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Abstract

Ultrasonic profilers, calibrated with optical in situ suspended sediment concentration (SSC) sampling are used to
determine SSC in rivers and laboratories in a non intrusive manner with a high spatiotemporal resolution. In this
report flaws of the UB-Lab 2C (UBT) and LISST in a recent flume experiment with sand and silt are expounded in
order to advice on future research.

The optical SSC measuring device, LISST, was not able to record reasonable data due to the milky white state of the
water once silt was added to the bed mixture. For the experiments without silt, residual clay content from previous
research decreased the transmission value below the threshold. These two factors caused the serious underestimation
of SSC values for silt experiments and creation of SSC distortion for the majority of the sand experiments.

In the assessment of a transmission threshold decrease from 0.1 to 0.05 - with the eventual goal to use more of
the recorded data - it became evident that this threshold decrease would not lead to the aimed result. Data of the
lowered threshold contained more noise and were biased. Therefore, the transmission threshold should not be lower
than 0.1.

The UBT a methodological flaw. The backscatter amplitude of this acoustic velocity profiler dropped significantly
once medium silt was added to the bed. The acoustic attenuation is attributed to the viscous absorption from the
fine particles.

The suspended sediment transport flux calculated from a valid backscatter-suspended sediment concentration relation
shows some confidence. Only near the bed, the transport flux exceeds physical limitations.

Suggestions for experimental setup adjustments to improve the data acquisition are to calibrate the data at two
depths in order to account for the attenuation, decrease the LISST laser path length or dilute the SSC samples. This
way the relation between suspended sediment content and backscatter amplitude can accurately be derived for sand

and silt.
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1 | Introduction

Sediment transport is a convoluted subject, with many
processes acting at the same time. Understanding sedi-
ment transport however, is key in many river managing
issues, such as maintaining harbours navigable.
In order to measure suspended sediment transport
in rivers, solid methods need to be derived. Many
procedures have been developed over time, each with
their own dilemma.
On the basis was manually sampling and analysing the
suspended sediment concentration (SSC) and particle
size distribution (PSD) by dry weighing the sample or
through gravimetric analysis in a laboratory (Edwars &
Glysson, 1999; Davis, 2005; Gray et al., 2008). This
process is extremely time consuming, costly, in some
accounts risky and only provides low temporal and
spatial resolution suspended sediment content.

Once laser transmission and diffraction sediment
SSC and

PSD data collection became less time consuming and

samplers became commercially available,
the recordings were continuous. The laser diffraction
devices were auspiciously used in many marine and
estuarine environments (Agrawal & Pottsmith, 1994,
2000; Agrawal & Traykovski, 2001; Gartner et al., 2001;
Mikkelsen & Pejrup, 2000, 2001). The only measuring
issue is the low spatial resolution. These laser-based
devices can only sample a single point. This implies
that collection of instantaneous suspended sediment
content profiles are not possible (Agrawal & Pottsmith,
2000; Agrawal et al., 2008) unless multiple devices are
installed above each other. This proposed setup ham-
pers flow. These extraordinary induced flow properties
can cause additional sediment suspension, creating bias
in suspended sediment content determination.

This flaw in optical measurement was one of
the reasons the scientific world turned to alternative
SSC data collection techniques with a less intrusive
manner.  Acoustic backscatter is a good proxy for
SSC determination.

Doppler shift to determine the flow velocity of the entire

Initially, acoustic devices utilized
water column. However, from the already acquired
backscatter data, some degree of suspended sediment
content could be deduced.

The method of monitoring suspended sediment from
acoustic backscatter has successfully been adapted in
fundamental laboratory studies as well. Betteridge et al.
(2008) determined the suspended sediment content of

glass beads. This relation can fundamentally be applied
to all types of sediments to establish sediment transport
relations, including mixtures of fine sediments.

There are, however, still some pitfalls that need
further clarification in order to determine SSC correctly.
In a laboratory experiment from April until August 2022
at Wageningen University and Research, several bed
mixtures of sand and silt were assessed on sediment
transport properties. The aim was to determine for each
sand-silt mixture a suspended transport relation in order
to examine the effect of silt content on bed stability and
suspended transport. Lab experiments offer controlled
environments, suitable for systematic measurement and
manual adjustments of the circumstances, and have
been performed in many occasions (van Ledden et al.,
2004; Van Rijn, 2020; Bartzke et al., 2013; Baas et al.,
2013; Nagshband et al., 2016; Nagshband & Hoitink,
2020).

multiple problems arose in the obtained data. Once silt

However, due to unforeseen circumstances,

was added, the devices recorded suspended sediment
content and backscatter amplitudes opposite or attenu-
ated to what was expected from the observations (milky
white water). Also in experimental runs with sand,
SSC values were distorted. Therefore, the scope of
this research is to find out what the effect of sediment
mixtures are on the devices in order to prevent similar

problems to arise in future research.

Another topic of interest for this research is the
minimal transmission value. Sequoia Scientific (2022)
provided a threshold transmission value of 0.1, indicating
that from the emitted beam a fraction of 0.1 is observed.
Turbidity and laser path length through the medium de-
crease the transmission value. This threshold indicates
the maximum observable SSC (see section 2.1.2 for a
detailed overview). Thus, lowering the threshold would
lead to larger range of SSC determination. Sequoia Sci-
entific (2022) does not specify the reasoning behind des-
ignating the threshold value to be 0.1. In order to in-
crease the data availability, this thesis focuses on the ef-
fect of lowering the transmission threshold on SSC data
quality as well. When lower transmission values provide
acceptable SSC data, more knowledge about turbid wa-
ters can be acquired with the same setup.


https://www.wur.nl/nl/onderzoek-resultaten/onderzoeksinstituten/environmental-research/faciliteiten-tools/laboratoria-omgevingswetenschappen/water-en-sedimentdynamica/onderzoek/impact-of-silt-on-bedforms-and-sediment-transport.htm
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1.1 Research objective

Determine the effect of sediment composition and
concentration on suspended sediment content measure-
ments in a lab setting. To reach this goal the following
research question is formulated:

What is the effect of sediment composition and
suspended sediment concentration on suspended sedi-
ment transport determination in a lab setting?

The following two sub-research questions are asked

to guide the main research question:

= What is the effect of sediment composition and
suspended sediment concentration on backscatter
measurements?

= What is the effect of sediment composition and
suspended sediment concentration on optical sus-
pended sediment measurements?

In addition, to further understand the limits of the
LISST, this research aims to find the minimum trans-
mission value before the SSC data become unreliable.
Decreasing the transmission threshold would lead to a
higher data availability. The following question is added
to the research:

What is the effect of lowering the transmission
threshold from 0.1 to 0.05 on SSC data quality?
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and sediment concentration - backscatter re-

lation

In order to fully grasp the potential of acoustics in spa-
tiotemporal suspended sediment transport management
and data acquisition, in this chapter the process in op-
tical data acquirement for the LISST will be covered
first. The succeeding paragraph goes into detail how the
UBT operates and from which processes the flow veloc-
ity profiles and suspended sediment concentrations are
extracted. At last, the relation between the backscatter
amplitude and suspended sediment concentration will be
discussed.

2.1 Optics

2.1.1 LISST principles

The Laser In-Situ Scattering and Transmissiometer
(LISST) is a laser diffraction particle size analyser which
can be fully submerged in water. This device measures
the in situ grain size distribution and corresponding con-
centrations in a point at a sampling frequency of 1 Hz
(Sequoia Scientific, 2022).

Figure 2.1 shows the measurement principle of the
LISST. The red line indicates the laser path through the
opening where water passes. The sediments in the water
scatter the laser (i.e. the laser is diverged when hitting
a sediment particle). After passing lenses, the scattered
laser is projected on the focal plane at a certain distance
from the central axis. The distance from this axis cor-
responds to a certain grain size [um]. The intensity of
the scattered beam on the focal plane corresponds to
the concentration [“Tl] The distance from the central
axis to the focal plane is inverse to the grain size. The
grain sizes are measured from 1 to 500 pm in a evenly
logarithmic distribution of 36 bins.

Suspended particles larger or smaller than the given PSD
range are not omitted, these concentrations are added
to the largest and smallest grain size concentration to
size accordingly. The overestimated suspended sediment
concentration occurs in the tails of the PSD (Agrawal &
Pottsmith, 2000; Agrawal & Traykovski, 2001; Mikkelsen
et al., 2005; Reynolds et al., 2010; Andrews et al., 2011).

Table 2.1: The maximal observable SSC (“Tl) for each
grain size for an optical path length of 25 mm and a
transmission of 0.3 and 0.1

Mean particle diameter (1m) | Wentworth grades | SSC max t=0.3 (4!) SSC max t=0.1 (&)

1.05 Clay 31 159

3.9 Very Fine Silt 63 318

7.8 Fine Silt 125 636

15.6 Medium Silt 251 1272
31.25 Coarse Silt 502 2547

62.5 Very Fine Sand 1029 5094

125 Fine Sand 2010 10188

250 Medium Sand 4020 20377

To omit the effect of ambient light on the receiver,
the external light is directly measured by the LISST and
subtracted from all the light reaching the observation.

2.1.2 Maximum observable SSC

Like any other optical device, the LISST has an obser-
vation limit for suspended sediment concentration. The
laser cannot reach the optical sensor when the water is
too turbid. This concentration limit depends on many
factors among which particle size is an important vari-
able. The maximal observable SSC (SSC,,,.) is derived
by Agrawal et al. (2008):

—d1n(t)

55Cmar = 7937

(2.1)

t Is the optical transmission, this value must be between
0.3 and 0.9 for high quality SSC recording (Sequoia Sci-
entific, 2022), L is the path length [m] (25 mm for the
LISST-200X) and d represents the mean particle size
[um]. The maximal observable SSC for the range of
sediments (table 2.1 with transmissions of 0.3 and 0.1)
increases with grain size.

Sequoia Scientific (2022) proposes the transmission to
be between 0.9 and 0.3 for high quality SSC recordings,
however, keep the absolute minimum at 0.1. Once the
transmission drops below this point, the data is invalid
according to Sequoia Scientific (2022). It is unclear what
the reason is for the threshold to be set to 0.1.
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Figure 2.1: An illustration of the LISST measurement principle. The laser is scattered on the RD plane into 36 grain
size bins and 36 concentration bins. After Sequoia Scientific (2022)

2.2 Acoustics

2.2.1 UBT principles

The UB-Lab 2C is an acoustic current profiler developed
by UBERTONE for commercial usage. Similar to other
renowned acoustic current or velocity profilers (RD in-
struments, Nortek, SonTek), the UB-Lab 2C emits ultra-
sonic acoustic waves and computes the flow velocities at
multiple depths below the transducer from the returning
wave. Depending on the setup, either a 2 dimensional
profile or a 3 dimensional profile can be produced. The
standard 2C setup is composed of one emitter (T) and
two receivers (T7 and Ts) (figure 2.2). The 3C exten-
sion are two receivers, orthogonally installed to the 2C
receivers. These two transducer couples do not measure
the velocity - and backscatter (Sv) profiles at the same
moment, as the measurement of Tr; and Try needs to
be finished before Trs and Try start. Average 3D pro-
files can be derived from the 3C setup. However, due
to the measurement principle of singly measuring each
component, instantaneous profiles do not show the same
turbulent whirls in streamwise and lateral direction.

For clarity and convenience, in further paragraphs a
2C setup will be used as an example to explain the UBT

functioning.

2.2.2 Acoustic velocity principles

If the emitted wave path crosses a moving medium, the
returning wave has a shifted frequency proportional to
the flow velocity. This phenomenon is first explained by
Doppler (1842), whereafter this frequency shift is named
the Doppler shift.

The UBT emits ultrasonic sound waves from the
middle transducer down the central axis of the UBT (fig-
ure 2.2). This axis and the axis following transducer 1 to

2 are internally used as the reference coordinate system

1
I
|
\ | d
|
|
|
|
|
|

|
Figure 2.2: The cylinder-cone shaped acoustic beam in
which velocity and backscatter data is collected in var-

ious cells. Subscript j denotes the physical units at cell
j. (from UBERTONE (2019))

(x-z) in which the velocities (u and w) are eventually
derived. After emission from Trg and reflection by the
medium, the reflected sounds are received at Tr; and
Tra. The transducer holder and device are designed such
that the velocity and backscatter data can be accurately
collected up to a depth of 0.4 metres from Try.

The sampling volume (green area in figure 2.2)
has the shape of a cylinder in the first few centime-
tres, whereafter a diverging cone emerges. The cylinder-
conical shape is the product of the Rayleigh inte-
gral, used to minimise the energy losses and side lobe
strength. The length of the cylindrical part (1.6 * znf)



is defined by the Fresnel equation:

R2
ey = 2200 (22)

xn s [mm], Ry [cm], fo [MHz] and ¢ [m/s] are the near
field distance, transducer surface radius, emission fre-
quency and speed of sound in water respectively. The
acoustic cylinder has the same radius as the Trg.

The Fraunhofer equation defines the conical spread
as the "upper to half angle’, © [°]. The spread is derived
from the following equation:

_ 0.61c
R fo

So, these two combined produce the cylinder-cone shape

©

(2.3)

at which the cone develops at 1.6 times the near field
distance. Inside this cylinder-cone model, 90 percent of
all energy emitted by the transducer is contained (Fis-
cher, 2004).

To measure the velocity at multiple depths, the
transducer emits a burst of multiple pulses. Echoes of
the emitted waves scatter in all directions among which
the direction of the receiving transducers. The observa-
tion cell is between the upper and lower boundary of it,
which position is determined through:

d? — ct?

4= 2(docos(vy) — ct;) 24

c is the speed of sound through water [m/s] and t; [s]
is the time between emit at Try and receipt at Try 2 via
cell 7. Thus, ct; denotes the traveled path of the sound
from the emitter via cell j to the receiver in metres. dj
[m] is the flying distance between Trg and Try or Try. v
represents the fixed angle between the beam axis and dj
axis [°] (figure 2.3).

2.2.3 Phase coding

Transducers 1 and 2 receive a mix of echoes from mul-
tiple pulses at the same moment originating from differ-
ent depths. So, to determine the velocity at the correct
depth at the correct moment, coded pulses are emitted
which can in terms of echoes only correspond for at one
moment for only one depth. An observed delay of this
same echo means it is reflected at larger distance. Now
the velocities at different depths at the same moment for
multiple moments are obtained, instantaneous velocity
profiles are derived.

Another reason for using coded pulses is to omit any

external noises (pump vibration, flume vibration, etc.)
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Figure 2.3: A detailed overview of the transducer geom-
etry (UBERTONE, 2019)

and ghost echoes. These ghost echoes occur in confined
volumes and can be interpreted as Doppler shifted fre-
quencies creating bias, thus, incorrect velocities (UBER-
TONE, 2019).

2.2.4 Profile sampling rate

Previously discussed, from a number of coded pulses
(necn) one instantaneous profile is made. One profile
repetition salvo is fired at a certain frequency to prevent
older echoes to influence the measurement, this is the
Pulse Repetition Frequency (PRF) [Hz]. The sampling

rate of instantaneous profile acquisition is:

PRF

Nech

fag = (2.5)

The number of samples/coded pulses (nccr) should be
at least 30 to achieve good quality of an instantaneous
profile. The PRF also defines the exploration depth
as the bundle of pulses must have returned before a
new bundle can be emitted. According to the Nyquist-
Shannon theorem (Shannon, 1949), the interval between
two pulses for Doppler shift (f4) determination must be
between i%. If this condition is not met, the re-
ceived echoes are sampled with a phase jump creating

bias in velocity determination.

2.2.5 Velocity range

The Doppler shift is measured for each cell by both trans-
ducers Tr;, however, because the flow from one trans-
ducer to the other the observed frequency shift (f; ;) is
proportionally opposite.
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Figure 2.4: In blue the observation diamond. The di-
mensions of the diamond depend on distance from the
transducers. The velocity vector V; must be within the
diamond (UBERTONE, 2019).

Visible in figure 2.4 is the dependency of the max-
imum observable velocity vector (Vj mae) on the angle
between the central axis and receiver axis ;. The ve-
locity vector is the product of the observed velocities
in x and z direction, it is the vector the UBT observes
and needs to be within the observable range. umqz,;
increases with a decreasing central-transducer axis angle
aj. This decrease of axis angle comes from the distance
between the transducers (d(r,—7r,) = 75 mm) and the
observed cell (d;). Wz however, decreases with depth
as an decreasing angle. w4, does not drop as much as
the U;,q. increases. The x and z velocity components
are calculated from equations 2.6 and 2.7:

Vo, — Vi
o= 220 = L 2.
Ui 2sin(a;) (26)
Viji+Va,
w; = Mgt Vay (2.7)

2(1+ cos(ay))

u; and w; are the velocities [m/s] in streamwise and
upward direction at cell j and Vi ; and V5 ; [m/s] are
the observed velocity vectors by transducers 1 and 2 at
cell j. The denominator is a correction factor. Once the
angle (a;) becomes too small, large measurement errors
occur. These errors can be up to a factor 2.88 at 0.4
metres below the transducers. This adds up to the rea-
son UBERTONE (2019) set the exploration depth limit
to 40 centimetres.

From the settings and the maximum observable ve-
locity dependency on depth, a maximal observable ve-
locity range per depth is automatically produced on the
UBT interface. When conducting an experiment, the
expected field velocities should be within the range or
the echoes are interpreted incorrectly.

CHAPTER 2. THEORETICAL BACKGROUND MEASURING DEVICES AND SEDIMENT

2.2.6 Backscatter amplitude

The UBT expresses the received backscatter energy in
terms of amplitude [Volts]. The backscatter amplitude
attenuates over depth as water and sediments dissipate
the emitted energy. Sediments also have the property
to scatter the incoming sound into different directions,
therefore, dissipating the energy. This prevents sound
to travel deeper into the water column. However, the
backscatter intensity received from this sediment is very
high. In order to combat the backscatter attenuation
to produce a complete backscatter profile, the UBT is
provided with a gain function:

Gy = ag + alctj (28)

The gain (G4p) is assumed constant along the profile

(a1 = 0) and this gain is preserved for all experiments.

2.3 Sv-SSC relation

The received backscatter intensity depends on the
amount of sediments in suspension. As an example to
explain the backscatter-SSC relation, imagine yourself
talking into the vast emptiness of a windless sky, you
barely hear your echo coming back. If you however, put
some layers of wire fence in front of you, you receive
some backscatter. Now, you see that the wire density of
the netting and number of nettings behind each other
determine the backscatter intensity. You can determine
the number of nettings from the backscatter and a sam-
ple of the wire density. What would happen if the wire
shape changes? If the wire is perfectly round, the incom-
ing acoustic wave is dispersed in all directions. However,
when the wire is more edged there is a backscatter direc-
tion preference. Depending on this preference direction,
you might perceive yourself more or less loud.

Let us continue the thought experiment keeping the
UBT measuring principle of emit-receipt time, cell dis-
tance and profiling in our mind. If you want to profile
the number of fences behind each other, you need the
backscatter from the last fence at least to reach you.
However, the emitted sound is reflected in different di-
rections by each wire, therefore dissipating the intensity.
This dissipation can be dealt with through either a Gain
function like UBERTONE (2019) proposed or through
calibrating the fence number close to you and at the end
with the backscatter from these distances. The latter is

more accurate as it continuously samples both the at-



tenuated backscatter profile and the corresponding fence
number at two locations, while the Gain function is a
simplification based on only one parameter. This
same process has been practiced by many researches to
monitor the SSC through the backscatter intensity and
SSC sampling for calibration (Sassi et al., 2012; Heus,
2020; Hoitink et al., 2017).

Recording the backscatter intensity near the surface and
near the bed accounts for the attenuation caused by the
water and sediments. Then, the backscatter intensity
and measured SSC are regressed to obtain a function
that can determine the suspended sediment content of
an entire column based upon the recorded backscatter
profile. A simple, yet effective first order relation be-
tween SSC and the backscatter (S,) is a logarithmic
relation (Urick, 1983):

Sv =alog(SSC) +b (2.9)
which can be rewritten to:
SSC = 104559 « B (2.10)

10° is substituted for B.
This formula is the foundation of SSC profiling and
SSC flux determination in presented research.

2.3. SV-SSC RELATION

7






3 | Methods

3.1 Experimental setup

The experiments were conducted in the Kraijenhoff van
de Leur Laboratory for Water- and Sediment dynamics,
part of Wageningen University. The setup is displayed
in figure 3.1. The experimental setup was allocated in
the tilting flume. This is a unidirectional water flume;
14.4 metres in effective test reach length, 1.2 metres
wide and has a maximum depth of 50 centimetres. For
the experimental runs, the tilting angle of the flume was
set at 0.01° to represent delta conditions. The flume
is filled with a 10 centimetre high sediment bed, over
which 15 cm of fresh water flows. These sediments were
systematically altered to create different sediment bed
mixtures. To maintain the same water depth for differ-
ent discharges, the water level was adjusted by a weir at
the end of the flume. To measure the flow velocity- and
backscatter profile, an UB Lab-2C was installed near the
end of the flume. Furthermore, a Laser in Situ Scattering
and Transmissometer (LISST) was fixed 1.1 metres be-
hind the UB Lab-2C to observe the suspended sediment
concentration of the water simultaneously. An impor-
tant note to make is that this does not imply the same
water volume passes both the UBT and LISST, it merely
suggests that over a longer period of time approximately
the same content has passed both observers.

3.2 Experimental runs

As discussed above, different currents are imposed over
the sediment bed. To clarify the exact procedure, the
terms Set, Experiment and Run need some explanation.

A run is a single experimental run with one dis-
charge and one bed composition. The measurement
cycle of one run takes 15 minutes while the length of
an entire run to reach equilibrium state depends on the
discharge. Equilibrium times found by Baas (1994) and
Nagshband et al. (2016) for certain discharges were used
as minima. The used equilibrium times are given in table
3.2. Multiple runs with the same bed composition
(eg. 10% silt 90% fine sand) but varying discharges
ranging from 30 to 100 litres are called an experiment.
These runs are in order of increasing discharge. The
sediments used in a set are the same but in different
proportions (experiments). Thus, this entire lab exper-
iment is composed of 3 sets, individual sets consist of

Table 3.1: The composition of every run in mass frac-
tion [-] per component. S1 means the experiments with
medium and fine sand and S2 means the experiments
with medium sand and coarse silt. S3 encompasses the
experiments with medium sand and medium silt.

Code name Medium sand Fine sand Coarse silt  Medium silt
S1_E1 0 1 0 0
S1_E2 0.18 0.82 0 0
S1_E3 0.35 0.65 0 0
S1_E4 0.49 0.51 0 0
S1_E5 0.65 0.35 0 0
S2_E1 1 0 0 0
S2_E2 0.98 0 0.02 0
S2_E3 0.95 0 0.05 0
S2_E4 0.9 0 0.1 0
S2_E5 0.8 0 0.2 0
S2_E6 0.7 0 0.3 0
S2_E7 0.5 0 0.5 0
S3_E1 0.98 0 0 0.02
S3_E2 0.97 0 0 0.03
S3_E3 0.91 0 0 0.09
S3_E4 0.77 0 0 0.23
S3_E5 0.7 0 0 0.3

multiple experiments with multiple runs each. Table 3.1

shows all sediment compositions utilized.

For this research, a few specific bed compositions
are chosen based upon threshold values found in litera-
ture. Bartzke et al. (2013) found the stabilizing proper-
ties of non-cohesive silt in a sand-silt bed to arise at low
bed silt of 0.18 mass percentage. Therefore, for both the
coarse and medium silt an initial threshold of 2.0% silt
mass was set to determine the effect of low silt content.
Next, larger steps in silt content addition were taken,
until the mass percentage silt reached 50% or 30%.

In a study of Yao et al. (2022), the erosive be-
haviour of non-cohesive silt was categorised in sand-like
or clay-like. They found a threshold silt content of 35%
separated the two regimes. To see whether this is also
valid for our experiment in case of course silt, silt content
of 30% and 50% were assessed.

For each discharge used in this experiment, the
calculated flow velocity, uniform with depth, is denoted
in table 3.2.
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Figure 3.1: Flume setup: (a) flume inlet; (b) outlet; (c) adjustable end gate; (d) outlet basin; (e) pump; (f) inlet

a
basin; (g) sediment bed; (i)
column, 10 cm; (d) 50 cm; (e

UBT Lab-2C; (ii) LISST-200X; («) 25 cm; () water column, 15 cm; () sediment
) transducer distance to bed, 8 cm; (¢) distance LISST sampling volume to bed, 6 cm;

(n) distance space between inlet and UB Lab-2C, 11 metres; (6) distance between the UB Lab-2C and the LISST,
1.1 metres; (¢) distance between LISST and outlet, 2.3 metres; (Note, this figure is not on scale)

Table 3.2: Discharges, corresponding uniform flow veloc-
ities and the minimal length of each run to reach equi-
librium state based on work of Nagshband et al. (2016)
and Baas (1994)

Q (I/s) v (m/s) Min. run time (h)
30 0.25 0.5
45 0.38 10
60 0.5 0.5
80 0.67 5
100 0.83 5

3.3 Data analysis

3.3.1 Data filtering

LISST

First of all, LISST data were filtered on outliers with the
95 percentile rule. Prolonged elevated backscatter data
were not filtered out as it represents sediment whirls.
These elevated values were not as high as the outliers.
The outliers occurred sporadically and had a very short
longevity. Therefore, it was easy to filter out any out-
liers.

When the instantaneous Particle Size Distributions
(PSDs) of one run are merged together in one figure,
(eg. figure 4.1) the general PSD of the LISST observa-
tion for that certain run becomes evident, but also the
deviations that are observed within one run. Noticeable
are the open endings of the PSDs at grain sizes smaller
than 1.2 pm and larger than 480 pm. The bed material

does not contain any clay material, only silt with grain
Nor
do the sediment beds contain sand grains larger than
330 pm. Therefore, the PSDs are snipped at 2 and 330
pm and further analyses are conducted without the con-

sizes larger than 2 pm (table A.1 and figure A.1).

centration of the aforementioned particle sizes.

UBT

Similar to the initial filter on the UBT data, the LISST
recorded SSC data were filtered on the 95 percentile
rule. Again, outlier peaks were distinctively different

than valid high concentrations.

3.3.2 Data processing

The LISST samples every second the SSC with the corre-
sponding grain size distribution in a sample length of 25
mm (Sequoia Scientific, 2022). The UBT however, sam-
ples a profile in 0.16 seconds (6.25 profiles per second).
Each bin (a bin is a cell in the profile) is approximately
1.5 mm high. The user can alter the sampling frequency
if more or less spatial or temporal resolution suited for
the specified research (UBERTONE, 2019).

For the backscatter - suspended sediment concen-
tration relation, the SSC recorded by the LISST is av-
eraged over the entire period of time the LISST and
UBT data time overlaps. Similarly, the UBT is also av-
eraged over this time. Additionally, as the UBT profiling
length exceeds the water depth, the data is cropped to



solely cover the water profile. From each bin an average
is taken to produce an average backscatter profile which
represents the backscatter of the entire run. Thus, giving
us a representative LISST sampled suspended sediment
concentration and the average backscatter profile of this
run. The depth of the bed below the UBT changes
over time as bedforms progress beneath the observation
(figure 4.8 is a rather flat example). To obtain the ve-
locities and backscatter at the same relative depths, the
depths to produce profiles are normalised over the water
column.

From this velocity profile an estimate of the rela-
tive importance of settling and suspending forces on the
sediments can be made. This is quantified as the dimen-

sionless Rouse parameter, which is calculated as follows:

wy

P= (3.1)

KU,

wy is the settling velocity [m/s] determined from Stoke's
law of Settling, % is the Von Karméan constant and u.,
is the shear velocity.

This Rouse parameter indicates the regime of sediment
suspension (table 3.3).

Table 3.3: The Rouse parameter and corresponding
regimes

Number Regime

P<1 Full suspension
1<P<2.5 Incipient suspension
P>25 No suspension

Backscatter - SSC relation

To obtain the Sv-SSC relation, the time averaged SSC
of the LISST is regressed against the time averaged
backscatter amplitude at LISST sampling depth for each
experiment. About 6 UBT bins are within the LISST
sampling volume. For this relation only valid data is
used, therefore, only runs with an average transmission
value above 0.1 according to Sequoia Scientific (2022).

All backscatter and SSC runs from one experiment
Thus, each
regression embodies a sediment content depending
backscatter-SSC relation.

these regressed relations SSC profiles are derived.

are regressed into one Sv-SSC relation.
From backscatter profiles

On average, one non-dimensional cell height
is 455 mm (33 cells over 15 cm water column on
average). The suspend sediment transport flux is the
multiplication of the velocity profile with the regressed

SSC profile over the area a non-dimensional cell covers

3.3. DATA ANALYSIS 11

on average over the width of the flume (0.0054 m?).

Threshold transmission value subjectivity

In order research to the subjectivity of the minimum
transmission value Sequoia Scientific (2022) has chosen,
the same processes of regressing the Sv-SSC relation for
the experiments are repeated, but now with data in-
cluding transmission values of 0.05 and higher. If these
relations do not deviate much from the relations com-
posed of data with average transmission values of 0.1
and higher, then there is reason to decrease the minimal
transmission value to 0.05.
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Figure 4.1: Instantaneous PSD profiles and subsequent
volume concentrations for run 47. Each line represents
one PSD recorded each second within a run. Run 47 has
a bed composed of 95% medium sand and 5% coarse silt
(dso of 270 and 40 wm respectively.)

4.1 LISST

4.1.1 SSC

The raw data recorded by the LISST represents time
series of SSC and grain size distribution per run. This is
the starting point of the results presented below.

The total suspended sediment content detected by
the LISST increases with discharge in the first set and
partially in the second. The SSC is also higher for set
Set 2 and 3
show initially high SSC values, even though the water

1 compared to the others (figure 4.2).

was refreshed between the two sets. When the water is
refreshed, a lot of suspended fine sediments which trou-
ble the water are removed. It is strange that the LISST
records these high values compared to the following ones,
because after refreshment the SSC was expected to be
lower than the others.
litres per second. The SSC of the first three runs (30
|/s and 45 1/s) in set 3 are extraordinary high. These

Especially for discharges of 30

are the first medium silt runs after water refreshment.
Runs 60 and 80 |/s maintain SSC values similar to sand
runs, however, the 100 I/s run (first green dot in set 3)
is in the low range again. For set 2, the observed SSC
drops after a handful of runs from SSC values of a plau-
sible magnitude to values 6 orders of magnitude below
that. The elevated SSC values of the first runs in set
3 might be correct as visual observations clearly stated

SSC of each run and the corresponding variance
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Figure 4.2: Recorded volumetric SSC for all runs. Indi-
cated in colors are the discharges imposed on the run.
The dotted line and smaller dots indicate the variance of
each run. Note that the discharges in an experiment are
not in the correct chronological order here. In this figure
the discharges are given in the following order: 100, 30,
45, 60, 80 I/s.

that the water turned into a milky white fluid once silt
was added.
The variance in set 1 reacts proportional to discharge
and is rather high compared to the majority of the runs
in sets 2 and 3. When the water is turbid (last runs
of sets 2 and 3), the variance drops about three orders
below that of clear water. The first runs of set 3 show
major variances. Analyzing the time series of these runs
explains the cause of this variance (Run 84 is taken as
an illustrative example, figure 4.4).

The recorded SSC varies massively when water con-
ditions become turbid. Once the SSC rose to approxi-
mately 5000 “TI the recorded SSC started to fluctuate.

A closer look at figure 4.3 brings forward that in

set 1 (blue), an increase of SSC with discharge is visible.
The other two sets, however, show no pattern.
Set 1 shows little spread in suspended sediment content
for each discharge, indicating similar recorded SSC for
all sand-sand mixtures each discharge. Set 2 shows no
pattern in discharge effect nor does it show any anoma-
lies in SSC per discharge. Set 3, in contrast, does not
show a pattern of discharge attenuated SSC increase nor
does it provide any continuity of SSC for runs with the
same discharge.
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Figure 4.3: Each box plot indicates the variety of sus-
pended sediment concentrations for the specified dis-
charge within a set.
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Figure 4.4: Time series of run 84. This is the first run
of set 3 (medium silt after water refreshment). When
the transmission drops, the SSC increases. This SSC
has a large deviation in the order of 1000 ”Tl Other run
examples are in the appendix (chapter 6)

4.1.2 Transmission parameter

The LISST laser beam travels through water from which
the concentration is determined from the transmission,
grain size and path length (eq. 2.1). So, lower
transmission values would indicate higher suspended
sediment concentrations. For the same sediment
mixture, higher flow velocities give lower transmission
values. Too low transmission values are obtained when
the water is too turbid (above critical SSC in table
2.1). Sequoia Scientific (2022) therefore acknowledges
a minimum transmission value of 0.1. This criterion is
has not been achieved for most of the runs. Only one
complete experiment and a hand full of runs have a
transmission higher than 0.1 (figure 4.5). Besides the
cluster of high transmission, three data points stand
out: the first three runs of set 3. These transmission

values are the lowest of the research while the first two

The transmission value and variance for each run
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Figure 4.5: The mean transmission value for each run
(large dots) with their respective variance (small dots
and line, 02). In red and blue the present and proposed
transmission threshold are projected respectively.

of these maintain a high variance. The high variance
for these first two of three runs originate from the large
change in transmission (e.g. run 84, figure 4.4) or
show a continuous fluctuation in transmission in order
of 0.007 (figure A.5). Run 86 (second red point) and
the following runs do not deviate much. These runs
all show a continuity of low transmission values. The
bigger part of sets 2 and 3 show these low transmission
values with low variance, all these low values occur a
few runs after water refreshment.

The cluster of high transmission (last runs of set one)
The high

variance in transmission and SSC are due to occasional

are identified as qualitatively good runs.
peaks or due to trends. The gross of the occasional
peaks, induced by sediment whirls, do not deviate much
from the average SSC (7% deviation from the mean
compared to the 10% of a poor run) or transmission
(2% from the mean in contrast to 9% for a poor run).
Only a couple of peaks deviate much more than that.
These transmission and SSC peaks simultaneously show
up inverse to each other (figure A.7). Trends show up
over time where the SSC steadily rises to a plateau,
while the transmission drops to a plateau (e.g. figure
A.7). For the transmission this drop can be a multitude
of three to nine times the average deviation around the
moving average.
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Figure 4.6: The mean velocity profiles of each 100%
medium sand run on a non-dimensional depth scale from
bed to water surface. Note that the non dimensional
depth is on a logarithmic scale.

4.2 UBT

4.2.1 Velocity profile

The measured velocity profiles (figure 4.6) of each dis-
charge closely resembles the expected velocities in table
3.2. The logarithmic velocity axis shows the logarithmic
nature of the boundary layer. This shape is induced by
the drag of the bed, decreasing the flow velocity towards
the bed. One of the 45 /s and the 60 |/s runs drop in
the range of 0.02 m/s near the bed.

4.2.2 Rouse parameter

Table 4.1: Rouse parameter of each discharge for 100%
medium sand experiment. "No" denotes the regime of
No suspension and "Incip." denotes the Incipient suspen-
sion regime.

Q(/s) |30 |45 |60 |80 |100

P 406 | 3.11 | 238 | 196 | 1.27
Regime | No No Incip. | Incip. | Incip

As a first indicator of the suspended sediment
regime for each velocity, the Rouse parameter has been
produced (table 4.1). No discharge of the 100 % medium
sand experiment reached the full suspension phase. 60
Until 100 I/s are within the incipient suspension regime
while 45 and 30 |/s should show no suspension. Video
footage of the 100 I/s shows a lot of bed transport of
rolling and saltating particles. Occasionally, a large whirl
sweeps sediment high in suspension. The bed is rather
flat. 80 I/s has little topography but quite some bed

42. UBT | 15

ouss

Figure 4.7: A time series of the backscatter profile. Or-
ange and yellow colors around a depth of 13 cm indicate
high backscatter amplitudes depicting the sediment bed.

motion. Particles roll and saltate while the occasional
turbulent sweep suspends the particles. For 60 |/s, the
smaller particles are in suspension for a moment when
There is

a continuous rolling motion with some saltation. The

a reaching a certain location on the dune.

45 |/s run mainly shows a rolling behaviour. An occa-
sional turbulent sweep over dunes causes the sediments
to saltate, yet the particles seldom go into suspension.
Unfortunately, there is no video coverage of the 30 I/s

run.

4.2.3 Backscatter profile

The backscatter amplitude (Sv) time series, an exam-
ple presented in figure 4.7, show high backscatter am-
plitudes at the bed as this hard surface reflects echoes
very well. The backscatter amplitude at the bed surface
and below are omitted to only capture Sv for the water
column. From this time series also dune formation and
propagation are visible. Another example of an uncut
backscatter time series profile with clear dune propaga-
tion is given in the Appendix (figure A.8)

The average backscatter intensity within the col-
umn, figure 4.8, is highly dependent on discharge. The
profile average backscatter amplitude has distinct val-
ues for each discharge. Noticeable is the abrupt drop of
backscatter in set 3. The fine silt seems to have a prop-
erty to relatively attenuate the backscatter amplitude.
Still, the unambiguous discharge dependency is visible.

The backscatter amplitude profile over normalised
depth (figure 4.9) shows a general trend of Sv increase
towards the bottom and also an increase of backscatter

with the discharge.
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Figure 4.8: The average backscatter amplitude for each
run. An unmistakable discharge/velocity dependency
emerges.
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Figure 4.9: Non dimensional time averaged backscatter
profile of the experiment with transmission values higher
than 0.1

4.3 Backscatter-SSC relation

From found results on the quality of sampling, the runs
including silt are omitted from any further analysis as
these samples are corrupted. Based upon the transmis-
sion values exceeding 0.1 only the 100% medium sand
experiment meets this specification (yellow line in figure
4.10) as the average transmission value for this experi-
ment is approximately 0.5. The only experiments with at
least two runs with a transmission value above 0.05 are
100% fine sand and 80% fine sand - 20% medium sand.
The 80-20% composition only has two points, therefore
shows a perfect line. This is also the reason it is dropped
out of the comparison. 100% Fine sand shows a lot of
scatter. From these 5 points the Sv-SSC relation for fine

sand emerges. Expected was a similar trend visible for
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Figure 4.10: Backscatter amplitude - SSC relation for
experiments with transmission values above 0.05. The
100% medium sand is the only experiment with trans-
mission values above 0.1 and therefore is leading in com-
parison.

both sediment compositions, however, this relation for
fine sand diverges significantly from the medium sand
experiment relation. Also, due to the noisy nature of
the fine sand relation, this data cannot be trusted.

SSC flux

The suspended sediment flux is a product of the flow
velocity, average surface area of a normalised depth cell
and regression derived SSC (figure 4.11). Since the re-
gression is only valid for the 100% medium sand exper-
iment, the flux is only determined for these runs. The
shape of the flux over depth looks very similar to figure
4.9, as the backscatter amplitude is highest near the bot-
tom. The flux of one of the 45 |/s runs drops around a
non dimensional depth of 0.93. This has partially to do
with the low backscatter amplitude and partially with
the drop in flow velocity (figure 4.6). The figure is
cropped to a maximum SSC flux of 0.0033 cubic me-
tres per second. This discharge is equal to a recording
of a non-dimensional cell, filled solely with water flow-
ing at the specified velocity for the maximum discharge
(100 I/s). A volumetric sediment flux equal to 3.3 /s
in a non-dimensional depth cell is impossible, as in that
case, the this cell transports only sediment, not even
any water anymore. The flux is fully saturated with sed-
iment. Surpassing this flux as the green lines do indicate
a larger volume sand passing than volumetrically possi-
ble. The vertical line in figure 4.11 indicates the same
process of non dimensional cell saturation, but now for
30 I/s. The 30 I/s flux is almost 5 orders of magnitude
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Figure 4.11: SSC flux profile derived from backscatter
amplitude and flow velocity. The SSC-Sv relation is ex-
trapolated from the experiment with transmission higher
than 0.1. The 30 I/s cell saturation line is a threshold
line when one non dimensional cell only transports sedi-
ment and no water in case of a 30 |/s run.

lower than this cell saturation limit.

This brings forward that the sediment flux of the
100 I/s run is too high near the bottom. The other
sediment fluxes do not show any problematically high

values.
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Discussion
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5.0.1 Interpretation

So far found is that the LISST underestimates the sus-
pended sediment concentration significantly once the
water approaches the milky white state which can be ad-
dressed to silt suspension (figure 4.2). The transmission
values drop below 0.1 (figure 4.5), the corollary being
that the water is simply too turbid for the laser beam to
pass through. The relative low transmission values for
the majority of the runs in the first set are attributed
to residual clay particles from previous experiments (van
Wijk, 2021). The amount of fine material differs each
run (figure A.2), but almost always passes the maxi-
mum SSC for the smallest particles with a transmission
threshold of 0.3 (table 2.1, eq. 2.1). The last runs are
the only ones with no finest sediments in suspension and
therefore have such a good quality.

High variances in SSC and transmission are either due to
trends with a multitude of the deviation from the mov-
ing average or due to large scattering. For the runs with
low transmission (the major part of sets 2 and 3), the
variance of transmission and SSC is low. This is caused
by the fact that the LISST is unable to record any valid
SSC data nor is able to correctly measure the transmis-
sion.

All'in all, the LISST transmission threshold of 0.1 seems
to be valid. For runs with a transmission between 0.05
and 0.1 the SSC shows noise similar to the runs with
a transmission of 0.1 and higher. Furthermore, the Sv-
SSC relation is also fairly different to the reference exper-
iment, plus there is a lot of scatter (figure 4.10). These
two observations indicate bias in SSC determination for
samples with a transmission value between 0.05 and 0.1.
The UB-Lab 2C has mainly issues from backscatter at-
tenuation (figure 4.8). Once the particle size becomes
too small (medium silt: dso ~ 18um), the received
backscatter is considerably attenuated.

The rest of this chapter devotes attention to similar
observed problems in other studies and some proposed
methodological changes are given regarding the setup to
prevent these problems to arise in future experiments or

field campaigns.
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5.1 LISST

In a field study inside a water way of a hydropower plant,
Felix et al. (2018) found for a fixed SSC, the turbidity
would decrease with particle size. The median particle
size was approximately 15 pym, similar to the experiment
conducted in our research. This emphasizes the prob-
lem of optic sediment determination for finer fractions
that present research stumbled upon. They also found
an LISST-100X determined SSC overestimation of 79% .
This was mainly caused by effects of highly non-spherical
particle shapes and perchance to flocculation.

Felix et al. (2018) recommend in-situ SSC deter-
mination for silt to be recorded by both a LISST and
a CFDM (Coriolis Flow and Density Meter) for a wide
range of concentrations (1 mg/l to 13.5 g/I). Once the
transmission limit of the LISST is reached, the CFDM
captures these higher SSC as the relative error drops
with SSC. This CFDM determines the suspended
sediment content on the density difference between clear
water and the water with suspended sediments. The wa-
ter flows through pipes that vibrate at their natural fre-
quency. The natural frequency decreases with the pipe
mass. From the density of the particle and the frequency
difference between clear water and sediment-laden wa-
ter the total SSC can be derived (Holcomb & Outcalt,
1998). The downside of this method is the lack of in-
formation regarding the particle sizes. As only the flow
density can be derived with the CFDM, the PSD is dis-
regarded. Therefore, overlooking valuable information
regarding which sediment sizes are in transport.

Something that could occur resolving the SSC and
PSD is bias due to extraordinary scattering from irregu-
lar shaped particles. Not only do irregular particles have
a broader scattering range, the smallest irregular par-
ticles scatter more light than similar spherical shaped
ones (Czuba et al., 2014). Since the medium silt used
is rather small, any irregularities on the particle shape
would lead to extra scattering and therefore create bias
in the PSD. On the LISST an irregular particle shape
model can be applied during SSC recording to account
for the additional irregularities induced scatter. How-
ever, this model was not applied during all experiments.
Even more, it is unknown which runs do have this model
applied. So, it is uncertain which experiments are biased

due to the irregular particle model absence.
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The sediment composition itself is also of major im-
portance. Particles smaller than 20 pm affect the scat-
tering pattern (Andrews et al., 2010).

This brings forward the problem of multiple scat-
tering in turbid conditions present research is presented
with. Due to the silt smaller than 20 pm, scattering
would lead to signal dissipation as the signal scatters
over a wider range for multiple times. Thus, a drop
of transmission also indicates PSD bias from multiple
backscatter such as the tailing.

Zhao et al. (2018) encountered SSC underestimation of
oil droplets between 8 and 28% for a transmission value
of 0.3. This study also found the SSC,,,, for a trans-
mission value of 0.3 to be achieved at 50% the proposed
SSC. The out-of-range particle sizes were not stored in
the nearest grain size bin as Agrawal & Pottsmith (2000)
proposed, but were added to the lower 2 and higher 8
bins. For the research of Zhao et al. (2018), it should be
noted that the partitioning of grain sizes to the largest 8
bins applies for particles larger than 1000 pm. For par-
ticles with a size of 500 pm (more probable in present
research), these extra large particles were added to the
nearest 4 bins. From these bins, the largest bin felt the
most pronounced concentration addition.

This addition spread may explain the tails at the end of
the instantaneous particle size distributions to be longer
than 1 bin in case the irregular particle shape model was
not applied.

It is important to be certain that the calibration
data (LISST data) is correctly observed, but also is un-
ambiguous. In the study of Sehgal et al. (ript), pro-
posed a generic calibration approach to estimate the Sus-
pended Particular Matter Concentration (SPMC) from
turbidity, SPM particle size, carbon content and colour
(based on the Munsell Value). This brings forward the
issue of bias imposed by each of these variables. In this
lab experiment, no carbon content/organic matter was
introduced in the system and the particle size and tur-
bidity are known. However, the colour is an issue that
needs to be addressed when measuring the SSC of dif-
ferent sediment mixtures as the generic calibration ap-
proach provides a slight improvement compared to local
calibration.
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Figure 5.1: After Ha et al. (2011), the total backscatter
attenuation depends on the scattering (blue line) and
viscous absorption (red line). These two depend both
on the scatter grain size.

5.2 UBT

5.2.1 Acoustic attenuation medium silt

Previously mentioned, the backscatter amplitude is
severely attenuated once medium silt was introduced in
the bed (figure 4.8).

Acoustic attenuation in water is determined by tem-
perature, pressure, salinity, frequency and the suspended
sediment properties, e.g., size, shape, mineralogy and
SSC (Urick, 1983; Richards et al., 1996). These fac-
tors can be categorized into two classes: water atten-
uation (a,,) and suspended sediment attenuation ().
The temperature, pressure, salinity and frequency reg-
ulate the attenuation by water, while the frequency
and sediment properties determine the suspended sed-
iment attenuation. «y in turn depends on absorption
components & (scattering) and &, (viscous absorption)
(Richards et al., 1996):

R
g = %/0 (&s + &,)SSC(r)dr (5.1)

R is the sensing range, r is the sub-distance from the
emitter and SSC' is the suspended sediment content.
The influence of scattering dominates from grain sizes
larger than 100 pm and is most pronounced around 800
um (figure 5.1). Viscous absorption however, is most
pronounced around 2 pm. Viscous absorption is the en-
ergy loss in heat from acoustic wave induced particle
motion.

The attenuation curves are less pronounced for the
UBT frequencies as for the 1.5 MHz SonTek (figure 5.2).
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Figure 5.2: The orange arrow displays the emitted fre-
quency of the SonTek (1.5 MHz). The range of the
UB-Lab 2C is indicated with the dotted green lines (0.8
- 1.2 MHz), the solid green line is the emitted UBT fre-
quency (1.0 MHz). The attenuation curves in figure 5.1
are on the orange frequency line. Figure retrieved from
Ha et al. (2011).

However, for a frequency of 1 MHz and higher the vis-
cous absorption is far more important than scattering in
silt-laden water (Ha et al., 2011) and would already lead
to 30% energy loss for concentrations of 0.5 grams clay
(2pm) a litre.

In the "hydropower plant study" of Felix et al.
(2018), the acoustic attenuation decreased with sedi-
ment size. They use the attenuation as an indication of
SSC, depending on the grain size.

In determining the viscous absorption of glass beads
(dso = 40pm) suspended in a water column, Brown
et al. (1998) found the reverberation time to decrease
with concentration. The reverberation time is the time it
takes for an acoustic pulse to drop 60 dB. This acoustic
loss time is also dependent on the acoustic frequency, as
the reverberation time drops with frequency (in this ex-
periment ranges from 50 to 150 kHz). These frequencies
are an order of magnitude lower than the UBT, thus, the
attenuation Brown et al. (1998) found is less pronounced
than in present study (figure 5.2).

From the aforementioned studies the conclusion
can be made that the dissipation of acoustic intensity
is something that already occurs in circumstances less
Thus,
these processes affecting the backscatter amplitude are

extreme than present study has dealt with.

genuinely important.
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The backscatter attenuation components &, and &;
can be derived indirectly with elaborate calibration. If
the experiment is repeated with the same experimental
setup, only now excluding all sediments, &,, is obtained,
The dif-

ference between total attenuation of a clear water ex-

as this is the only attenuation of influence.

periment and sediment-laden water gives &;. For each
sediment mixture, there is a specific attenuation that
can be used for SSC determination.

In a follow up study, &, and &, have to be resolved for

each grain size composition.

5.2.2 SSC profile heterogeneity

Experimental setups proposed for backscatter attenua-
tion determination (Ha et al., 2011; Thorne et al., 1991;
Thorne & Hanes, 2002) use stirrers to suspend sediments
and grain sizes homogeneously over the water column.
Field conditions and present lab research, in contrast,
contain vertically heterogeneous grain size distributions
(fining upwards). Introducing a attenuation coefficient
only depending on grain size overlooks the depth vari-
ability of grain sizes. To correctly incorporate the attenu-
ation of a profile into a Sv-SSC model, the heterogeneity
of the grain size distribution needs to be measured and
parameterized to include all physical influences individ-
ually. This in turn leads to a better understanding and
a completer vision of suspended sediment transport.

5.3 SSC flux

The derived SSC flux is way too high in case of the 100
|/s run. It surpasses the maximal possible flux (a flux of
only sand, no water) about 20 times.

The main constituents of the flux are the flow velocity,
the backscatter profiles and the Sv-SSC relation. The
velocity profile (figure 4.6) of this run looks perfectly
normal, a logarithmic velocity profile (Klewicki et al.,
2009). The backscatter profile (figure 4.9) looks rea-
sonably well too. Both profiles show an increase with
discharge. Therefore, these two constituents can be ex-
cluded from having effect on the extreme flux. Ergo, the
Sv-SSC relation needs to be assessed in detail.

The trend in SSC increase with backscatter ampli-
tude is fairly strong (figure 4.10, R? of 0.921). This
relation is based upon the average backscatter of the
UBT bins at the height of the LISST sampling volume.
The recorded SSC values at LISST depth are not dra-
matically high for these runs, neither are the backscatter



22 | CHAPTER 5. DISCUSSION

amplitudes. However, for the entirety of the profile, the
backscatter amplitude does increase considerably near
the bed. These amplitudes are far beyond the range of
the interpolated backscatter - SSC relation. Extrapo-
lating this relation for these backscatter values brings
unrealistic values. Therefore, the Sv-SSC relation is not
compatible for all the flow regimes and depths.

The produced sediment flux does produce proper val-
ues above the relative depth of 0.8 or 0.9. Therefore,
the flux is still usable for near water surface suspended

transport.

5.4 Research application

A suggestion to increase the data quality of the LISST
in turbid regions would be to increase the transmission
value. Equation 2.1 shows the dependency of the maxi-
mum observable concentration to the transmission value
and path length. If the path length is shortened, the SSC
range increases. Sequoia Scientific provides a module in
line with the suggested solution: the Path Reduction
Module. The PRM reduces the path length to 5 mm
instead of the original 25 mm. This results in maximum
observable SSCs 5 times higher than without the PRM.

Another suggestion would be to dilute the water
sample to increase the transmission value. Injecting the
sampled water volume from a certain depth into a fixed
volume of water dilutes the SSC with a known ratio.
Measuring the diluted sampling volume gives the same
grain size composition, only with their respective con-
centrations a ratio lower than in field. The original SSC
can be derived from the diluted SSC and the dilution
ratio. If this process can be executed uninterruptedly,
a continuous set of SSC data is collected which in turn
can be used to produce the backscatter-SSC relation.

Considering the suggestions of diluting and short-
ening the laser path length, a proposed experimental
setup would be to continuously pump water from mul-
tiple depths through little hoses. These hoses should be
connected to a LISST each, with the proviso that these
LISSTs are equipped with either a shortened sampling
volume or a dilution system. Now the LISST can ana-
lyse the pumped water volumes correctly on SSC at the
same moment the UBT records the backscatter ampli-
tude.

The most trustworthy method still is sampling sus-
pended sediment, measure the mass by dry weighing.
The major downside is the labour intensive and time

consuming process. However, this method can be used

to validate the LISST or calibrate the backscatter-SSC
relation. Another advantage is that this method still al-
lows PSD determination as the particles are conserved.
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From the lab experiments, a few important issues are
concluded.

Smaller sediment particles severely affects optical
measuring devices through transmission reduction, so
does silt. In this experiment the suspended silt content
was too high, reducing the transmission below the
thresholds of 0.3 and 0.1. This was also the case for the
majority of the sand runs. These sand runs are most
probably corrupted with finer residual sediments of
previous experiments. From the data of the runs which
are well above the threshold, a solid logarithmic relation
between the backscatter intensity and suspended sedi-
ment content was found. The applicable range of SSC
in this relation was surpassed near the sediment bed at
high discharge. Near the bed absurdly high sediment
fluxes were found exceeding the physically possible
maximum flux. Lowering the threshold transmission
value of 0.1 of 0.3 to 0.05 is not viable. The Sv-SSC
relation differs from the valid relation and is filled with
noise. Therefore, in case the transmission value drops
below the set limit (Sequoia Scientific, 2022), the data
should be treated as faulty and cannot be used in any
further analysis.

It is recommended to adapt some changes to the LISST
setup in order to collect data more accurately in the
future:

It is wise to either reduce the path length as this
a variable that would increase the maximum observable
SSC (equation 2.1), or dilute the SSC sample by a fixed
volume. The mass and particle size distribution of the
sample remain the same, only the concentration de-
creases with a fixed value which can be easily converted
back to the in-situ samples. The Sequoia company
provides both these adaptations. This way sensible SSC
values can be collected under turbid circumstances.

Silt also corrupted the UB-Lab 2C data. Due to
viscous absorption, the backscatter amplitude dropped
significantly. The backscatter amplitude dropped,
however, in a relative sense: the backscatter amplitude
still followed discharge/SSC but were in general lower
and closer to each other. The UBT is therefore able to
record sensible data.

To produce a relation between Sv and SSC is achievable

if you consider this grain size dependent attenuation

and capitalize on this physics through an improved
setup and calibration:

If the SSC is sampled near the surface and at
bed depth,
be accounted for, thus, incorporating the grain size

the sediment induced attenuation can

dependent attenuation into the Sv-SSC relation. In this
manner also the vertical particle size heterogeneity can
be taken into account to improve the understanding of
sediment transport.

In conclusion, the effect of sediment composition
and suspended sediment concentration on suspended
sediment transport determination in a lab setting is
mainly that the finer sediments overwhelm the optical
sediment content monitor (LISST) and attenuate the
PSD. The UBT records attenuated data which can be at-
tributed to viscous absorption from medium silt particles.
Some minor adjustments in the device setup would give
much more confidence in suspended sediment transport
determination. SSC determination based on backscatter
is promising if the SSC samples are calibrated at two
depths to counter attenuation. Furthermore, if mod-
ules are added to the LISST, which increase the maxi-
mum observable concentration, the high concentrations

of suspended silt would be recorded correctly.
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Table A.1: The grain size distribution of each sediment

Sample Name H medium silt \ coarse silt \ fine sand \ medium sand

d(0.1) p 2.43 3.658 106.781 | 182.403
d (0.5) p 17.818 39.111 179.343 | 270.096
d (0.9) p 46.265 133.749 298.766 | 399.655
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Figure A.1: The grain size distributions of the used sediments
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Figure A.2: The sum of suspended sediment content of
the first three PSD bins. On average these bins rep-
resent a grain size of 1.5 pm. The threshold line in-
dicates whether the tolerable SSC of these grain sizes
surpass the SSC based on the transmission threshold of
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large variance in figure 4.5. The deviation is in order of
100 &t



Run 30,45 I/s

90 0.57
85 0.565
\
80 | “\ "‘ (I 0.56
|
L I
T75 ‘” /| Il \‘ J“ ‘ m ” “M‘ ‘ M | H 0555 o Run 33 00
= I \ . 2
S0t l‘l\ ]| ‘ H M‘ HN h 0.55 3 450
% ‘l‘\\ Mt | |
o5 |I| W‘ \“ \J I 0545 & 200
s \
60 - |‘ i 0.54 350
| | 5 5
| @ 300 &
55 0.535 E g
2 250 €
50 : : : : : 0.53 £ 8
14:08:30  14:09:00 14:09:30  14:10:00 14:10:30 14:11:00  14:11:30 200
e
I h il
Figure A.4: Time series of run 30. This is one of the runs ‘ ‘ ‘w 1 l”" “‘M/“r .
from the cluster with a high transmission. The deviation 51k ‘ ‘ “ 100
of is in order of 10 “l—l ‘ ‘ . J \”\l‘“”i \m o
12:05 12:10 12:15 12:20 12:25
time

Figure A.7: Transmission and concentration of run 33

showing trends in opposite direction between the two.
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Figure A.8: Uncut backscatter time series of run 114.
Notice dune propagation below the UBT.
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Figure A.6: Transmission of run 86
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