1400 10 similar <0.1
(100) 80-90
1422 | 0.2 0.52 0.37 1450 20 similar <0.1 BLT2
(150) 80-90 0.055
1436 | 0.2 0.66 0.6 1600 50 similar <0.1 BLT3
(300) 80-90 0.027
1449 | 0.2 0.76 0.8 1750 70 small craters (5 mm) <0.1 BLT1
(450) 80-90 0.015
15.03 | 0.17 0.88 1.3 1800 80 similar <0.3 -
(500) 70-80
15.05 | 0.15 0.95 1.6 2000 100 growth of crater; small <0.3 -
(700) grooves (30 mm;-2 mm | 70-80
deep); erosion from
craters; initiation of mass
erosion at disturbances

n.m.= not measuregdwater temperature@l 5’ C

Table 5.37 Erosiorflumetest with mud bed (dry mud densit}450 kg/m?; 75% sand); fresh water
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EROMES testN1450-ps75%

TheNoordpolderzijimud mixture with75% sand was used to fill a small wooden frame, Seetion 5.2.1and
Figure 52.2).

The consolidation between the preparation of the mud bed in the tube and the start of the test was about 1
hours. Just before the test, the tube wearefully filled with seawater (about 1.2 liteFhe height of the water
column was about 170 mnThe water temperature was 2.

The propeller was installed at the prescribed 30 mm above the mud surface. The OBS3+ optical sensor was
mounted in the tube gt about 80 mm above the mud surface).

The number of propeller revolutions {Nwas raised in steps (10 to 20) from 70 to the maximum value of 380 to
observe the behaviour of the mud bed surface. The total test duration was about 35 minutes. The Eai@dat
given inTable 5.38. At end of test, the propeller was lowered to a level of 10 mm above the bed (in stead of 30
mm). Small depressions are visible at the end of the test (propeller at 10 mm above beeigsees.38.

Based on the results of #hiest, the critical begdhear stresseare estimated to be about:
9 initiation of minorsurface erosion of mud tpcre= 06-0.8N/m?;
1 initiation of mass erosionf mud toerfaii=1.4-1.6 N/m?.

Figure 5.33 Bed surface aftetEROME& st EN1450-ps75%
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Time Number of | Mud concenration Estimated | Erosion of bed surface
revolution | counts mg/l | bed-shear
s (\p) per | (countsoffset) stress
(s) minute (N/m?)
0 0 800 (offset) <10 |<0.1 clear water; very smooth
(0) surface

0-120 70 1000 (200) 20 <0.1 similar

120240 90 1000 (200) 0.1 similar

240-300 110 1000 (200) similar

300420 120 1000(200) similar

420540 140 1000 (200) similar

540600 160 1000 (200) similar

600720 170 1000 (200) 20 0.35 similar

720840 190 1050 (250) 0.4 fine sand is accumulated in
middle under propeller

840900 210 1100(300) 40 0.45 clouds of fine sand visible

900960 220 1150 (350) 40 similar

9601080 240 1200(400) 50 similar

10801200 270 1250 (450) 70 0.6 small craters (3 mm); propeller
very visible; many clouds of fing
sand

12001320 | 290 1250 (450) 70 0.85 similar

13201440 | 310 1250 (450) 70 0.95 similar

14401500 | 330 1250 (450) 70 1.1 similar

15001620 | 360 1350 (550) 80 1.4 similar

16201740 | 380 1400 (600) 90 1.7 growth of craters (5 mm); dark
flocs (3 mm) are suspended

Propeller at | 350-360 14004500 400 2.225 growth of craters to 20 mm; beq

10 mm (600-3700) cws= not visible; initiation of mass

17402220 250 erosion

mg/l

cws= concentration based on watsediment sampl€50 ml)at end of test
Table 5.38 Erosion results of EROMES teBlEB50-ps75%; dry bulk densit§450 kg/m? (seawater)

5.3.7 Noordpolderzijl mud;initial dry mud density 0f1450 kg/m?; psana @85% March-June 2017)

Flume test AN1450-ps85%

TheNoordpolderzijimud of the base containeaboutr 4= 425 kg/n¥) was mixed first and fine sands¢@0.18

mm, Figure 5.3.12was added to obtain a mixture with a sand conteh85% (based on sample analysis). The
dry bulk density was about 58 kg/m? (wet density of 185a.950kg/m®) based on small subsamples. The mud
sand mixture had a lumpy texture after mixingd a cohesi appearanceseeFigure 5.39. A sedimentlayer

with a height of 0.05 m and a flat horizontal surface was made in the mud compartment which was as flush as
possible with the adjacent bottom of the flume. The time between the preparation of the mud surface and the
start of the test was about3.hours.

The Ottpropeller sensor was installed above the rigid flume bottom at about 1 m upstream of the mud section.
The velocity othe fresh water flow was raised in steps frab2 to 0.6 m/s to observe the behaviour of the
sedimentbed surface, sedable 53.9. The mud concentrations were very small and estimated visually. Small
isolated sand ripplesvere generated at a deptimean velocity of about 0.48.5 m/s and trapped in the
downstream slot.
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Based on the results of this test, the critical bgftbar stresses forsandmud bed (Rana@85%) with dry density
of about 140 kg/mPare estimated to be about:

9 initiation of minorsurface erosion ofand: tbere= 0.2-0.3N/m?;
1 initiation of generation of small isolated sand ripples toore= 04 -0.5N/m?;
9 initiation of minor surface erosion of mud: there= 025-0.3 N/m2.

Figure 5.3.9Sandmud mixture with 85% fine sand (lumpy texture)
Upper: before the test; Lower: after the test during removal of sediment bed

86



Figure 5.3.10 Sandmud mixture with 85% fine sand (lumpy texture)
lighter spotsare sand spots whemaud film is removed due to erosion

Time Water | Mean Bed Mud concentration Emsion of bed surface Bed Bed
depth | velocity shear | OBS3+atlm rough load
at8 cm stress | downstream of mud ness fine sand
above section Chezy
bed (mm)
(hrs) (m) (m/s) (N/m? | (mg/l) (m®%/s) | (g/m/s)
10.40 | 0.2 0.23 0.11 bed surface is very smoot| <0.3; -
@0 with a thin mud film as top 70
layer; water is clear; no
movement
10.43 | 0.2 0.30 0.18 <5 movement of individual <0.3
sandmud particles 70
10.45 | 0.2 0.35 0.25 <10 mud film is removed <0.3 BLT1
11.02 locally and white sandy | 70 0.009

spotsarevisible;
movement at 5% of bed

11.05 | 0.2 0.41 0.33 @no similar; no ripples <03 n.m.
70

11.12 | 0.2 0.49 0.48 @0 small ischted ripples <03 BLT2

11.27 (height=1 mm; length=20 | 70 0.043

30 mm) move over
sediment bed and rigid
downstream bottom

11.28 | 0.2 0.6 0.7 <30 small craters are eroded | <03 BLT3
11.43 locally; sand enters 70 0.02
suspension immediately;
no isolated ripples

n.m.= notmeasured water temperature@l6° C
Table 5.39 Erosiorflumetest with mud bed (dry mud density450 kg/m?; 85% sand); fresh water
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5.3.8 Noordpolderzijl mud;initial dry mud density 0f1450 kg/m?3; psana @0% March-June 2017)

Flume test AN1450-ps90%

TheNoordpolderzijimud of the base containeaboutr 4y=425 kg/n¥) was mixed first and fine sands¢@0.18

mm, Figure 5.3.12was added to obtain a mixture with a sand contef®0%(based on sample analysis). The
dry bulk density was about 58 kg/m? (wet density of 185a.950 kg/m®) based on small subsamples. The mud
sand mixture had a lumpy texture after mixing and a cohesive appearancEjgee 5.311. A sediment layer
with a height of 0.05 m and a flat horizontal surface was made in the compartment which was as flush as
possible with the adjacent bottom of the flume. The time between the preparation of the mud surface and the
start of the test was about 1 hour.

The Ottpropeller sensor was installed above the rigid flume bottom at aldoon upstream of the mud section.
The velocity othe fresh water flow was raised in steps fra2 to 0.55 m/s to observe the behaviour of the
sedimentbed surface, se@able 53.10. The mud concentrations were very small and estimated visually. Small
isolated sand ripplesvere generated at a deptimean velocity of about 0-8.45 m/s and trapped in the
downstream slot.

Based on the results of this test, the critical bgftear stresses forsandmud bed (Rana@30%) with dry density

of about 140 kg/m3are estimated to be about:

9 initiation of minorsurface erosion ofand: toere= 0.20.25N/m?;
9 initiation of generation of small isolated sand ripples toeore= 04-0.45 N/m?;
9 initiation of minor surface erosion of mud: toere= 0.20.25N/m?2,

Figure 5.311 Sandmudmixture with 90% fine sand (lumpy texture)
Upper: before the test; Lower: after the test during removal of sediment bed
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Time Water | Mean Bed Mud concentration Erosion of bed surface Bed Bed

depth | velocity shear | OBS3+at1lm rough load
at8cm stress | downstream of mud ness fine sand
above section Chezy
bed (mm)
(hrs) (m) (m/s) (N/m? | (mg/l) (m°%/s) | (g/m/s)
12.25 | 0.2 0.23 0.11 bed surface is very smoot| <0.3; -
@10 with a thin mud film as top 70

layer; water isslightly
turbid; no movement

12.30 0.2 0.25 0.13 <20 movement of individual <0.3

sandmud particles 70
12.32 | 0.2 0.3 0.18 <20 mud film is removed <0.3 BLT1
12.47 locally and white sandy | 70 0.004

spotsarevisible;
movement at 5% of bed

1248 | 0.2 0.35 0.25 @0 similar; no ripples <0.3 BLR

13.06 70 0.013
13.08 | 0.2 0.44 0.4 @0 small isolated ripples <03 BLT3
13.23 (height =mm; length=20 | 70 0.048

30 mm v=015 m per
minute) move over
sediment bed and rigid
downstream bottom
13.27 | 0.2 054 0.6 <30 about 10% of surface is | <03 BLT3
13.42 moving; no mples; sand | 70 0.24
goes into suspension

n.m.= not measuredvater temperaturea@l 6’ C
Table 5.310Erosiorflumetest with mud bed (dry mud density450 kg/m?; 90% sand); fresh water

5.3.9 Noordpolderzijl mud;initial dry mud density 0f1450 kg/m3; psana @5% KMarch-June2017)

Flume test FIN1450-ps95%

TheNoordpolderzijimud of the base containeaboutr 4= 425 kg/n¥) was mixed first and fine sands¢@0.18

mm, Figure 5.3.12was added to obtain a mixture with a sand contefB5%(based on sample analysis). The
dry bulk density was about 58 kg/m?® (wet density of 185a.950 kg/n?) based on small subsamples. The mud
sand mixture had alighty dy andumpy texture after mixing, se€igure 5.313. A sediment layer with a height

of 005 m and a flat horizontal surface was made in the mud compartment which was as flush as possible with
the adjacent bottom of the flume. The time between the preparation of the mud surface and the start of the test
was 1 hour. The Ofpropeller sensor wamstalled above the rigid flume bottom at about 1 m upstream of the
mud section.The velocity othe fresh water flow was raised in steps frobn2 to 0.55 m/s to observe the
behaviour of thesedimentbed surface, se€able 53.11. The mud concentrations were very small and estimated
visually.Turbid water was present due to gradual loading of flume water with §edimens. Three tests with
85%, 90% and 95% sand were done successively on one day.

Threedimensional and ripples arggenerated at a deptimean velocity of about 0:8.45 m/s isolated sand
ripples moved over the rigid bottom surface desiream of the bedKigures5.3.14 and5.3.15).

Based on the results of this test, the critical bgtkar stresses forgsandmud bed (gana@95%) with dry density

of about 140 kg/mPare estimated to be about:

9 initiation of minorsurface erosion ofand: tbere= 015-0.2N/m?;
1 initiation of generation of sand ripples tbere= 03-0.5N/m?;
9 initiation of minor surface erosion of mud: there= 015-0.2 N/m2.
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Figure 5.3.12 Sand of 180m without mud

Figure 5.3.B  Sandmudmixture with $% fine sandglightlylumpy texture)
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Figure 5.3.4  Generation of sand ripples at sediment bed; 95% sand

Figure 5.3.5 Movement of isolated sand ripples over rigid bottom downstream of bed; 95% fine sand
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height=2030 mm);
transport layer of about 5(
mm high with suspended

sediment

Time Water | Mean Bed Mud concentration Emsionof bed surface Bed Bed
depth | velocity shear | OBS3+atlm rough load
at8cm stress | downstream of mud ness fine sand
above section Chezy
bed (mg/l) (mm) (g/mls)
(hrs) (m) (m/s) (N/m?) (mO9/s)
1432 | 0.2 0.20 0.08 bed surface is very smoot| <0.3; 0
@20 with a thin mud film as top 70
layer; water igurbid; no
movement
1440- | 0.2 0.29 0.17 @so0 movement of individual <0.3 BLT1
14.55 sandmud particlesas 70 0.02
rolling transport; thin
transport layer; 5%
moving
1458 | 0.2 0.38 0.29 @40 30% of surface is moving | <0.3 BLT1
15.13 (sandy spots); no clear 70 0.084
ripples at bed; isolated
ripples moving over rigid
bed
15.16 | 0.2 044 0.50 @50 3D ripples are generated;| <5 BLD
15.26 length=0.20.2 m; 60 0.42

n.m.= not measuredwater temperature@l 6° C

Table 5.311Erosiorflumetest with mud bed (dry mud density450 kg/m?; 95% sand); fresh water
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5.4 Erosion tests ofinmoulded,in situ mud-sand bedNoordpolderzijl(2017 and 2018)
5.4.1 General

In June 2017 and iMarch-April 2018, various mud surface samples were taken at the ocations B5 to B16 in
Noordpolderzijlusing the EROMHESbes, seeFigure3.2. Small samples were taken to determine the wet bulk
density. EROMESbe samples were taken at the same time to be tested in a local field laboratory, which was
setup in the building of the pumping station. The EROMIBE is pressed into the dry bed, tiserrounding mud

is removed and the tube is closed by using a bottom plate. Four locations could be sampled in one walk at low
tide; the tubes were placed in a small sledge which was towed to the field laboratory.

The dry bulk density and the percentagesahd (> 63rm) have been determined in the laboratory, sEable
5.4.4andFigure 3.3

In April 2018, four (undisturbed)-situ samples were taken at locations BY,, B9 and B13-{gure 3.2using a

small metal tray (length=0.4 m; width=0.4 m; height3s m), sed-igure5.4.3The tray is open at two sides and

can be pushed horizontally through the bed to sample a slice of mud. The tray with mud is placed into another
tray with closed sides and returned to the flume, where it is placed into the measmesection of the flume,

see Figure 5.4.3 To allow the sample to come to rest, the-situ sample was tested the next day
(resting/consolidation time of 15 hours).

5.4.2 Noordpolderzijl mud;Eromestests of insitu samplegJune 2017; March 2018)

EROMES tests June Z01EN400ps30% (IS)

In-situ EROMES tests have been done using mud samples from three locations (M03, M04 adand @D 1y

in the harbour basin are@rigure 3.2. At each location the perspex tube (without bottom plate) of the ERESM

was pushed into the bed surface over a height of about 100 mm. The mud around the tube was removed and
the bottom plate of the tube was carefully put in place to close the tube at the bottom side. After that, the tube
was removed from the bed in verticposition and returned to the local field laboratory and immediately tested

by installing and using the propeller. At each location, the wet bulk density of the mud surface was determined
by taking a small sample with a steel ring of 100Fgjures5.4.1and5.4.2show typical mud sampsfrom the

field site(after sampling and before testing)

The test results are presented Trables 54.1, 5.4.2and5.4.3.
The wet bulk density of the three field samples (thickness of about 0.03 m) vary in the rahgg0ofo 1465
kg/m?3 resulting in a mean value of 14000 kg/n?. Based on this, the dry bulk density is 8000 kg/n?. The
very wet soft top layer (say 3 to 5 mm) of the bed is assumed to have dry bulk density of about 480Tkg'm
percentage of sand @bout pan=30%.
The EROMES®suUlts can be used to determine the critical bsltkar stress for particle erosion and for surface
erosion, as follows:
9 particle erosion (particles and flocs suspended): revolutions per minute-E)@Qcritical beeshear
stress= 0.13 N/m
1 surface erosion (propeller and bed hardly visible): revolutions per minute=1&@0critical beeshear
stress= 0.3 N/rh

The critical stress at mass erosion (bed failure) cannot be determined from the ERESMES
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Figure5.4.1 EROMES tube after-gitu sampling; 13 June 2017

Time Number of | Mud concentration | Ersion of bed surface
revolutions | (mg/l)
(Np) per
(minutes) minute
0 0 @.0-50 Irregular bed surface, water slightly turbid
0-1 30 Similar
1-3 50 Fine particles move/roll along the bed
35 70 Fine particles and floee suspended
5-7 90 Water becomes turbid
7-9 110 Relatively large flocs are suspended
9-10 130 Similar
10-12 140 @200-400 Water very turbid
12-15 160 @500-700 Continuous erosion of bed surface; water very turbid; prope
hardly visible
1517 170 Bed surface hardly visible
17-19 190 Similar
1921 220 Similar
21-23 240 @10002000 Water almost black

mud layer thickness= 88 mm; water heightotumn=175 mm; propeller height above bed surface= 30 mm
water temperature= 18C; wet bulk density= 1465 kg/m
Table 5.4.1 In-situ EROMES test of mud sample from location;M33June 2017
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Time Number of | Mud concentration | Ersion of bed surface

revolutions | (mg/l)

(Np) per
(minutes) minute
0 @10-50 Irregular bed surface, water slightly turbid
0-1 40 Fine particles move/roll along the bed
1-3 60 Similar
35 80 Larger flocs move along bed surface; small particles are susper
5-7 100 Water is more turbid
7-9 130 Flocs areeroded from the bed surface
9-11 150 @200-400 Bed surface is smooth due erosion
11-13 160 @500-700 Water very turbid; propller hardly visible
13-15 190 Continuous erosion
1517 220 @1000-2000 Water isblack; propeller not visible

mud layer thickness= 125 mm; water height in column=160 mm; propeller height above bed surface= 30 mm

water temperature= 18C; wet bulk density= 1330 kg/m

Table 5.4.2  In-situ EROMES test of mud sample from locatiod;NI® June 2017

Time Number of | Mud concentration | Emsion of bed surface

revolutions | (mg/l)

(Np) per
(minutes) minute
0 @10-50 Smooth bed surface
0-2 30 -
2-4 60 Fine particles move/roll along the bed
4-6 80-90 Similar
6-8 110 Largerflocs move along bed surface; small particles are suspen
8-10 130-140 water is turbid; propeller is visible
1012 150 @200-400 Larger ocs areeroded from the bed surface
12-14 180 @500-700 Water very turbid; propller hardly visible
14-16 200 Continuous erosion; water very turbid
16-18 220 Similar
1820 240 @1000-2000 Propeller not visible; water almost black

mud layer thickness= 125 mm; water height in column=170 mm; propeller height above bed surface= 30 mm

water temperature= 18C; wet bulk density= 1350 kgfm
In-situ EROMES test of mud sample from locatio®;M@ June 2017

Table 5.4.3
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MO3 MO04 MO5

Figure5.4.2 Mud surface before igitu tests

EROMES testgarch2018

In all, 12 samples from locations-B36 have been tested, s@able 5.44.

Eromes tests show very variable results, as only a very suntdte sample with diameter of 0.1 m is used. Visual
observation and analyis of the Eromessults shows that the presence of a very smooth surface without
protrusions consisting of cohesive materials leads to relatively high criticashemt stressedn some tests it
was not possible to generate surface erosion at all (tests B9 and Bfts bedshear stresses < 1.5 Nfmin
other tests with a more irregular sandy surface the critical shear stress for surface erosion was much lower.

Overall, thecritical bedshear stress for surface erosion based on tROEIESests can be represented by:

9 dry density= 6061000 kg/m3 and ps=50%0%: toeore= 0.9° 0.3 N/n?;
1 dry density= 1001450 kg/m3 and ps=70%0%: toeore= 0.6° 0.2 N/n¥;
1 dry density > 145@g/m3 and ps > 90%: toeore= 0.3° 0.1 N/n?.
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Sample Wet and Number | Bed Turbidity Erosion description
dry bulk revolu shear | in water
density tions stress | column
(kg/m3) (-/min) (N/m?)
B5 1450 300 0.9 low organic materials are fully suspended
(ps=57% (670) 330 1.1 medium (pjv) | more organic material is suspended
EN670ps57% 370 14 high (pnv) very turbid water; propeller not visible
end 0 high remains turbid; propeller not visible after 2 min.
B6 1648 170 0.3 low minor particle movement
(ps=1% (1020) 200 0.4 medium (pjv) | particle movement mud and sand
EN10206ps71% 250 0.6 high (pnv) intensive particle movement sand and mud
B7 1603 200 0.4 low minor particlemovement
(ps=6% (950) 260 0.7 medium (pjv) | particle movement mud and sand
EN950ps66% 280 0.8 high (pnv) intensive particle movement sand and mud
B8 1512 220 0.5 low particle erosion mud
(ps=B% (800) 260 0.7 medium (pjv) | particle movement mud and sand
EN800ps58% 310 0.95 high (pnv) intensive particle movement sand and mud
B9 (ps78% 1635 370 15 clear very smooth surface; no irregularities; no
EON996ps78% (990) movement at surface
B10 near middle | 1618 220 0.5 low particleerosion
(ps=74% (970) 260 0.7 medium (pjv) | particle movement mud and sand; turbidity in
EN970ps74% lower part of column
280 0.8 high (pnv) intensive particle movement sand and mud
B10 side 1884 280 0.8 low particle erosion mud
(ps=74%) (1400) 320 1.0 medium (pjv) | particle movement mud and sand
E-N1400ps74% 350 1.3 high (pnv) intensive particle movement sand and mud
B11 1658 170 0.3 low particle erosion mud
(ps=78%) (1025) 210 0.45 medium (pjv) | particle movement mud and sand
EN1025ps78% 240 0.55 high (pnv) intensive particle movement sand and mud
B12 1970 170 0.3 low particle erosion mud
(ps=95% (1545) 210 0.45 medium (pjv) | particle movement mud and sand
EN1545ps95% 260 0.7 high (pnv) intensive particle movement sand and mud
B13 1917 200 0.4 minor particle erosion of mud and sand
(muddy sand (1450) 260 0.7 medium (pjv) | particle erosion of mud and sand at most places;
(ps=90% water relatively clear near surface
EN1456ps90% 300 0.9 high (pnv) intensive particlenovement; sand concentrations
dominant; water relatively clear near surface
end 0 high-clear settling of sand particles; water clear after 30 sec
B14(ps=&%) 1770 170 0.3 medium (pjv) | mud is washed out; particle erosion dnd
EON122@ps85% | (1220) 200 0.4 high (pnv) particle erosion of mud and sand everywhere
B151 1893 370 15 clear very smooth surface; no irregularities; no
first sample (1410) movement at surface
(ps=90% 370 15 medium (pjv) | bed is disturbeartificially; small pit (20 mm long;
EN1410ps90% mm deep); growth of pit; erosion
B152 1830 300 0.9 low very smooth surface; limited particle erosion
second sample (1310) 340 1.2 medium (pjv) | particle erosion and suspension
(ps=77% 380 15 high (pnv) particle erosion of mud and sand everywhere;
EN1310ps77% propeller visible within30 sec at end of test
B153 (ps=79%) | 1810 300 0.9 low very smooth surface; limited particle erosion
top layer (1280) 330 1.1 medium (pjv) | particle erosion and suspension of mud/sand
removed 370 14 high (pnv) particle erosion of mud and sand everywhere;
EN1280ps79% propeller visible within 30 sec at end of test
B16 1808 170 0.3 medium (pjv) | particle erosion anduspensiorof mud; water
(ps=90%) (1280) turbid in lower part; upper part clear
E-N1280ps90% 200 0.4 high (pnv) particle erosion of muénd sandeverywhere
end 0 medium (pjv) | propeller visible after 2 minutes; settling of flocs

andmud
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Testing: within 24 hours after samplingative saline waterwater temperature= 1214 °C; k= water depth@.15 m; ps= percentage of
sand;

Cmud™ dryJe/hw(@0.5-1.0 forde@.001 m and 4y@500 kg/m3; high turbidit@0.5-1 kg/m3 (=5061000 mg/l)

pjv= propeller in middle just visible (50@0 mg/l); pnv=propeller in middle not visible (70000 mg/l);

Samples B13 to B16 were taken at seward end of channel; feet sank intwéedlO to 20 cm during sampling

Cohesionless sand of 150 to 26 has onset value of about 8dn n NB @Qa LISNJ YAy dziS omm: 27

Table5.44 Critical begshear stress of field samples Noordpoldensijinud)
based on EROMESsts(March 2018)

(@]}
w»
puls
>+

5.4.3 Noordpolderzijl mud;Flumé Eromestests of in situ samples(April 2018)

In April 2018, four (undisturbed)-situ samples were taken at locations B, B9 and B1Gsing a small metal

tray (length=0.4 m; width=0.4 m; height=0.05 m), $egure5.4.3 The tray is open at two sides and can be
pushed horizontally throough the bed to sample a slice of mud. At the same locations various samples were
taken and mixed int@ bucket.

The tray with mud is placed into another tray and returned to the flume, where it is placed into the measurement
section of the flume, se€igure5.4.4. To allow the sample to come to rest, theditu sample was tested the

next day (resting/coraidation time of 15 hours).

The bucket samples were usedgerform EROME®sts(saline water)n the laboratory at the same day of the
flume tests

Table 5.45 shows the EROMES test results.

Tables5.4.6-5.49 show the results of the flume tests
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Sample Wet and dry bulk density Number Bed Turbidity | Erosion description
(kg/m?3) revolu shear in water
in-situ | fromtray | in-situ tions stress column
bed at end samples | (/min) (N/m?2)
flume test | mixed in
bucket
B5 1500 | 1490 1550 200 0.4 low individual particles
soft muddy sample | (800) | (760) (850) are eroded
(ps55%) 250 0.6 medium grey surface layer is
(pf=45%) (pjv) eroded
(pc=20%) 290 0.8 high (pnv) | erosion of surface
ds=70mm layer;very turbid
EN800Gps55% (IS) water; propeller not
visible
B7 1810 | 1850 1670 130 0.18 low minor movement of
soft muddy sample | (1290) | (1350) (1070) indicidualparticles
(ps=70%) 190 0.4 medium many particles in
(pf=30%) (pjv) suspension; black
(pc=10%) aggregates in
ds0=80mm suspension
EN1290ps70% (IS) 270 0.7 high(pnv) | severe surface
erosion; very turbid;
propeller not visible
B9 soft part from 1855 | 1695 1615 200 0.4 low individual particles
tray sample (1350) | (1090) (950) are eroded
(ps=80%) 250 0.6 medium grey surface layer is
(pf=20%) (pjv) eroded
(pc<10%) 380 15 high (pnv) | severe sand erosion g
ds0=95mm surface layeryery
EN1350ps80% (IS) turbid water;
propeller notvisible
360 2.0 high (pnv) | mass erosion; water
(p=0.01m) very black
B9 hard cohesive | 1855 | 1815 1615 150 0.25 low individual mud
part from tray (1350) | (1290) (950) particles/film are
sample eroded; no sand
(ps=80%) movement
(pf=20%) 380 14 medium no sand movement
(pc<10%) (piv)
ds¢=95Mm 320 15 medium sand movement near
EN1350ps80% (IS) (p=0.01m) (piv) wall
360 2 high (pnv) | mass erosion
(p=0.01m)
B15 1905 | 1880 1865 150 0.25 low minor movement of
very sandy sample;| (1450) | (1415) (1380) loose particles
many shells 210 0.45 medium rolling sand particles;
(ps=90%) (pjv) mud in suspension;
(pf=10%) propleer just visible
(pc<5%) 290 0.8 high(pnv) | severesurface
ds¢=110mMm erosion; erosion
EN1450ps90% (IS) around bed

protusions; propeller
not visible

Testing: within 24 hours after samplingative saline waterwater temperature= 7-20°C; k= water depth@.15 m;
ps= percentage of sardb3nm; pf=percentage fines < &8m; pc= pecentage clay < Bm
Cmud=T dryJe/hw@0.5-1.0 forde@.001 m and 4r,@500 kg/ms3; high turbidit@0.5-1 kg/m?3 (=5061000 mg/l)
pjv= propeller in middle just visible (500 mg/l); pnv=propeller in middle not visible (#0000 mg/l);

Table5.4 5 Critical beeshear stress of field samples Noordpoldergijinud) based on EROMESts(April 2018)
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Flume test Sample B5 1718 April 2018; dry bulk density 80050 ka/m?3; ps55% FN800ps55% (1S)

Sediment sampling was done at location B5 of the Noordpoldzhnel, se€igure5.4.3. A small pit is made in
which the empty tray is placed. The empty traynsved horizontally to extract a mud slice with a thickness of
about 0.05 m.

The insitu tray sample of Noordpolderzijl mud was placed into the measuremnt section of the flume. The dry
bulk density was about 80060 kg/n? (wet density of about 1500 kg/fhbased on small subsamples taken at
the silte. The mueand mixture had a soft muddy texture, sEegure5.44. The Ottpropeller sensor was
installed above the rigid flume bottom at about 1 m upstream of the mud section.

Y/

Y 4 T g g . ; ‘ ‘.\'
Figure5.44 Upper: bed sample (soft) surface B5 at end of test (light grey film layer at surface)
Lower bed samplésoft) surfaceB5at end of testdark grey layer below surface)

The velocity othe fresh water flow was raised in steps fr@h2to 0.9 m/s to observe the behaviour of the mud

sand be surface, sedable5.4.6. Small water surface undulations (about 2 cm high) were generatedeat
flume entrance section during consitions with relatively high velocities.

During the last 30 minutes, about the erosion layer is estimated to be about 1.5 m over the tray area, which is
equivalent to an erosion rate of about 1 gram/m?/s (surface enasio

Sand was transported in very small quantities along the bottom. The bed load transport was smaller than 0.1
gr/m/s.
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Based on the results of this test, the critical bsttbar stresses for a mud bed{a@55%) with dry density of
about 800kg/m?3are estimated to be about:

9 initiation of minor sand erosion: tbere= 0.30.4 N/n;
{ initiation of minor mud erosion; initiation of grooves (erosion rate <1 &¥n tpc = 0.50.8 N/n?;
1 initiation of mass erosion (local erosion rate > 10 d¢f&it toerfail > 2 N/nt.
Time Water | Mean Bed Erosion of bed surface Bed Bed
depth | velocity shear rough load
at 8 cm stress ness fine sand
above Chezy
bed (mm) (g/m/s)
(hrs) (m) (m/s) (N/m?) (m®/s)
10.00 0.2 0.1 - no movement; water turbid <0.1 -
80-90
10.57 | 0.2 0.3 - movement of some individual particles;| <0.1 -
water turbid 80-90
11.13 | 0.2 0.45 0.28 small grassy protrusions from the bed | <0.1 2 gr; 20 min
were visible; not much movement 80-90 0.005 gr/m/s
1155 |0.2 0.56 0.43 slight surface erosion between grassy | <0.3 14; 30 min
materials 70-80 0.02 gr/m/s
12.21 0.2 0.64 0.56 similar <0.3 10; 15 min
70-80 0.03 gr/m/s
12.45 | 0.2 0.67 0.65 similar; water very turbid, middle of beq <0.3 -
not visible 70-80
13.03 | 0.18 0.76 1.0 erosion of grooves near glass wall <0.3 -
70-80
13.11 | 0.16 0.88 1.35 severe surface erosion (about 1 <0.3 -
gram/m2/s) 70-80
13.30 | 0.13 0.95 1.55 severe surface erosion (about 1 <0.3 10; 25 min
gram/mz/s) 70-80 0.03 gr/m/s

n.m.=not measuredwater temperature@l 7° C
Table 54.6 Erosiorflumetests within-situ mud-sandbedfrom location B5
(dry mud density800kg/m?; 55% sand); fresh water
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Flume test Sample B7 226 April 2018; dry bulk density 1070360 kg/m3; psZ0% FN1200ps70% (1S)

Sediment sampling was done at location B7 of the Noordpeldzijhnel, sed-igure5.45. The empty tray is
moved horizontally to extract a mud slice withhackness of about 0.05 m.

The insitu tray sample of Noordpolderzijl mud was placed into the measurement section of the flume and the
bed surface was slighty smoothed to get a horizpntal bed surface without iregularities (generated during
sampling). Thdry bulk density based on small subsamples was variable in the range of 1070 to 1360 kg/m?3 (wet
density of about 1674850 kg/n¥) based on small subsamples.

The insitu mudsand sample in the tray consisted of sandy mud (very few shellsigee5.4 5.

Figure5.45  Sampling at location B

The Ottpropeller sensor was installed above the rigid flume bottom at about 1 m upstream of the mud section.
The velocity ofhe fresh water flow was raised in steps frdh2to 0.9 m/s to observe the behaviour of the mud
sand bel surface, sedable5.4.7. Small water surface undulations (about 2 cm high) were generated at the
flume entrance section during consitions with relativiigh velocites.

Figure5.4 6 shows the tray sample surface at the beginning and at the end of the test. The total erosion layer is
about 3 mm over the tray area (40x40 ®ror about 0.6 kg. The erosion rate is estimated to be about about 1 to
2 gram/m?/sover a period of about 30 to 40 minitutes with velocities in the range of 0.6 to 1 m/s.

—)  FlOW direction

Figure5.46 Left: metal tray with sample placed in flume before start of test
Right: bed sample surface and of test (pit and groove erosion; soft surface)
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Based on the results of this test, the critical bsttbar stresses for a mud bed{ja@70%) with dry density of
about 1200 kg/rare estimated to be about:

1 initiation of minor sand erosion: toere= 0.30.4 N/n?;
{ initiation of minor mud erosion; initiation of grooves (erosion rate <1 &¥n tpc = 0.50.8 N/n?;
7 initiation of mass erosion (local erosion rate > 10 d¢fféh toerfai™> 2 N/t
Time Water | Mean Bed Erosion of bed surface Bed Bed
depth | velocity shear rough load
at 8 cm stress ness fine
above Chezy sand
bed (mm)
(hrs) (m) (m/s) (N/m?) (m®%s) | (g/m/s)
10.23 | 0.2 0.1 <0.1 very smooth bed surface; water turbid | <0.1 -
10.25 from mud in watersupply system; no 80-90
movement
10.25 | 0.2 0.32 0.14 no movement <0.1
10.28 80-90
10.28 | 0.2 0.40 0.22 some rolling particlesf sand and mud | <0.1
10.32 80-90
10.32 | 0.2 0.57 0.45 movement of sand particles at bed <0.1 19gram;15 min.
10.51 surface; local pierosion; no isolated 80-90 0.05gram/m/s
ripple downstream; water very turbid
10.5% | 0.2 0.65 0.58 some groove and pit erosion locally; n{ <0.1 23gram;15 min.
11.14 isolated ripples downstream 80-90 0.06gram/m/s
11.14 | 0.19 0.72 0.9 surface erosion locally; no isolated <0.3
11.16 ripples downstream 70-80
11.16 | 0.16 0.87 1.35 severe surface erosion; no isolated <0.3
11.25 ripples 70-80
11.25 | 0.14 1.01 1.8 severe surface erosion; no black cloud{ <0.3 12gram;13 min.
11.27 total erosion of about 3 mm over 70-80 0.04gram/m/s
complete bed area (soft surface after
test)

n.m.= not measuredwater temperature@l 7° C
Table5.4.7 Erosiorflumetests within-situ mud-sandbedfrom location B7
(dry mud density2200kg/m?; 70% sand); fresh water
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Flume test Sample B9 120 April 2018; dry bulk density 138000 kg/m3; ps80% FN1350ps80% (IS)

Sediment sampling was done at location B9 of the Noordpoldzhnel, se€igure5.4.7. A small pit is made in
which the empty tray is placed. The empty tray is moved horizontally to extract a mud slice with a thickness of
about 0.05 m.

The insitu traysample of Noordpolderzijl mud was placed into the measurement section of the flume and the
bed surface was slighty smoothed to get a horizpntal bed surface without iregularities (generated during
sampling). The dry bulk density based on small subsamplsvariable in the range of 135000 kg/m3 based

on small subsamples.

The insitu mudsand sample in the tray consisted of soft cohesive parts (light grey colour; about 30% of area)
and an hard sandy parts (dark grey colour; about 70% of area) with @anaalarge shells, s¢eégure5.4 8.

The Ottpropeller sensor was installed above the rigid flume bottom at about 1 m upstream of the mud section.
The velocity othe fresh water flow was raised in steps frdh2to 0.9 m/s to observe the behaviour éie mud

sand bel surface, sedable5.48. Small water surface undulations (about 2 cm high) were generated at the
flume entrance section during consitions with relatively high velocites.

Figure5.4 .8 shows the tray sample surface at the end of the test; shells, soft and hard spots can be observed.
The total erosion layer is about 15 mm over the tray area (40x4) @nabout 3 kg. The erosion rate in the end
phase (about 20 min) is estimated to be ababout 10 to 20 gram/m?/s

Fgure5.4.7 Sampling at location B
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Figure5.4.8 Upper: metal tray with sample B9 placed in flume (light colour= cohesivecalark=sandy)
Lower: bed sample B9 surface at end of test (cohesive and sandy spots; shells at many places)

Based on the results of this test, the critical bkstkar stresses for a mud bed{ja@80%) with dry density of
about 1350° 100 kg/ntare estimated to be about:

9 initiation of minor sand erosion: tbere= 0.20.3 N/n;
{ initiation of minor mud erosion; initiation of grooves (erosion rate <1 §ign tpcre= 0.40.7 N/n¥;
7 initiation of massrosion (local erosion rate > 10 gris): toerfai= 1.01.4 N/n.
Time Water | Mean Bed Ersion of bed surface Bed Bed
depth | velocity shear rough load
at8cm stress ness fine
above Chezy sand
bed (mm)
(hrs) (m) (m/s) (N/m?) (m°%s) | (g/m/s)
10.10 | 0.2 0.27 0.1 no movement; water turbid <0.1 -
80-90
10.16 | 0.2 0.39 0.21 many individual sand partiles are movir <0.1 1.3 gram; 14 min;
10.30 at sandy spots; no movement at 80-90 0.004 gram/m/s
cohesive spots; isolated sand ripples a (14 minutes)
generated at downstream flumieed
10.38 | 0.2 0.49 0.33 similar; larger black cohesive aggregat{ <0.1 23 gram;22 min;
11.00 are moving (surface erosion mud) 80-90 0.045 gram/m/s
11.06 | 0.18 0.63 0.70 surface erosiomith clouds of mud <0.3 130 gram; 21 min
11.21 70-80 0.25 gram/m/s
11.23 | 0.16 0.72 0.90 mass erosion; black clouds of mud <0.3
11.30 70-80
11.36¢ | 0.14 0.90 1.40 mass erosion (aggregates of 3to 5 cm] <0.3 122 gram; 13
11.40 black clouds of mud; total erosion is 70-80 min.;
about 2.5litre of mud and sand (1.5 cm 0.4 gram/m/s
of tray area); erosion rate of about 10
20 gram/m3/s

n.m.= not measuredwater temperature@l 7° C
Table5.48 Erosiorflumetests within-situ mud-sandbedfrom location B9
(dry mud density2350kg/m?; 80% sand); fresh water
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