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ABSTRACT: Sediment motion behavior plays an essential role in sediment and hydraulic engineering,
though its physics is still not fully understood. Ignoring the stochastic nature of the sediment transport
leads to various equations for bedload transport which are now being challenged due to their results. In
this study, the non-suspended particle motion (bedload transport) in different hydraulic conditions was
assessed by a particle tracking technique called Particle Tracking Velocimetry (PTV). The results of the
PTV were applied to describe the particle behavior throughout the probability distribution functions.
Knowing the particle motion behavior would guide learning more about the parameter/s governing
the particle transport in different sediment transport regimes. The instantaneous particle velocity was
measured after calibrating and validating the frames (resulted from the PTV). Different probability
distribution functions were assessed with the Kolmogorov-Smirnov criterion (in 5 percent of the level of
confidence) to find the best function which fits the collected data (i.e., the particle velocity). Furthermore,
an analysis of the governing parameter for particle entrainment in different transport regimes was
conducted. It was found that in a weak transport regime, the particle-bed and higher transport regime,
the particle-flow interrelations were the governing factors that make the particle move. It was shown
that the probability distribution function is Lognormal for lower particle Reynolds number, and on the
other hand, in the higher particle Reynolds number, the Normal distribution best describes the particle
velocity. The results of this research also could be applied in similar hydraulic conditions in the eco-
hydraulic field, specifically macro-plastic movement as bedload in river courses and Aeolian research.
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1- Introduction

Coarse particle motion throughout the river courses or
any open channel ducts near the bed could be in the form
of saltation, sliding and/or rolling (i.e., bedload transport
modes). Despite various research in bedload transport, the
stochastic nature of the particle motion led to ambiguity and
inapplicable equations for different hydraulic conditions
[1,2]NiannianauthorauthorSingh, ArvindauthorauthorGuala,
MicheleauthorauthorFoufoula-Georgiou, EfiauthorauthorWu,
BaoshengauthorauthorscontributorstitlestitleExploringa
semimechanistic episodic Langevin model for bed load
transport: Emergence of normal and anomalous advection
and diffusion regimestitlesecondary-titleWater Resources
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framework is based on the excessive bottom shear stress
parameter, which initiates the bedload motion. The study
of du Boys (reviewed in [3]) was the benchmark study for
further research, which assumed the mean shear stress as the
sole parameter responsible for the incipient and transport of
the bed particles. Einstein ([4]) made the pioneering attempt
on the probabilistic aspect of bedload sediment transport.
He tended to describe the bed particle motion as fluctuating
streamwise steps and resting intervals governed by the
stochastic nature of the near-bed water velocity. Instead of
using a single representative value of shear stress, Einstein
related the number of particle grains in motion to the
probability of the particle lift. Afterward, several researchers
have proposed and adapted the stochastic framework for
studying bedload transport (e.g., Grass [5], Sutherland [6],
Ancey et al. [7]). A new interest among researchers arose
after improvements in the high-resolution experimental and

Copyrights for this article are retained by the author(s) with publishing rights granted to Amirkabir University Press. The content of this article
o NG is subject to the terms and conditions of the Creative Commons Attribution 4.0 International (CC-BY-NC 4.0) License. For more information,

please visit https://www.creativecommons.org/licenses/by-nc/4.0/legalcode.

317



H. Farhadi et al., Amirkabir J. Civil. Eng., 54(4) (2022) 317-320, DOI: 10.22060/ceej.2021.19759.7253

PDF

PDF

Particle velocity (m/s)

Particle velocity (m/s)

Fig. 1.Lognormal and Normal probability distribution
functions in each experiment sets for four roughness a)
pl, b) p2, ¢) p3 and d) p4

microscale monitoring techniques and improvements in
statistical mechanics. Capturing images with a high-speed
camera has enabled the Lagrangian measurement of sediment
behavior in motion (Roseberry, et al. [8], Lajeunesse et al.
[9] and Keshavarzi and Ball [10]). With image processing
techniques, the particle trajectory could be monitored, and
by employing a tracking method, the instantaneous motion
parameters like velocity could be measured. Applying image
processing techniques, which could be mentioned as particle
tracking velocimetry (PTV), with stochastic models, there
are several studies have been conducted to describe the bed
particle motion (e.g., Ancey and Heyman [11], Fathel et al.
[12] and [13]).

In this study, the application of the PTV has been conducted
to monitor and explore the particle motion’s behavior by
capturing the particle’s instantaneous velocity in transport.
Information derived from the PTV permit drawing some
conclusions on the physics of bedload transport by applying
the best-fitted PDF, which describes the particle velocity.
Different experiments with a specific range of flow rates and
particle densities allow us to observe the PDF transitions for
different bedload transport regimes.

2- Methodology

The experiments were conducted in the Water Engineering
Lab at the University of Glasgow on a 1000x40x90 cm?
(length, height and width, respectively) tilting flume over a
test section of 150 cm length. Thirteen flow rates near and
above the threshold of bed particle motion, delivered by a
pipe with 14.2 inches size, have been tested. A bed made of
well-packed beads has been set up over the test section to
avoid dislodging during the experiments. Particle motion is
captured by a high-speed commercial camera (GoPro with
60 fps and 1920x1080 pixel resolution), recording the top
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view covering the entire length of the flume bed. Particles
with four different densities (p,= 1380, p,= 1501, p,= 1620
and p,= 2000 kg/m’) are initially located at the upstream
end of the configuration, fully exposed to the instream
flow. The experiment parameters (e.g., flow rates, particle
densities) were selected to cover the above near-threshold
conditions, a low transport regime. Applying particle tracking
velocimetry (PTV), the location and the instantaneous
streamwise velocities of the exposed particle were derived.
After calibrating and validating the frames, the center of the
particle mass in each frame is identified so that its trajectory
comprising consecutive displacements would accurately be
defined. The PTV process was undertaken by an algorithm
written in the MatLab environment. As bedload motion
has stochastic nature, a probabilistic analytical approach is
sensible to follow. By using the particle velocity measured
from the PTV, different types of empirical probability
distribution functions (PDFs; i.e., Normal, Exponential,
Gamma and Lognormal distribution function) were produced
and assessed by statistical criteria, i.e., Kolmogorov-
Smirnov, to find the PDF which could adequately describe
the streamwise velocity statistics.

3- Results and Discussion

Applying different Probability distribution functions, results
showed that for lower particle Reynolds number (near-
threshold), the particle velocity behaves Lognormal and for
the higher particle Reynolds number, the Normal (Gaussian)
function best describes the particle velocity probability
distribution. In Figure 2, the Lognormal and Normal
probability distribution functions are shown for different
particle densities and different particle Reynolds number. As
in prior studies (e.g., [14] and [15]), Lognormal was found to
be capable of describing the instantancous bed shear stress,
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it could be inferred that the bed particle transport in lower
particles Reynolds number depend more on the particle-
bed interactions and for higher particle Reynolds number
which the transport regime is in an equilibrium state and the
viscosity effects are getting weak, a Normal distribution is
sensible to follow

4- Conclusions

The bottom (or bed) Shear stress, which was responsible for
particle transport in the classical view, is only a crude measure
of conditions contributing to the bedload motion physics. It
is a quantity that is averaged over time and some specified
spatial scale and contains very little information about the
forces producing particle motions. Mean and fluctuating
fluid forces are almost certainly involved in particle motions
via local drag, and lift. However, particle-bed interactions
are equally important. The form of the particle velocity
distribution depends on the frequency with which particles
interact with the bed in contribution to the fluctuating fluid
forces acting on them. It was shown that in a weak transport
regime (near-threshold), the particle velocity follows
Lognormal distribution and for the higher transport rates,
the particle velocity follows a Normal (Gaussian) probability
distribution function as particles experience longer duration
fluid forces and equilibrium in transport is satisfied.
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Fig. 1. An overall view of the experimental setup and the apparatus used in this study (a and b; flow direction
is shown in both images)
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Table 1. Hydraulic parameters of conducted experiment sets in the study
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Fig. 2. Schematic image of experimental setup and the planar image recording of the particle sphere with GoPro
camera in a frame window of 90x
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Fig. 3. Frame modification, from (a) raw frame to (b) processed frame for study. Flow direction is
shown from right to left
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Fig. 4. (a) Transport data selection and (b) particle exposed to water flow
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Table 2. Kolmogorov-Smirnov statistical measure (Eq. 6) of the best probability density function (D /N
for Normal and D /LN for Log-normal function; “-* for no particle motion)

m3
Q (T) Re* pP1 P2 P3 P4
o[\Y YYY/ay - - _ _
JARYTYYA- Dun/LN ] ) )
=0.03267
JJAFA YADITO Dinn/LN - i i
=0.02772
[AAF YVEIFY D /LN D /LN - -
= 0.02562 = 0.03475
e YYYIVA Dn/LN D /LN i )
= 0.02532 =0.03796
Dy n/LN
JYY¥Y  YARNY D, /N = 0.02617 mn - ;
man/ =0.03527
Dy /LN Dppn/LN
RS F 2 N 4 A7 R ) N = 0.03716 mn mn _
man/ =0.02359 = 0.02368
JeYA)  FYAN. D /N =002410 D,,,/N = 0.02179 Dinn/LN ]
i mnf = 0.04423
D,y /LN
[YYF  fOF/Y =0. = 0. o -
Dyn/N = 002576  D,,,/N = 0.02291 T 12
Dmn/LN Dypn/LN
«[+Yde OYFNY D N = 0.0261 D N =0.01 mn mn
man/N = 002619 Dy /N = 001803 =0.02341 = 0.02663
«*¥¥F  OY#5V  D,../N =0.02843 D,,,/N =0.02928 D,,,/N = 0.02057 Lzmdn({ ZL(I)V%
Dy n/LN
o[sfee  OFAAY D, /N =0.03594 D, ,/N=003043 D, /N =002283 :
‘ ' ' = 0.02948
JF¥Y  080/-¥  Dp./N =0.04161 D,,/N =0.02368 D, ,/N =0.02189 D,,,/N = 0.02700

S ouiS oy SVl mjg Bl e @S 225 @)g
i L) sl o 1) Goguoy JUa! ailil I s g ailiol Laslys 45 0y
&g &y s (Slwlie) pl S s F US55 uzmes (03 JBs
5 gl .l saalie LB (5 B Y oo Laly)) o il YL
dae (o (P92 o) il 4 Soop Cguy JSI 0 53 &5 w3 0
syl Gl L g Jly Sol @l jle)d ca s (053 5 ol jUs2)
&b 3o omzmen 5 by jAsu) 235) plp Sgrdea b sy
Olynss b dasly 3 &5 Jlllas & oy b a8 00 s9pm Jboy @9
[FY] (Ve o7) Sz o [YV](V+0¥) o) 5 S by (B0 (5 (slalad
i & ) llad Ly 25 el & A5 asete cul o ploc
9 s L3 Gy (18 Al s 4 &5 WS (e Cuns Sy S
asly 0 o3y JUS! Ly 53 I3 S o o S e (o GBS
9 Soge Clini )3 &S jghailen (S 5k adl oo yrar—o)d bls)l 4

s b Slualie (meos SVleisl @je @b oF, (x) of »» o
N ol b odd dnslre (re (SYlein] mjg8 b G, (x) iges M
Al e B panbBg S 9alsS el ilol Jlie D, g iged
SVl @ig g & sl aly il 2 she (238 G 9ol
digel g (Cawl 0dd 03> LS pl S gtunn g 4 &) Slaalie diges
09l » D, Mie S b cilhe (b bjly @b) 28
(1o 0 dlllas ol ) lisab] o Sy 5l b pransh-Cig S salsS
&b 5l Wged 93 Bl pie (dne 4 &S Sl 393)0 (1518 (pl 298 puiey

Al oo Ha5 590 (SYlets] 598

=G -y

85 prsl=By S 905 (39 (i) 3ol slime a2 g8 LY Jgu 5

é.sly 9 u-u)lﬂ)] dL&ad).w Pl ol ol 31y é"?’ MLM (; Ah»l)

AIARY



O3S Sl ealaB 5 B L g b ol 3 Wlgie 29wy )
Mg o) > (2l B Lly ol 5 298 Jlesl 5 gwy JlES! 2
Casl 0 pLsl yiy Sligw) <8 > (g (Bolal ol b s L kil
Ll([YVT (YY) Sl g il 5 [FF](VIA) podhed 5 (o8 lalllae)
Ui 9 by ool Ll pd a4 dgase Slasdisg ol 3 e plol cliyle)]
laptngg plosl 4 5l ol oo (g sl & Wbl olags
i 0dgame (gwyp > & ook cnl @l Al gyl
P ©9lad (gl Slg e aw)y JUl w255 9 0l (S kulyd
S o iy 3 A8l llllas L ol JoSo e JUinl S50 b a5
wB)S )8 (el dx g 350 sl ‘P‘ & asliag) ) (Satwdly dlge
siile) imgsy ol slatalof] bl ailtio sla gy piman § Cul
9 239 & &5 s 00 O UKD ) sl osliul BB 5 (b Jg
Sglite o IS g b plalejl lulpd 4 drgi L o] (o aels
28 @b S Vs, dae Gl bl e saalie BB (g o)
iy Jlogs @2j55 & & B3 5 39500 yome @b JS5 5 alS ogos
L) @lgw) JUsl jld) ud ooy mudyi ok & pslailen &S A8 e
b slog s b cos yut (JUsl Jols 023 3 (208 @58
SVl @595 @lgs Olpmss 090 & JS5 )3 (pimen wCunl 48515
ol 0dds o3l oyl Pe, P P, P, s J&s

zooy & JSS  Jbp & Ji=Sy il mig @b S5 s
bi o Jby-Sy mjs b @ baye diee glald) cul jasuis
(1lee Jloy mjs @b @ bgrye dtgl

Vlais! 155 @l s sl (5855 (ol donss Cmnl Sl 45
&b S5 3y sl gy JWS w5 9 by iz bulyd
Condg e bl @i @b @ Jp-S9 I Yl @iy
aons (pl oS Abloe gy JUEl 025y ) ialej] bulyd (605058
JUsl 023 a5 Sloj o5 Adlioe (il Sl gl due oSl
(Jley) s @398 b ol 00 g8 il 1 Ll 1> g
D dlgs g )l &8y 0dlS Loyt @ (e

Yl g5 @b jlam LI (SYlinl @95 @b @l & 4y b
s 3 bl ) gy JW 0alS Chog e Jloyi-S Y
5 Sy Slllee )3 (LI in) SYleisl @595 @l ol oo JUi]
oy JEnl Joles o35 10 owizmed [YV] b sdalin (Y4Y) o) Ko

oMS chogi cpyite (Jloy @i @bl am Jamg (Yl jgi @b

1044

aol 0 S [FA] (Vo)) oh)Ked 5 & puad 5 [FF] (Y4 ) oS
2 s Slajal oSpe 58b 5l 8L lmeny 3 oSy s,
(5L o sl clayb > slaonsy @ld 3 aS) conl Bolas clasn] )b
(003 5 Sl jg) 232) ol (Sdgpien plie Rl L bldo )
P& 8 aoml plgie () S (Jlog) (S L8, 4 dxgi b
(ol 485 51,3 gy JUil (ol 025 53 45) gy JUil asl 5 o)
2 gl p eS8l ggerme sl yiall 4 (S

e Gl 4 arg b ail 1S5 ol e Wlgie a )l
P e & gume)d Gl g ed oSl gl Sl Galsy,
Lhise GBI 3580 003 (j9Sumy Sl 2) s JUisl lawaj)
Dy mlgs ol (Sl 3 s oyl cov i @l JlEs)
sl sdger lr Ol (Seelid loyial)ly Cunjg s Jls e
9 by (90 Gag ) gy slaielly Al B> @ 3y8 )18 e e
a7 053 (slalindd cas s 9iome (ol 0)3 (ot (5 (1
O 29 0xbxS b Sod adllae o 3 el ol B, gy &S
228 Ciogi plyie ]y aled (SVlin] @iy @b & (pdie I 4t
(Oladss 1 (6)gye 50 0dd S Wiled S &)l g il yd (glalasd cas yu
Ohen 5 25y 9 [P (VIA) podls 5 (o8 liios Jo plyie &
slael g (e dee +/0) 3y 3 L oS slaislejl slass ([YY] (Y+1Y)
59 OoR > 45 025 odliul (RE<F e+ v) o5 o @ b2 5050,
bl o g ooty Ll a8 0 el s [YV] (Y+Y+) o)iSem
5 1y el oo &1 i o (s b gl I3 )
o Olidng ) ndiges Cudldy &S Coul gobge ol oS Al o)
Al i am) Col 0dgy yiuns )b eS8 s JGnl 63 0350
E5) Cunl 03 pols Limg Cubldy o390 45T gy Jlanl ol
(¥ IS5 4y 04

S oS oS8 2 (St ool 5 b S5 S o
)l 3980 Jlosh 0,3 2 oS by Slogh logs gy b bLII
Oygo Vb ulS 5 b yiur—o)d LS > @i JS3 &5 & )90 cp
Vs 5 s a8 oI5 3 b Dbl 5 350 oy 5
S o0y Bg Jlo oo 2 0)3 bawg Jlw slag

49 5byy slme > Gl Copw SNl L ¥ Jodo 4 d25 L
Yo )3 S o e g Jlein] i oo 0,3 Wiy dae dulxe ] &5

S Balal > B L Lo cpl gl ) (pmess il ligl 31,



Ve E BADAY oo VYY) o oF ojloud DF 090 ¢S yuol (ylpas widine &yl

&
. Re*=277
v 10
e s
‘e,
(‘F__‘_ 4] 0.1 0.2 0.3 0.4
1 Re*=332
10
5
0
0 0.3 0.4
'3 Re*=450

M

0 0.1 02 03 04

Re*=537
10

g7 #R e g FR jemre” gR SR e
=

0 0.1 02 03 04

(m/s) 0,8 ie yus

Experimental = = = == Normal --=-=r=r=memem Gamma  sxeeererresannes Weibull

15 Re*=285 13 Re*=314
10 e 10

5 5

0 1]

0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
15 . 15 ¥

Re*=384 Re*=447

10 10

S_Jfﬂk ) ﬁm

0 0

0 0.1 0.2 0.3 04 0 0.1 0.2 0.3 0.4
15 Re*=454 s Re*=524
10 10

5 Jﬁ%k_ ) .ﬁ|hb
0 0

0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
15 *_ 15 o

Re*=549 Re*=565

10 10

5 ﬂ E 5

0 0

0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4

(m/s) 0,3 Zue yus (M/s) 0,5 Cae yuu

Lognormal

labiod sy (Jlo g S99 Jgng bl (o) (225 (Yol @595 @y L (015 ghamd) (Fladliie (SYleinl @593 @ dmlie O JSWS

p) IS sl e)3

Fig.5. Comparison of the observed probability density function (histogram) with the empirical probability density
function (Normal, Gamma, Weibull and Lognormal) for instantaneous particle velocity with roughness of p1
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