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ABSTRACT

BED SEDIMENT TRANSPORT AND CHANNEL MORPHOLOGY IN A BRAIDED CHANNEL: INSIGHTS

FROM A FLUME EXPERIMENT

Thisthesis presents the methods and findings from an experimentaimed atrelating the rate of bed -
sedimenttransport through areach of a braided channel to the intensity of the braiding sub-channels
(anabranches) alongthe reach. The experiment was conductedin alarge flume located at Colorado
State University’s Hydraulics Laboratory in Fort Collins, Colorado. No similar flume experiments have
been conductedinvolving braided channelsin awide alluvial plain. Such experimentsinvolve several
challenging considerations that greatly complicate such experiments: braided channels are
characteristically wideand shallow; have relatively large bed-sediment loads that are difficult to
measure, because they move in multiple sub-channels; and the sub-channels (often termed
anabranches) are ephemeral. The self-forming nature of the anabranches means thatthereislittle
direct control overthe exact morphology of the braided channel. The objectives setforthinthis
experimentovercamethe challenges of braided river flume studies, and allowed a comprehensive data
setto be obtained of both bed sediment transport dataand morphologicbraided intensity data. The
intensity of braiding was characterized using a braidingindex (Flow Width Ratio) developed during this
experiment. Arelationship wasidentified and a trend established —as FWR increased, the rate of bed-
sedimenttransportdecreased —but the stochasticnature of transport rates and morphology introduced
much scatterin the relationship. It was found that local morphologicfeatures have alarge impact on the
transport of sedimentthrough braided systems, and that the features could help explain some of the

scatter inthe data.



ACKNOWLEGMENTS

| would like to thank the Colorado State Universities Hydraulics Laboratory and the staff for allowing me
conduct my experiment and for their continued supportand dedication toresearch. lwould also like to
thank; my advisor, Dr. Robert Ettema for his uplifting spirit, positive encouragement, and continued
supportthroughoutthe experiment; my committee members Dr. Peter Nelson and Dr. Michael
Falkowski fortheiradvice and help throughout the experiment. Also, | would liketo thank all the faculty
at Colorado State Universities Civiland Environmental Engineering department who have inspired my
passion forwork and research the field of hydraulics engineering. Lastly, | want to thank my family,
friends, and fellow graduate students for theirkindness, expertise, and support throughout this

experimentand my graduate careeringeneral.



TABLE OF CONTENTS

S I 3 PR ii
ACKNOWLEGIMENTS ...cettiieeeiititt ettt e e e e ettt e e e e e sttt et e e e e e e e aaaaa b be e e e aeeeeaaanbbbbaeeeeeeaeessaannbtbeeeeaeens iii
LIST OF TABLES ...ttt ettt e e e e ettt e e e e e s e s ettt et e e e e e s aaaabbbeteeeaeeaeeeaanbbaeeeeaeeeesannnntnneees Vi
LIST OF FIGURES ...ttt s e s e e e e e e e a e e e e e aeaeneaenenensanes vii
Lo INEFOAUCTION. ¢ e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e as 1
1.1 3= Yol 1€ o TV o S 1
1.2 Objectives and APPrOaCh..........ii i e e e e e et e e et e e et e raaa e aaes 3
2. LITErature REVIEW. . .ceeeiiiiiiieie ettt e ettt e e et e ettt e e e e e e e e e e e en s e enen s e eenana e eeenenaneenes 4
21 Braided RIVEIS .ceeeeiiiiiiiiiiiiiieieeeee ettt ettt bbbttt e e e b e 4
2.2 Moveable-bed Hydraulic MOAEIS ..........oiiiiii e e 6
2.3 Remote Sensing and Photogrammetric TEChNIQUES..........uviiiieiiiiiiiiiceie e 10
3. Experiment Design, Construction, Calibration, and Instrumentation................ceieiiiiiiiiiiiee e, 12
3.1 EXPEIMENT DESIEN ettt et r e e e e e e e e r e e e e renaas 12
3.2 1210 LU PN 13
3.3 EXPermMENT CONSTIUCTION. ..ccuuiiiii ittt et e et e et e e ea e e eaa e eeeaeenns 14
3.4  Variables and INSTrUMENTAtiON. ......uuuu e 20
35 EXPeriment CalibratioNn.........cooiiii i e e e e eaaaas 22
3.6 GENEIAl PrOCBAUIE...cciiiiee ettt e e et e e e e e s e e e e e e e e e e s anrnee 26
4. Data COllECLION ...ttt e e e e e e e e e e e e ns 29



41 Hydraulic Data Coll@CHON .......couuueiieii et e et e e e e e e e et eeeeeans 29

4.2 HYdraulic Data ANAlYSES ... .ceeiiieiiiiiciie e et e et e e e e e e e et ee e e e e e e e e er st e e e eeeeeaaaaeannns 31
43 Morphologic Data CollECtioN ........oiiiiii e e e e e e aa e e e eaaan 32
4.3.1 LYY o | B (4 Yo=Y Y PP PRSP PPPPPPPPRN 33
43.2 Structure from Motion Photography-..........ueiiiiiiiiiiiiie e 35
433 (0] o] [To TN TSI g F= ==Y oV 37

4.4 1V (oY o] a o] KoY =i Lol 2N o F=1 V] £ P 39

D RESUIES e 44
5.1 TaLugeTe IV Tl 1 1o ] o PO PO PP P PP PP P PPN 44
5.2 SeAiMENT OULIIOW Data ... e e e e e e e e e e 45
5.3 Y oY q o] ToY oY =(Toll D1 - [P 48
5.3.1 Measured Morphologic Data........cccuuiiiiiiii e e e e 48
5.3.2 Observed Morphologic Data.........cooeviiiiiiiiiiii 55

5.4 Sediment Outflow vs Flow Width Ratio Data ..........cooeeiiiiiiiiiiiiieee 66
5.5 FUMENEE DISCUSSTON «..eeiiiiiiiiiiitttitittttttttteeeeteeee ettt et ettt ettt et eeet et et bebebebbbebebebsbebsbsbessbebebesaaasssasaea 80

6. Conclusions and Suggested FUrther RESEArCH .........cooviiiiiiiiii i 82
6.1 CONCIUSIONS et e et e e e e e e e e e e e e e e e e et e e e e e e e e e e e e e e e eaes 82
6.2 Suggested FUIther RESEAICH ........coiiieiicei e et e e e e e e e e e e e eeeens 83
RETFEIEINCES .. e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aeans 85



LIST OF TABLES

Table 1: Regression analysis values presented from both Run 1and Run 2..........cccoovviiiiiiiiiiniiiicneeeene,
Table 2: Regression Analysis for the combined datafrom Runs 1and 2.......ccceeeeeiveiiiiiiieeeeecceiiiiceee,

Table 3: Data from all regression analyses shown together for comparison........ccccccvveeeeiieirieeiiieen e,

Vi



LIST OF FIGURES

Figure 1: A view of the sediment plain extending upstream from the sediment retention structure with
Mount Saint Helensin the far distance (Source: CENWP 2013) .......ccuoviiiiiiiiiiiiiiieeiieiieeeeeeeeeeeeiee e 2
Figure 2: Plan view Of the fIUMIE ......ee e 13
Figure 3(a)(b): Views of the model under construction (a) manual spreading of sand (b) placement of
slope based guiderails along the flumesinner Walls ..........cooiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiir s 16
Figure 4: The main components and dimensions, shownin US customary units, of the model
constructed iNthe fIUME.........ei et e e e e e ee e e e e e e 17
Figure 5(a)(b): Views of the headbox and hopperatthe upstream end of the flume: (a) the hopperfed
sedimentviathe augerintothe headbox, whence waterand sediment entered two pipes that

dischargedintotwo starter channels (braids); (b) aview of sediment mixing with waterflow inthe

Figure 6: The two pipe-feed channels (simulating two main braids) issue water and sediment at the

UPStream end OF the DE.........uue i et e et e e et e e e et e e e et e e saaaaas 19
Figure 7: Roughness elements (bricks) placed along the inside of each of the flume walls..................... 19
Figure 8: The tailbox channel, sediment trap, and Water SUMP ......ccoeviveviiiiiiie e 20

Figure 9(a)(b): Measurement of sediment outflow from the model: (a) nearthe end of a measurement
period, sediment was sweptfromthe tailboxchannel to the collection basket; (b) one of the two wire -
mesh baskets used to measure the rate of sediment outflow from the model...........ccccoooiiiiiiiiinnns 22
Figure 10: Leveled flume bed before teStING.........ovviiiiiii e 27

Figure 11: Cumulative plots of sedimentinflowand sediment outflow shown to demonstrate

equilibrium, the dotted line is shown to parallel the sediment inflow plot.........cccccoeviiiiiiiiiiiiiiiinns 28
Figure 12: Sediment transport path through the flume and down the outflow chute highlighted .......... 30
Figure 13: Sediment collection “chute sweeping” process SHOWN .........ccueeiiiiiiiiieiiiiie e, 30

Vii



Figure 14: Plan view showing approximate location and field of view used in the aerial imagery ........... 34

Figure 15: Aerial panoramic image of the flume; flow is to the readers left .........ccccceeeeiiiiiiiiiiiennn, 34
Figure 16: Aerial imagery shown with projected cross sections; flow is to the reader’s left.................... 35
Figure 17: Plan view of the structure from motion photography set up.......cccoeiiiiiiiiiiiiiiine e, 36
Figure 18: Structure from motion ortho-rectified image; flow is to the reader’'s left..........cceeeeeeeeenennnnn. 36

Figure 19: Structure from motion photography shown with the digitized cross sections, contrast and
brightness edits; the flow is to the readers left........ueeeeii i 37
Figure 20: Plan view of the location of the oblique angled time-lapse camera........cccccoeeeviviviiiiiiiinnennns 38
Figure 21: Anunprocessed oblique photograph of the flume captured by the time -lapse camera; flow is
FroOM tOP 10 DOTEOM L.ttt e e e e e e e e e e e e e e e e e e s 38
Figure 22: Atime-lapse oblique photograph shown with the overlaid cross sections, and with contrast
and brightness corrections; flow is from top to bottOM......cccoeiiiiiiiiiiiii e 39
Figure 23: This oblique photograph with no tracer dye shows that the anabranch boundaries could be
well defined; the flow is from top t0 DOTLOM .......iiiiiiiiiei e 40

Figure 24: Inaccurate channel countindex due to sheet flow nearend of model containing multiple

channels; the flow is from top to BOtLOM .....eeeiiiii e 41
Figure 25: Temporal plot of the channel count index versus the flow width ratio...............cceeeeeeennnl. 42
Figure 26: Linear regression of the channel count index versus the flow width ratio..............c.............. 42

Figure 27: Width measurements taken with MATLAB image tool forall existinganabranches shown, flow

IS TromM tOP tO DOTIOM. cooee et e e et e e e e et e e e e et e e e sat e e eeeaanans 43
Figure 28: Run 1 cumulative sediment inflow and sediment outflow plot.............coouvviiiiiiiiiiiiiiinnnne.n. 46
Figure 29: Run 1 sediment outflow measurements and averaged sediment inflow shown ................... 46
Figure 30: Run 2 cumulative sediment inflow and averaged sediment outflow plot.............cccoeeeieennnie. 47
Figure 31: Run 2 sediment outflow measurements and averaged sediment inflow shown .................... 47

viii



Figure 32: Runl FWR with all cross sections accounted for (1-12) .........oouvuieeeeeieiiieeiiieeeeeeeeeeeee e 49
Figure 33: Runl FWR with downstream half cross sections accounted for (7-12) ......cccoeeeeeiiviiiiiiiiennnees 50
Figure 34: Runl FWR with the downstream fourth of cross sections accounted for (10-12)................... 50

Figure 35: Runl FWR shown with a comparison of different sections shown previously accounted for..51

Figure 36: Run2 FWR with all cross sections accounted for (1-12).......cooevviiiiiieieiiiiiiiee e, 51
Figure 37: Run2 FWR with downstream half cross sections accounted for (7-12) ......ccceeeeeeiiiiiiiiiiiennneens 52
Figure 38: Run2 FWR with the downstream fourth of cross sections accounted for (10-12)................... 52

Figure 39: Run2 FWR shown with a comparison of different sections shown previously accounted for..53
Figure 40: Measured flow width index from Figure 39 shown with 3 highlighted sections of different
periods of morphologic conformity through the length of the model..........cccoooiiiiiiiiiiii 56
Figure 41: Shown above in Figure 40 as number 1, a time where a lower FWR was recorded in the
upstream section thanthe downstreamsection. The transect lines are the cross-sections for FWR

LT R U] (=0 0T o S PP TPT R PPPPT 57
Figure 42: Shown above in Figure 40 as number 2, a time where a higher FWR was recordedinthe
upstream section than the doWNSTream SECHON........ciiiiiiii i e a s 57
Figure 43: Shown above in Figure 40 as number 2, a time where a consistent FWR was recorded
ThroUZhOUL the MOTEI .....eeiiiiiiiiiiiiiie e e e e e e e e e e e e e e e e e e e s 58

Figure 44: Measured flow width index from Figure 34 shown with a circled section of testingwhere

dynamic local morphological behavior was Withessed ..........oiiiiiiiiiiiiiiiiiece e 59
Figure 45: Shown in Figure 44 as number 1. Flowis from top to bottom ..........cccoooviiiiiiiiiiie e, 59
Figure 46: Shown in Figure 44 as number 2. Flow is from top to bottom ............ccccevvveeiiiiiiiiiiiiceennenn, 60
Figure 47: Shown in Figure 44 as number 3. Flow is from top to bottom ........cceeveiiiiiiiiiiiiiii, 60
Figure 48: Main and lesser anabranches observed in the flume. Flow is from top to bottom................. 62
Figure 49: A depositional fanis formed at the end of a braid that then bifurcates ............ccccevvvineenn. 63



Figure 50: Observed confluence scour as two channels CoNVerge ..........c.eeeeviiiiiiiiiiiie i, 64
Figure 51: Bar formation and decay shownin sequential order with atime interval between each photo
of 15 minutes, flow isfrom top t0 BOttOM.....cciiiiiiiiiiiiiiiiiiiiii e 65
Figure 52(a)(b)(c): Run 1 sedimenttransport compared with the morphologicratio FWR for various
[ENGLNS OF the FIUME. ... s e e e e e e e e e e e e e e e e enenenees 67
Figure 53(a)(b)(c): Run 2 sediment transport compared with the morphologicratio FWR for various
[E€NGENS OF the FIUME..... e e e e e e et e e e e e e e e ar e e e 68
Figure 54(a)(b)(c): Run 1 Regression Analyses shown with the trendline equation and R? at top of chart71
Figure 55(a)(b)(c): Run 2 regression analyses shown with the trendline equation and R? at top of chart.72

Figure 56(a)(b)(c): Combined regression analyses shown with the trendline equation and R2 at top of

Figure 57: Combined regression analysis shown accounting for the downstream fourth of the flume, with
outlying pointslabeled P1and P2. The standard error is also projected on the plot shown as the dashed
1Yo N 0T 77

Figure 58: Photograph of flume corresponding to datapointP1in Figure 57. Flowisfromtop to bottom.



1. Introduction

1.1 Background

Thisstudy used a large flume thatenabled abraided channel system to develop over a plane of uniform
sedimentthat wasrelatively wide and long compared to typical widths and depths of sub-channels or
anabranches formingthe braided channel. The design of the experimentincluded asloped chute atthe
downstream boundary that facilitated the collection and measurement of bed sediment outflow from
the model. The data on sediment outflow were compared with data on braiding morphology recorded
by means of photogrammetrictechniques and LiDAR technology. The comparison revealed useful
insights as to how bed-sediment transport relatesto braided-channel morphology, and allowed for
spatial and temporal examination of the evolution of certain morphological mechanismsinvolved in

braided-channel dynamics.

The motivation forthis research stemmed from an Army Corps of Engineers hydraulics model study of
the reach of the North Fork of the Toutle River, in the state of Washington. The study, conducted at
Colorado State University’s Hydraulics Laboratory, involved investigating the performance of alternative
structuresforretaining bed sedimentalongareach heavily affected by the 1980 Mount Saint Helens
eruption. During the eruption, the largestrecorded terrestrial landslidein history occurred and
deposited an estimated 2.5 cubic kilometers of material (USGS). The majority of the sediment released
inthe eruption was contained inthe uppersection of the North Fork Toutle River by a sediment
retention structure, alarge damthat was especially built for this purpose, which has since beenfilled
with sediment. The damformed an extensive depositional, sediment plain that extends for miles
upstream fromthe dam. Figure 1 shows the plainandthe braidedriversystemthathas formed

subsequently overit.



The modeling of the sediment-retention structuresinvolved a unique series of experiments conducted
withthe large, wide flume so as to replicate the unsteady aspects of braided channel morphology and
bed sedimenttransport. Duringthe course of the testing it became apparent that sedimenttransport
through the braided system was unsteady and dynamicin nature. An observation was made thatthe
flux of sediment seemed to coincide with observed morphologicfeatures of the braided system, which
continually adjusted with time. The present experiment was planned to examine this observation and
to reveal more about the little studied sediment transport through such systems. The experiment
proved to be challenginginseveral ways, including the selection or development of effective methods of
data collection. Thisthesis presents findings as well asthe methods used and describes how they were

useful forrelating sediment transport to the morphology of abraided channel.

="

Figure 1: A view of the sediment plain extending upstream from the sediment retention structure with Mount Saint Helens in
the far distance (Source: CENWP 2013)



1.2 Objectives and Approach
Early work with the braided channelsformedinthe flumerevealed a possible correlation between the
morphology of the braided system and the sediment transport through the system. It was concluded
that this correlation could be shown by measuring the rate of sediment outflow while simultaneously
measuringan indicator of channel condition (such as a braided intensity index) determined via
photographicmethods. The time-histories of sediment transportand channel morphology providea
useful insightinto the dynamicbehavior of abraided channel. Inaccordance with investigatingthe
relationship, this thesis had the following specificobjectives:

1. Establishthe parametersand procedure forestablishingabraided channel alongaflume;

2. Determine effective methodsformeasuringand relating bed-sediment transport and braided-

channel morphology; and,
3. Ascertain how rate of bed sediment transport out of the reach contained alongthe flume relates

to the morphology of the braided channel.



2. Literature Review

2.1 Braided Rivers

The knowledge of braided rivers over the last couple decades hasincreased significantly (e.g.,Smith. G.
S. 2006). This advance isdue to recentimprovementsinsurveyingand remote sensingtechnology.
However, there are still alot of questionsto be answeredinvolving braided rivers. According to Bestet
al. (2006), “more experimental work should be devoted to understanding bifurcations and other
mechanismsin generatingthe complexstructures of braided rivers.” A major mechanisminvolvedin
controlling the complexities of braided systems is the rate of bed-sediment transport throughoutthe
braided channel. However, collecting sediment transport dataina braided riveris greatly complicated
by the multitude and the dynamicnature of sub-channels oranabranches. Moreover, asubstantial
difficultyis attempting torecord the changing state of the anabranches while measuring bed-sediment

transportovera period of time.

Few studies have attempted to correlate sediment fluxes and morphology of braided channels. The
resultsto date are rather mixed. Ashmore (2002), Bezzolaand Marti (2006), and Warburton (1996) all
produced findings that conclude ahigherbraided index, a measure of braided intensity overareach,
correlatesto a lowersediment flux through asystem. Opposing results were found by Warburton and
Davies(1994). It is possible that the contrasting conclusions could have resulted from different periods

of aggradation or degradation, as suggested by Smith (2006).

Extensive literature on braided-channel networks exists. Sambrook atal. (2006) give a useful summary
of the literature and sense of the state of knowledge about braided-channelnetworks. Asample of

othernotable references are Peale (1877), Howard et al. (1972), Ashmore (1981), Graf (1981), Hoey and



Sutherland (1991), Rinaldo and Rodriguez-Iturbe (1993), Warburton and Davies (1994), and Bertoldi et
al. (2014). Pertinentinsights drawnfromthe literature include:

1. Theytypicallyformonbedorvalley slopessteeperthan most do otheralluvial channel
morphologies;

2. Braided-channel networks or systems commonlyare in a state of dynamicequilibrium, whereby
theirchannel morphology and bed sediment transporttendto be unsteady, varyingabout
temporal meanvalues. This characteristicis often described in terms of channel instability;

3. Braidedchannelscanbe highly complexin morphology, and are more usefully describedin
terms of spatial meanvalues as well astemporal meanvalues. Statistical, self-organization and
fractal concepts are occasionally applied to braided-channel networks to explain their
morphologicbehavior;

4. Considerablediscussion revolves around how to characterize braided-channelmorphology. One
metricoften mentioned is braidingindex, which counts the mean number of active channels or
braid bars per rivertransect;

5. Laboratory flume experiments are largely limited to flumes less than about 10ft wide, such that
lateral shifting of channelsisratherconstrained. Most studies have involved flume widths 6ft or
less;

6. Atopicof currentresearchinvolvesthe effects of vegetation on channel morphology and
stability; and,

7. Field measurement of bed sedimenttransportin braided-channel networks is made difficult by
the need to measure transport rates almost simultaneously in multiple channels.

The present hydraulicexperimentventuresinto aregion of mobile-bed hydrodynamics wherethe
relationships among waterdischarge , rate of sediment transport, channel slope, and channel

morphology are less understood than most otheraspects of mobile-bed hydraulics.



2.2 Moveable-bed Hydraulic Models

To date, few physical modeling projects have involved aself-forming braided networkin awide alluvial
plain (Ettemaetal.2016). A contributingconsideration has been the relative scarcity of large flumes
suitablylongand wide. Itis useful to review concepts of mobile-bed modeling to understand how this
experimentwould projectitself toareal sized braided river. This part of the literature review covers the
main considerations associated with the design and use of moveable-bed models to simulate bed
sediment movementand accumulation alongalarge alluvial channel, especially awide braided
morphology such asthe experiments based projectsite. The following considerations guide the design,
operation, and interpretation of the moveable-bed model forthe present project and, therefore, are of
particularinterestforthisreview:

1. There mustbe active bedload transport of the model bed sediment. Bed sediment mobility,

intensity of transport, and patterns of accumulation are key processes;
2. Flowandbedloadtransport must produce a braided-channel network having a similar planform
as observedfora range of flows at the project site fora good reference;

The review consulted numerous reference sources, including general references on moveable-bed
modeling, including the following sources: Allen (1952), Einstein and Chien (1954), Gessler (1971),
Franco (1978), Hudson et al. (1979), ASCE (2000), Kobus (1980), Martins (1989), Shen (1990), Hughes
(1993), Yen (1999), Julien (2002), and Pugh (2008). Few references describe moveable-bed modeling of
large braided channels. Of these studies, the one closest to describing achannel similartothe present
projectisthe study reported forthe Jamuna River by Klaassen (1990, 1992) and Moreton etal. (2002).
The main insights from prior moveable-bed models of large channels are as follow:

1. Several approacheshave beenusedtodesignand operate models, such as the proposed

experiment:



The “basic approach” founded on Froude number similitude with the Shields number
similitude condition used to ensure arepresentative level of bed sediment mobility and
reasonable replication of channel morphology (e.g., ASCE 2000);

An alternative approach aimed expressly at accurate simulation of bedload transport
(Einsteinand Chien 1954; ASCE 2000; Pugh 2008); and,

A “hybrid approach” used by Delft Hydraulics for modeling areach of the JamunaRiver
(Klaassen 1990); and

The “USACE approach” proceeding from similitude of channel sizeand morphology (Franco

1978).

Approachesiand ii rely on the use of semi-empirical relationships for hydraulicgeometry.

2.

Modelers have used three approaches to satisfy similitude requirements for turbulent flowand
bedload movement:

Vertical distortion to ensure turbulent flow;

Light-weight model sediment to ensure sediment mobility; and,

Supplementary slopetoincrease hydrodynamicforce onthe model bed.

Many models of large channels are vertically distorted, having different horizontaland vertical
scales. Vertical distortion was needed to accommodate the very large horizontal dimensions of
the channels, yet ensure fully-turbulent flow, all within the aerial constraints of available
laboratory space. Horizontal scalesin excess of 1:1000 are not unusual. Animportant pointis
that the utility of vertical distortion diminishes for situations where two- and three-dimensional

flow behaviorstrongly influence bed sediment movement. Forthese situations, typical of



complex channels such asthe projectsite, vertical distortion must be kepttoa minimumin

orderfor the model toreplicate sediment movement;

4. Many moveable-bed models used light-weight particles as model bed sediment. The range of
particle-specificgravitiesis 1.05 (plastic) to 2.65 (quartz), with coal beingabout 1.25 to 1.50.
With a submerged specificgravity® of 0.30, coal in water is just over five times as mobile as sand
particle of the same diameter; plasticat 0.05 is 33 times as mobile. Franco (1978) suggests that
coal hasbeenthe preferred modeling sediment forthe USACE; 73% of the models he lists used
crushed coal. Coal alsois extensively used by other hydrauliclaboratories (forexample, Hecker
et al. (1989) and Gabriel etal.(2007)). Unlessthe modeler, such as USACE, has accessto a
sizeable stockpile of model sediment, models of large channels normally use fine sand for model
bed sediment. Use of sawdust, ground walnutshells, and plasticbeads is largely limited to small
models focused on the local flow field at a hydraulicstructure such as a waterdiversion (e.g.,
Northwest Hydraulic Consultants Inc. (NHC2012)). Useful discussions regardingthe use of light-
weight particles as model sediment are available from several sources; e.g., Gessler (1971), ASCE

(2000), and Kocyigit et al. (2005);

5. Moveable-bed models often involve additional distortion in the form of slope distortion, also
termed supplementary slope, in orderto achieve adequate mobility of sediment movementina

model;

6. The literature containsseveralarticles on moveable modelinginvolving braided-channel

networks, though all except Klaassen (1990, 1992) describe modelsformed inlaboratory flumes

' Submerged specific gravity = (ps— p)/p, where ps = sediment density and p = water density.



widerthan about 8ft. Most laboratory modelslaterally constrain the development of braids,
and thus are not models of braided-channel networks formed on wide alluvial plains. The
studiesreported by Zhu etal. (2010), Zhanget al. (2004), Warburton (1996), Davies and Lee
(1988) and Ashmore (1982) describe hydraulicmodels or flume experiments used to investigate
behavioral aspects braided-channel networks. Ashmore (1982), forexample, describesa
laboratory model typical of similarstudies delvinginto braided-channel processes. Such studies
commonly resultin relationships between braided morphology, flow rate, bed sedimentssize,
and channel slope. The comprehensive monograph edited by Sambrook Smith etal. (2006) says
little about hydraulicmodeling of braided channelnetworks, thoughis a useful overview of
braided-channel processes. Klaassen (1990, 1992) describes modeling considerations associated
with a large moveable-bed model used to ensure the reliable performance of a bridge across a
wide braided channel. The model was constructed usingalengthscale L, =1,000 (Klaassen
1992), though it was originally described (Klaassen 1990) as being vertically distorted with a
vertical length scale of 100. Klaassen’s experience was initially followed in designing the present
model, butitwas found that his approach had to be significantly modified to better meet the
purpose of the present model.
Considerations forthe present hydraulic experiment, which involves the simulation of a braided-channel
network formed on a wide alluvial plain, indicate that the model should use natural silicasand (not light-
weight particles), because of the large volume of sand needed and the extensive handling of sand
entailedin operating the model. Moreover, the model should not be considered vertically distorted, as
Klaassen (1990) did for the model of the Jamuna River, because the model involves self -forming
channels whose width to depth ratios should be comparable to those at the project site. The principal
way to ensure adequate mobility of bed sedimentin the present modelwillbe toincrease the model’s

slope relative to the longitudinal slope of the projectsite.



2.3 Remote Sensing and Photogrammetric Techniques

Thisthesisinvolves areview of literature on the collection of data associated with braided riversvia
remote sensingtechniques from both natural and laboratory settings. The review included the following
sources: Ashmore et al. (2008), Ashmore et al. (2010), Bertoldi etal. (2006), Bezzolaetal. (2006), Brogan
et al.(2016), Casadoetal. (2015), Chandleretal.(2002), Chipman et al. (2015), Dillabaugh etal. (2002),
Gleason etal.(2015), Hicks et al. (2003), Lane etal. (2006). Some papers reviewed the basics of
photogrammetrictechniques. Many of the papers discuss the use of multispectralimageryinthefield,
and others where focus on the use of automated extraction of the data. Photogrammetrictechniques
were even used to decipherhydraulic parameters such as grain size, velocities and discharge. The
photogrammetricand remotely sensed techniques presented in the above papers wereexamined for
easy ways to determine amorphologicindex that could be used to quantify the intensity of braiding
throughout the experiment.

The followinginformation was deduced from the review:

1. Multispectral datacan be very useful inilluminating river morphology. Multispectral signatures
can identify different substrates and materials. This method is extensively usedinthe field via
satellite imagery, butless studied in laboratory settings. The cameras required to collect the
necessary inputs for multispectral dataanalysis are very expensive;

2. Theuse of Digitally Elevation Maps (DEMs) are used in combination with photographic
techniques toidentify rivers from their surroundings;

3. Thetimeto collectsome datais longerthan othersandaccuracy ofimage is highly dependent
on the quality of the images produced;

4. Classificationtechniquescanbe very useful inthe separation of data, but quality of the images

usedis highly dependent;
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5. Programingforautomated classification of photographs can be very time consumingandinvolve
the use of expensive and advanced software;

6. RGB- oblique imagery datahas been used fordata collection of braided rivers and long-term
classification studies; and,

7. There are many ways to quantify morphology using remotely sensed data. However, a channel
countindexisthe preferred method becauseitis not sensitiveto variationsin channel sinuosity
and orientation, has the smallest coefficient of variation, and can be measured quickly and
reliably even from oblique imagery of areach (Ashmore and Egozi 2008).

These considerations about remotely sensed data were used to selectasuitable method of collecting
the morphologicdataneeded for this study. The remotely sensed methods usedin this experiment are

discussedin Section 4.3.
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3. Experiment Design, Construction, Calibration, and Instrumentation

3.1 Experiment Design

The flume layout used forthe experiment originated as hydraulicmodel of asection of the North Fork
Toutle River near Mount Saint Helens in the state of Washington. The dimensions and design of the
experimenttookintoaccountthe similitude considerations discussedin Section 2.2. The selection of
parameters forthe experimentinvolved aniterative process that began with selection of the
experiment’s length scale and sediment properties. The length scale was set to approximate 1/80 to the
dimensions of the section of river chosen toreplicate. The stepsinvolved in designing the model
required choosing asufficient slopeforthe experiment, and theniteratively calibrating rates of
sedimenttransportenteringthe modeland the waterdischarge in orderto produce a braided

configuration similarto that of the projectsite.

Literature on mobile-bed modeling (e.g., ASCE 2000) and on braided-channelmorphology (e.g.,
Sambrook-Smith et al. 2006, ASCE 2008) provide little quantitative guidance on the hydraulic
relationships between water discharges, rate of sedimenttransport and bed slope associated with the
formation of braided channels. Therefore, it was necessary to design the experiment based onan
extensive period of calibration that evaluated the responsiveness to changesin waterdischarge and rate
of sedimentinflow. This calibration procedure required numerous repeated trials to arrive at a model
bed reflective of the braided-channel network at the site, more about the final design parameters and

the calibration can be seenin Section 3.5.
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3.2 Layout

The experiment made use of CSU’s 6.8m-wide, 29.2m-long, 1.0m-deep flume. Water flow through the
open-loop system was driven by a 6HP centrifugal pump, which draws water from the sediment trap,
then passesitalonga 0.15m-diameter PVC pipe leading to a headbox that distributed flow into the
model. Abasicplanview of the model can be seenin Figure 2. The flumeisalsoequipped witha

motorized cartthat can make the trip from upstream to downstream of the flume in approximately 3.2

minutes.
Sediment Trap &
Water Sump
Pump Water Flow
— 1 * -
-]
' (-]
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=5 | Bed of Uniform Sediment I Flow >* £ _E:r‘
=5 | — E =

i

Head Box

Figure 2: Plan view of the flume

The flume’s layout can be seenin Figure 2, andincorporated the following features:
1. Waterdischarge, Q, passedthrough a closed-loop flow path, whereas sediment transport, G,
occurred through an open-loop flow path viathe upstream hopper;
2. Waterrecirculated through the model, being pumped from a purpose-built sump at the end of
the model;
3. Sedimentwasfedintothe headbox ataprescribed rate by means of a hopperthatsat above a
motor-driven auger, whose rate of rotation was adjusted to vary the rate of sedimentfeedinto

the model;
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4. The mix of waterand sediment passed fromthe headbox entered adrop pipe connected totwo
identical, 6in-diameter pipes that discharged the mix into two starter channelsthat mimicked
two main braids at the upstream end of the project site.

5. Sedimentoutflow fromthe model entered asteep-sloped trough atthe downstream end of the
model. Some sediment was conveyed with water flow along the trough to the sump, which
servedas a sedimenttrap. Sediment that collected inthe trough (the sediment tended to
accumulate as low dunes) had to be manually sluiced to the sump, as furtherexplainedin

Section 3.5.

3.3 Experiment Construction

Figure 3(a)(b) shows the model under construction. Figure 4shows the main componentsand
dimensions of the model as constructed. The methods and materials used to construct the model are
described belowforthe model’s main components: the model bed, water-discharge flow path,

sediment-transport flow path.

The bed was formed within the flume, whose walls are built from concrete blocks,and whose flat base is
0.35m above the floor of the laboratory housing the flume. The bed comprised uniform, 0.20mm-
diametersilicasand, whose geometricstandard deviation was 1.2, and specificgravity was 2.65. The
bed’s thickness varied from minimally 0.3m at the model’s downstream, and thickened toward the
model’s upstream end. This thickness of bed was chosen so the model could accommodate forlocal

scour.

An initial, longitudinal surface slope of 0.01 was usedin formingthe bed, and allowed to steepentoan

average eventual slope of about 0.0135. The eventual slopeextended fromthe invert of the exitof the
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starterchannel to the top of the sill at the downstream end of the flume. The bed was bounded ateach
upstream and downstream end by a 0.3m-wide, erosion-resistant sillformed of a mixture of pea-gravel

and sand. The top elevation of each sill coincided with the top of the sand bed.

Water flow through the open-loop system was driven by a6HP centrifugal pump, which drew water
fromthe sedimenttrap, then passeditalonga 6in.-diameter PVCpipe to the headbox. Waterdischarge
to the headbox was controlled by means of a butterfly valve located downstream of an orifice plate used
for flow metering. The headbox was alarge (2.72m3) steel-framed, steel-plate box into which the retum
flow entered, mixed with the sedimentinflow, and drains through an 8in.-diameter PVCdown pipe. This
downpipe linked to two 0.15m-diameter PVC pipes, each of which issues waterand sedimenttoa

starter channel.

Figure 5a&b respectively depict the headbox and sediment mixing with water flow. The rate of
sedimentfeedintothe model was controlled using the augerand hopperarrangement. Two, short
starter channels spaced 5.63ft either side of the flume centerline received waterand sedimentfromthe
two pipes mentioned above, and discharged onto the modelbed. To mitigate potential scouratthe
starterchannels, the starter channels had a 0.3m-longbrick base and were flanked by 2.5cm-to 5.0cm-
diameterrock (Figure 6). Roughnesselementswere placed alongthe inside of the flume’s sidewalls at
the bedlevel so asto inhibitchannel formation alongthe wall. These elements comprised concrete

bricks spaced 5.0cm apart (Figure 7). The bricks saton a metal rail fixed to the wall.

Flow exitingthe modelbed entered a steep tailboxchannel whose invert sloped down (0.04 slope)
towards the watersump and sedimenttrap shownin Figure 8. Sediment outflow fromthe model bed

collectedinthe tailbox and was partially transported by flow through to the sump/sediment trap, where
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the sedimentcollects. Anadjustablechute atthe end of the tailbox directed the sand to varying
locationsinthe sump/sedimenttrap, keeping the area at the immediate downstream of the tailbox clear
so that a collection cage could be placedin orderto measure the rate of sand outflow from the model.
The hopperabove the auger was manually refilled with sediment asneeded to keep the variance in
hopperfeedrate down. Sand accumulated in the sedimenttrap was removed manually onaseveral-

day basissothat it did not affect the sump or accumulate enough to allow for recirculation of sediment.

(a) (b)
Figure 3(a)(b): Views of the model under construction (a) manual spreading of sand (b) placement of slope based guiderails
along the flumes inner walls
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Figure 4: The main components and dimensions, shown in US customary units, of the model constructed in the flume
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(b)

Figure 5(a)(b): Views of the headbox and hopper at the upstream end of the flume: (a) the hopper fed sediment via the auger
into the headbox, whence water and sediment entered two pipes that discharged into two starter channels (braids); (b) a
view of sediment mixing with water flow in the headbox
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Figure 7: Roughness elements (bricks) placed along the inside of each of the flume walls
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Figure 8: The tailbox channel, sediment trap, and water sump

3.4 Variables and Instrumentation

The experiment involved the following measured variables and instrumentation used to measure them:

1. Waterdischarge recirculated through the channel (closed-loop layout) was measured usinga
side-contraction orifice plate placedin the 0.15m-diameter pipe between the sediment trap and
the headbox. A pressure transducer measured the head differenceacross the orifice plate and
then a flow meter convertedthe headtoa flowrate. The flow rate uncertainty obtained with
the orifice plate was with 1% of the measured flow (per prior calibration test), and the
resolution of the transducerwas 3.0 X 10*m.

2. Therate of sandtransportinto the channel was measured by placinga 0.018m? container
beneath the outlet of the auger capturing sand outflow during a period of two minutes. The

sand wasthenweighed so asto determine the mass rate of sediment inflow;

20



3. Therate of sandtransportout of the braided channel was measured using a basket of 0.09m?
cross-sectional area placed atthe end of the tailbox channel for durations of one to five minutes
dependingonthe magnitude of the rate of sediment outflow. The basket’s dimensionswere
0.3m by 0.3m by 0.6m high. Whenthe basket wasin position, asliding plate alongthe tailbox
skimmed sediment from the channel to the basket. Afteraperiod of time, ranging from 1-5
minutes depending onthe outflow rate, the basket was removed. The depth of sedimentin the
basket was then measured afterallowing the excess watertodrain and the sand to dry. From
there the volume and the mass rate of outflow calculated. Figure 9(a)and (b) depictthe sliding
plate and basket placed at the end of the tailbox.

4. The surface topography and spatial coordination of the experiment were measured and
recorded using a Leica Geosystems model HDS3600 LiDAR, with rated precision of 6mm at 50m.

5. Vibrantvisualization of flowthrough the model was accomplished by means of the addition of
fluorescent tracer dye that was diluted in the sump to the desired color. Dye injection enabled
flow patternsto be observed and recorded more clearly atvarious locationsinthe model;

6. Water temperature was measured using astandard hand-held thermometer, and was
approximately constantat 15°C duringthe test series;

7. Morphologicobservations and data was captured by two means. Time-lapse photography
recorded by means of a Moultrie® Game Spy Plot Stalker 8.0MP camera placed at an elevated
position with a useful overview of the model. Also, two digital Canon T3i Cameras with an 18-
55mm lens, were used to capture high definition photographs along with exploring additional

photogrammetricmethods.
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(b)

Figure 9(a)(b): Measurement of sediment outflow from the model: (a) near the end of a measurement period, sediment was
swept from the tailbox channel to the collection basket; (b) one of the two wire-mesh baskets used to measure the rate of
sediment outflow from the model

3.5 Experiment Calibration
Calibration of the experiment involved two sets of activities, which explained in the following
paragraphs:
1. Calibration of instrumentation such as flow meters, and instrumentation involved with sediment
measurements.
2. Calibration of the waterdischarge, rate of sediment transportinto the model, discharge, rate of
sedimenttransport, and overall bed slope.
Calibration of the instrumentation was completed in preliminary experimental runs. Thisincluded
examiningvariancesinthe sedimentand waterinflowalong with optimizing the procedure for
measuring the sediment outflow. Reported below is the instrumentation calibration procedures shown
withtheirrecorded variances, along with calibration proceduresforthe input parameters forthe

experiment.
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The sedimentinflow was controlled by avariable rate auger that could be set to different speeds. While
a constant feed rate was used during testing there was slight variances in the output from the augerdue
to differencesin water contentand the amount of sediment that was in the hopper. To minimize the
variance, it was determined that only sufficiently dry sand should be loaded into the hopperandit
should be kept at least half loaded at all times. The recorded standard deviation forasedimentinflow

value of 30.0 g/s was 2.65 g/s.

The water discharged into the model was controlled by a 6HP centrifugal pump thattook waterfrom the
designed sump tank that was filled from an external water source. The flow was measured by means of
an orifice plate that calculated flow through a pressure transducer that then output flow to a flow meter
that read flow interms of cubicfeet persecond. The flow was controlled by abutterfly valve and set to
an averaged value of the flow meterreadings, which had astandard deviationinits readings of 0.007.

To minimize the variance in flow cominginto the model the sump water level was kept at a constant

level during testing.

The sediment outflowmeasurement procedure was calibrated based on maximizing the amount of
sediment trapped each measurement. Due to the fine size of sediment, ascreensize had to prove fine
enoughtotrap all the sediment, and coarse enough so that water flow through the screen was not

restricted. Several trap designs were examined in order to come up with the final design, whichis shown

inSection 3.4.

Calibration of the experiment involved the following sequence of steps leading to the experimentinput

parameters forsedimentload, waterdischarge, and bed slope. The decision particularly considered the
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influences of the following three independent parameters on two dependent parameters characterizing

bedslope, S, and channel morphology (i.e., channel-braiding characteristics):i.e.,

Q Os Os ) (Equation 1)

S = s A —
Pstope <B v pQ B\ g(Ap/p)d3

and

i ~ Q QS QS
raiaing = @prqiging B_V'p_Q’W

It was useful to consider the similitude of channel dimensions as well as obtai ning an overall braided

(Equation 2)

morphology. Accordingly, auseful parameteristhe ratio of main braid-channelwidth relativeto flume
width;i.e.,

¢ O Os ) (Equation 3)

W/B = ¢'srgiging| — ,— , ————
/ @ Braiding (B Vv pQ’B /—g(Ap/p)d3
Where: pis density, d is depth, B is channelwidth, Sis slope, Q is water discharge, Qs is sediment inflow,

g is gravitational acceleration, v is kinematic viscosity of water.

As p, Ap, d and B are constant forthe experiment, calibration next entailed the practical step of
expressing Equations 1, 2, and 3 in terms of workingvariables;i.e.,

Gs —mass (grams) of sediment persecond entering the braided channel

Q- waterdischarge (m3/s) through the channel

G/Q - concentration (g/m?3) of sedimentin waterenteringthe channel

Equations 2 and 3 can therefore be restated as
S = ¢’§lope(Gs' Q) (Equation 4)

W/B = (/’;,miding(Gs; Q) (Equation 5)
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Several combinations of water discharge, sediment transport and slope could produce an equilibrium

combination of S, Gsand Q; i.e., satisfy Equation 4, a sediment continuity check. However, arather

narrower set was needed to produce braiding geometrically similarto the braided channels atthe

projectsite;i.e., satisfy Equation 5, a braided morphology check.

The calibration steps followed from Equations 6and 5, and required iterative adjustments of the three

variables G;, Q and S in order to produce a suitably braided-channel network:

1

The bed was setat an assumed initialslope, S=S,, in a range likely to produce braided
morphology, though channel dimensions were unknown. Aninitial bed slope forthe model was
selectedas S, = 0.01;

Two pre-formed main braid channels were set at the upstream end of the model. Each channel
supplied equalinflows of sedimentand waterto the model;

An approximate initial value of Qwas estimated based Froude Number similitude;

An initial value of Gs was selected based on Go/Qvalues usedin priorstudies of braided
channels. A magnitude of bed sedimenttransport was chosen using values of G,/Qfrom prior
hydraulicmodels of braided channels. The calibration tests increased G, from about 5g/s, 25 g/s
to 50g/s for a model value of water discharge equivalent to a prototype discharge of 170m3/s;
The initial values of Spand Gs and Q were checked to determineif the temporal average rate of
sedimenttransport out of the flume equaled the steady rate of sedimentinflow into the flume
(sediment continuity check);

The initial values of Spand Gs and Q were also checked to ensure they produced a braided
channel networkinthe model, and that the network was reasonably similar —notably, that W/B
was adequately similarto that observed at the site during full-scale water discharges of about

6,000cfs or thereabouts (channelmorphology check);
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7. Ifsediment continuity did not occur, the initial value of Qwas slightly increased and steps 5) and
6) were repeated overaperiod of time (one to two days);

8. Step7) was repeated with anadjustmentto Gs. Thisstep was hastened by jointlyadjusting Q
and G;, and letting Sadjustinresponse, soas to produce a braided-channel network;

9. Whenthe channel morphology of the braided network (notably, values of W/B) compared well
with that observed atthe site, Swas leftto adjustto an equilibrium final value of 0.0135; and,

10. Thefinalized values of G5, Q and S prescribed the key baselineinformation needed to operate
the experiment.

The final values usedin the experimental procedures are describedin full in Section 3.6.

3.6 General Procedure
Priorto initiatingthe experiment, extensive calibration runs were completed to determineinput
parametervaluesthatallows the flume toreach a sustainable dynamic braided configuration. The final
input parameters usedinthe experimentare as follows:

1. BedSlope=0.0135

2. SedimentInflow=30g/s

3. Water Inflow =0.00396 m3/s

Before the experiment began, the bed of the flume was smoothed to a plane bed surface that matched
the designed valley slope, 0.0135. An example of the smoothed flume bed surface isillustratedin Figure
10. LiDAR surveying was used to check the relative laterallevelness and slope of the flume bed before
waterwas ran overthe surface. A slight berm was added to each side of the flume to promote braided
channel establishmentin the middle of the flume ratherthan along the walls. After the flumewas

leveled, preliminary runs were completed using the prescribed input rates to allow channels to develop
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and to ensure equilibrium before the experiment began. Due to the channels being self-forming,

substantial time (about 30 hours) was required for the flume to reach relative equilibrium.

Figure 10: Leveled flume bed before testing

Equilibrium of the experiment was determined from the plot of accumulated sedimentinflow compared
to the relative slope of the accumulated sediment outflow plot. An example of obtaining equilibrium
duringthe calibration runs using the prescribed parameters can be seenin Figure 11. In the figure the
dottedline isshown to parallel that of the cumulative sediment inflow value. When the cumulative
sediment outflow value approximately paralleled the cumulative sediment inflow value, equilibrium was

assumed and the experiment began.
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Figure 11: Cumulative plots of sediment inflow and sediment outflow shown to demonstrate equilibrium, the dotted line is
shown to parallel the sediment inflow plot.

Once equilibrium had been established, the experiment ran continuously except, due to safety
constraints, it was not run overnight and had to shut off between data-collection days. The experiment
was started the nexttime by easinginto the prescribed input values so notto cause unwanted erosion
of the established channels. During the experiment, strict timing of data collection was imposed so that
a comprehensivedatasetcould be obtained. Sediment outflow measurements were obtained at least
once an hour, while morphologic measurements needed to coincide with the timing of the sediment
measurements. The input parameters werealso checked regularly to ensure prescribed rates. Other
maintenance and flume upkeep was also necessary during experimentation to ensure the sustainability

of the experiment.
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4. Data Collection

4.1 Hydraulic Data Collection

The main hydraulicparameters measured throughout the study were the rate of water flow, and the
rates of sedimentinflow and outflow from the model. There was extensive calibration of the methods
used to collectand monitorthese parameters. Further explanation of the calibration of these can be
foundin Chapter3. The rates of sedimentand waterinflowwere measured periodically throughout the
testingto ensure they stayed atthe prescribed rates. The waterlevel in the sump was maintained ata
constantlevel to ensure these parameters remained steady during the experiment. Additionally, the
sediment hopper was kept stocked with sieved sand. Sediment outflow data were collected

approximately every hourto ensure acomprehensive dataset was obtained.

The collection of the sediment outflow processis explained here. Shownin Figure 12 the bed sediment
istransported downstream and out of the flume by the waterflow through the flume. The water
sediment mixture then enters the steep chute that conveys the flow into the sediment trap and sump
area to the side of the flume. When asediment outflow measurement was to be made, the chute was
swept clean of all sediment and the sediment measurement basket was placed under the end of the
chute, which was designedto fitthe basket securely, and atimerwas started. During the collection
process, the chute was continuously swept, demonstrated in Figure 13, to help convey the sediment
intothe basketfor a period of 2-10 minutes depending on the intensity of the sediment outflow during
the measurement. With afinal sweep of materialfromthe chute to the basket, the basket was removed
and rinsed to allow forall the collected sediment to be leveled on the bottom of the basket. The sand
was allowed todry to remove excess sediment before a9x9 grid depth sampling method was used to

getan averaged depth of sediment accumulation. The depth measurement was then converted (taking
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into account accumulation void ratio) into avolume of sediment outflow, from which volumetricand

mass rates of sediment outflowwere calculated. Chapter4.2 elaborates this procedure.

Figure 12: Sediment transport path through the flume and down the outflow chute highlighted

Figure 13: Sediment collection “chute sweeping” process shown

30



4.2 Hydraulic Data Analyses

To analyze the data, a strict record of time was kept so that all the measurements would coincide with
the length of time the model was running. Microsoft Excel was used to document all hydraulictesting
records to analyze the data forvariation and for plotting figures. The conversion of sediment outflow
rate from volumetricrate was based on using a porosity of 0.36 (determined from an auxiliary test) and

the calculations from a volumetricrate to a mass rate are as follow.

Do = % = 0.36 (Equation 6)

t

Where: pg is porosity,
v, is the volume of void space, and

V; is the total volume.

The porosity isthen used to calculate the dry density of the mixture, defined as the mass of solid per
unittotal volume, as follows:
My

pma = 4 =ps(1=po) = 2650 (1 - 0.36) = 1,673:2 (Equation 7)

Where: p,,4 isthe dry specificmass of the mixture
M, is the mass of the solid,
V. is the total volume,
ps is mass density of solid particles, 2,650 kg/m?3 for quartz sand, and

Do is porosity.
So then, itfollows that forall conversions from amass rate to a volumetric rate, and vice versa, dry

specificmass value of 1,673 kg/m3was used, which accounts for a sediment-accumulation porosity of

0.36. Alsoforall volumes were recorded as atotal volume, including both the voids and the solids of the
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mixture. In summary, the massrate of sediment outflowwas estimated using the conversion (volume

of sedimentaccumulatedinthe basket)x(1,673kg/m?3).

4.3 Morphologic Data Collection
There were two main goalsin using photographic methods to collect morphologic data.

1. Quantifytheintensity of braidinginthe modelinterms of a morphologicindex.

2. Track morphologicchangesinthe model andidentify modes of braided evolution.
The braided morphologicindex first used for the experiments was based of the anabranch channel
count index (channel countindex) which was a method recommended by Ashmore and Egozi (2008).
This method was relatively easy toimplement, even when using oblique photographs of the braided
channel. Inorderto accurately measure the channel countindex, imagery needed to capture the full
extentofthe braidedreach and equidistant cross sections had to be established inthe photographs. The
channel countindexinvolved counting the main anabranches at defined cross sections along the
braided channel.Once the channel countindex has been determined forall cross sectionsinthe reach,
theindexisaveragedtofindthe resultingchannelcountindex. Inorderto accuracy assesthe channel
count indexitisrecommended thatthe number of cross sectionsina reach mustexceed 10 and they
must be spaced no closerthanthe average wetted width of the channels (Ashmore and Egozi 2008). It
was found that the variability inthe braided index was minimized when areach was divided into 11

cross sections or more, (Ashmore and Egozi 2008).

To record the channel countindex, and to gain an understanding of the chronological progression of

sand accumulationsinthe model, three photographic methods were tested for use inthis experiment.

The methods tested are an aerial panoramicapproach, structure for motion photography, and an
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obligue photographicapproach. With these photographicapproaches several criteriawere examined to
determine the method that would be most effective for use in this study:
1. Abilityto capture entire flumewithin arelatively shortamount of time due to the rapidly
shiftingmorphology;
2. Processingtime;
3. Clearnessoftheinundatedareasvsnoninundated areas;and,

4. Overall simplicity of application.

4.3.1 Aerial Imagery-

Due to the large width of the flume, two cameras were needed to capture the full flume from an aerial
angle. The two cameras where mounted on the cart to a heightthat was optimized foraccessibility and
field of view. Figure 14 shows a plan view approximation of the camera setup and capture range. Each
camera was able to capture about 70% the width of the flume, while being able to capture about 12 feet
of the flume longitudinally. Photographs from each camera were taken at 5 foot intervals going down
the length of the flume. This procedure gave significant overlap in the views captured by the
photographs and enabled the photos to be merged. Abubble level onthe cameramount was used to
ensure thatthe cameras were mounted on a level seating. In total, 17 photographs from each camera
were needed to traverse from top to bottom of the flume. Therefore 34 photographs were taken per
procedure, which took on average about5 minutes. The cart was stopped at each interval to ensure

each photograph was notblurred.
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Figure 14: Plan view showing approximate location and field of view used in the aerial imagery

Afterthe photographs were taken, panoramicimaging software was used to stich the photos together
without the use of ground control points. Several software programs for photograph—stitchingwere
compared to decide which one was the best optionto use. These programsincluded: Adobe PhotoShop,
GIMP 2.0, AutoStitch, and Microsoft Image Composite Editor. The best program forthis study was
Microsoft Image Composite Editor, due toits ease of use and the overall quality of the image it

produced. Anexample stitched image can be seen below in Figure 15.

Figure 15: Aerial panoramic image of the flume; flow is to the readers left

Additional post processing of the resulting aerial image of the braided channel included contrast and

brightness adjustments and the development of cross sections. Contrast and brightness adjustments
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were made to increase the visual separation between the inundated versus the non-inundated areas.
The cross sections were developed based on pixel location in the image, and digitized into the image via

MATLAB 2015b. Figure 16 shows a resultingimage.

Figure 16: Aerial imagery shown with projected cross sections; flow is to the reader’s left

4.3.2 Structure from Motion Photography-

Structure-from-motion photogrammetry uses multi-view computer vision methods that detectand
match features betweenimagesin orderto estimate the three-dimensional structure and camera
locations and angles simultaneously (Morgan etal, 2016). This method has little recorded use in the
laboratory setting, butis becomingincreasingly popularinfield applications. It uses multiple photos of
the same objectto create a three-dimensional point cloud, and has ortho-rectification capabilities.
Althoughthere are several programs that offer structure for motion capabilities, Agisoft PhotoScan
Professional was used forthis study. The cart was constantly moving while approximately 50 photos
were takeninthe downstream direction. This procedure produced a sufficiently dense point-cloud to
create the final ortho-rectified image. One camera was mounted on the center of the top of the cart.

The camera captured the flume at an oblique angle approximately 40° to the horizontal so that both
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sidesof the flume were seenintheimage. Aplanview of the structure from motion photogrammetry

setup isshownin Figure 17, and an example resulting ortho-rectified image is shownin Figure 18.

Field of View Cart Flume Bed

/

Figure 17: Plan view of the structure from motion photography set up

Figure 18: Structure from motion ortho-rectified image; flow is to the reader’s left

Additional post-processing of the aerial image included contrast and brightness adjustments and the
development of cross sections. The contrastand brightness adjustments were made toincrease to

contrast between of the inundated vs the non-inundated areas. The cross sections were then developed
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based on pixel locationinthe image and digitized into the image via MATLAB 2015b. An example view

can be seenin Figure 19.

Figure 19: Structure from motion photography shown with the digitized cross sections, contrast and brightness edits; the
flow is to the reader’s left
It should be noted that this method was attempted several times with no success. [t was only when the
laboratory received new LED lighting that an ortho-rectified image from structure from motion was
produced. The methodis highly dependent on the photographictechnique, including the overall

lighting, and quality of the images used.

4.3.3 Oblique imagery-

The obligue imagery method used an 8 megapixelcamera mounted directly in line with the flume. The
camera’sangle enabled the entireflumeto be capturedina single photograph. Thisadvantage was
increased, because images could be taken every 15 minutes during the experiment. The location of the
time-lapsecameracan be seenin Figure 20, and an example unprocessed time-lapse photograph of the

flumeisshownin Figure 21.
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Figure 20: Plan view of the location of the oblique angled time-lapse camera

Figure 21: An unprocessed oblique photograph of the flume captured by the time-lapse camera; flow is from top to bottom

Post-processingincluded optimizing contrastand brightness settings along with establishing equally
spaced cross sections. Creating cross sections on the obliqueimage was completed with the aid of LiDAR
and image pixel location. Target locations were collected via LIDAR and compared to the pixel locations
of the targets in the photographs. A polynomial equation was then developed that allowed for

equidistant cross sections to be developed inrelation to the skew of the photograph. Once the location
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of the cross sections was determined, MATLAB 2015b was used to digitize the cross sections onto all the

photos. The final oblique image product used for analysisis shown belowin Figure 22.

Figure 22: A time-lapse oblique photograph shown with the overlaid cross sections, and with contrast and brightness
corrections; flow is from top to bottom

4.4 Morphologic Analysis

The photographicmethod that proved best suited forthe experiment was the oblique time-lapse
imagery method. This method allowed foran automated and timely collection process thatalso
producedthe least spatially altered image. In addition, due to the angle of the images and different
reflective properties of waterand sand there was a clear separation of inundated and non-inundated

areas. The visual separation occurred even without the addition of tracer dye as shown in Figure 23.
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Figure 23: This oblique photograph with no tracer dye shows that the anabranch boundaries could be well defined; the flow
is from top to bottom

When analyzing the photos taken using the channel countindex, it was noted that the method was not
scientifically sound foruse in this study. This was due to the occurrence of intermittent sheet flow that
was observed duringtesting. In otherwords, issues arose when there was avery wide inundated section
that had multiple shallow channel paths crossing through with overbank flows that connected them all.
Thisissue led toinaccuraciesin the channel countindex method. Figure 24 shows an example of when
this method did not accurately assess the true morphology of the model. As seen at the bottom right of
the figure there is a sheet flow that contains multiple channels. The shallow nature of these channels
made them hard to detect viewing through water. This difficulty was problematicfor the morphologic
analysis. Forexample, with the channel countindex alarge sheet flow could countonly asone
anabranch; a sheet flow typically indicated a depositional plain, whereas atrue large anabranch typically

indicated increased aggradation and a high flow of sediment.
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Figure 24: Inaccurate channel count index due to sheet flow near end of model containing multiple channels; the
flow is from top to bottom

Therefore, anew way to characterize and quantify the morphology of the braided channel had to be
established. Keepingthe channel countindex in mind, the same cross sections were used. The new
morphologic parameterwas termed the “Flow Width Ratio,” or FWR, and is defined as the total width of
water flow across a cross section of the braided channel divided by the full width of the braided channel.
FWR has a value of one beingthe highestvalue of measured braided intensity, and a value of zero being
the lowest. While this method for measuring braided intensity seems to have not been usedin prior
studiesit provedtobe a more accurate, scientific, and repeatable procedure forthe present

experiment.

Itisimportantto note that the present experiment was ran at a constant discharge and the FWR should

not be used to evaluate unsteady flow conditions. The method was designed to closely emulate the
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channel countindex with the added ability of more accurately quantifying the sheet flows witnessed. A
temporal comparison of the methodsisshownin Figure 25 and a regression of the two methodsis

shownin Figure 26.
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Figure 25: Temporal plot of the channel count index versus the flow width ratio
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Figure 26: Linear regression of the channel count index versus the flow width ratio
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Figure 26 shows there is significant agreement between measuring the braided intensity using the well-
studied channel countindexand the new method of the flow width ratio. Therefore, for the purpose of
this experimentand paper, the flow width ratio was used to measure braided intensity in the channel.
Using the photographsandthe FWR method, each cross sectional braided intensity was analyzed and
then averaged overthe reachto determine the overall value. This method allowed for all the widths of
the anabranches and the widths of the flume at each cross section to measured accurately using a pixel
count measurementinthe image analysis tool included inthe MATLAB programming software. Figure
27 below shows the same image as Figure 24, but with measurements taken viathe MATLABimage

analysistool shown forall individual anabranches.

Figure 27: Width measurements taken with MATLAB image tool for all existing anabranches shown, flow is from top to
bottom.
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5. Results

5.1 Introduction

The results of the testing are divided into two separate sets of data, each set consisting of approximately
40 hours of data measurements. The two sets are distinguished by the labels Run 1 and Run 2, with Run
1 beingthefirstset of testingand Run 2 beingthe second. Ideally, there would be one solid set of data
however, towards the end of the first set of data the braided channel was preferentially flowing to one
side of the flume and the dynamicshifting of the braids previously witnessed had halted. This study
focused onthe dynamicbehavior of braided rivers, and because the modelwas experiencing a period of
minimized dynamicbehaviordue to elevated degradation along the wall the decision was made tore -
establishthe model to show more dynamic morphologicbehavior without the added affects from the
wall. If the test continued, the flume may have eventually changed its path. However, forthe purpose of
thisexperimentand because of time constraints the modelwas re-leveled and ran for a period to allow
an adequate equilibrium braided channelto re-establish within the limits of the walls of the flume.

There are two things to note from this occurrence that can be related to natural systems:

1. Riversfollow the path of least resistance which in this case was the smooth wall of the flume
2. [Iflaterally unconfined the braided belt would have continued to shift which could not have been

witnessed by the confined space of this experiment.

The present chapter comprise three sections of analysis. The first section considers the results from the
sediment-transport data collected during testing. The second section examines the morphologic data

collected during testing, which consist of measured data and observed data. The third section compares
the sedimentdataandthe morphologicdata. Each section contains anintroduction presentingthe data

and a discussion of the data presented.
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5.2 Sediment Outflow Data

The sediment outflow data shown consist of sediment transport and cumulative sediment transport
data plots. The plots of cumulative sediment transportalso show the accumulation of sedimentin orout
of the model and provide a better picture of what state the model wasin duringtesting;i.e.,
aggradation, degradation, orequilibrium. Aggradation in the model indicates a higher rate of sediment
inflow accumulation than accumulated outflow of sediment. Degradationinthe modelindicates a
higheraccumulated amount of sediment outflow than sedimentinflow. Equilibrium inthe model
indicates an equal amount of accumulation in sediment outflow and sedimentinflow. Whilethe model
was inrelative equilibrium throughout the testing, each sedimentary state existed periodically

throughout the experiment.

The sediment outflowwas measured approximately once per hourand the sedimentinflow was
measured periodically. The measurements of sedimentinflowfluctuated slightly, but averagedthe
designated value of 30 g/s. The accumulation of the sediment flow was calculated based on an average
of the two adjacent measurements. The sediment outflow rate plots show the sediment out flow rate
plotted with the averaged prescribed sedimentinflowrate. The sedimentinflow rate shows the
assumed value of equilibriumin sediment transport through the model. Plotting the inflowand outflow
rates of sediment transport usefully portrays the dynamicnature of sediment transport through the

flume.
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Figure 28: Run 1 cumulative sediment inflow and sediment outflow plot
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Figure 29: Run 1 sediment outflow measurements and averaged sediment inflow shown
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Figure 30: Run 2 cumulative sediment inflow and averaged sediment outflow plot
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Figure 31: Run 2 sediment outflow measurements and averaged sediment inflow shown

The data collected during Runlshow that the run ended with an approximate total sediment outflow
exceedingthe sedimentinflow by 1.06 m3, indicating channel degradation. However, between model
hours 5 and 20, the experiment was in arelative state of equilibrium indicated by the parallel
cumulative plots of the sediment flowshownin Figure 28. The average sediment outflow during the

testingwas 47.46 g/swith a standard deviation of 21.92 g/s. It appears that most of the degradation

47



took part duringthe first5 hours of the test, during which the highest sediment outflow of the
experiment was recorded at 89 g/s. During the hours of 20 to 35, channel degradation occurred,

coinciding with flow concentration alongawall of the flume.

The data collected during Run 2 show that the run ended with an approximate equal value of sediment
inflow and sediment outflow, amounting to 0.03 m3 of additional sediment outflow. Figure 30shows
that this balance occurred through several periods of aggradation and degradation, thereby
demonstratingdynamicequilibrium. The averaged sediment outflowwas 31.15 g/s with a standard
deviation of 15.52 g/s. It should also be noted that the model was more stable during Run2 than Runi,

reflecting fewer major fluctuations of sediment outflow.

5.3 Morphologic Data

This section presents observations and measurements regarding the morphology of the sub-channels
formingthe braided channel. The morphologicdatawere collected during Runs 1and 2. The flow width
ratio, explainedin Chapter4.4, was used to measure the morphologicdata. Photographs used to show
the observed braided morphologicfeatures were taken from the fixed time -lapse camera and a portable
Canon T3i camera. The observed features show some of the mechanismsinvolvedin braided

morphology evolution and sediment transport through the model.

5.3.1 Measured Morphologic Data

The measured morphologicdata presented here show the variation of the flow width ratio during both
runs of the experiment. The dataare subsequently compared with the rate of sediment outflow from

the flume. The following plots take into account the following aspects of the braided channel:
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1. Allcrosssections, entailing cross sections 1-12;

2. The downstream half of the cross sections, entailing cross sections 7-12;

3. Thedownstream fourth of the cross section, entailing cross sections 10-12; and,

4. A comparisonofitems 1through 3 mentioned above.
The different plots demonstrate that the channel’s braided morphology continually changed along the
flume duringthe two runs. It was observed, forexample, thatalow intensity of braidingrecorded in the
upstream section of the model did not necessarily imply thatalow intensity of braiding occurred over
the entire length of the flume. All plots presented here indicate values of flow width ratio measured for
the downstream portion of the flume, becausethe behavior of the downstream portion of the channel

isassumedto directly influence the measured rate sediment transport exiting the flume.
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Figure 32: Runl FWR with all cross sections accounted for (1-12)
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Figure 33: Runl FWR with downstream half cross sections accounted for (7-12)
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Figure 34: Runl FWR with the downstream fourth of cross sections accounted for (10-12)
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Figure 35: Runl FWR shown with a comparison of different sections shown previously accounted for
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Figure 36: Run2 FWR with all cross sections accounted for (1-12)
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0.8
0.7 A
0.6 &
| N r
0.4 V \
0.3 v
0.2 T T T T T T T 1
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00
Model Hour

Figure 38: Run2 FWR with the downstream fourth of cross sections accounted for (10-12)
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Figure 39: Run2 FWR shown with a comparison of different sections shown previously accounted for

The data in Figure 32-Figure 39 that the FWR fluctuated throughout the experiment, thereby
demonstrating the dynamicnature of the braided channel morphology. They alsoindicate thatthe flow
widthratiois useful inaccounting forthe dynamicnature of the model. During both Runland Run2, the
data fluctuates around a median value of braided intensity of 0.5. FWR values higherthan 0.5 indicated
a higherbraided intensity, whereas lowervaluesindicate alowerbraided intensity. The average value
of FWR from Run1 accountingfor all cross sections, for cross sections 7-12, and for cross sections 10-12
is0.55, 0.53, and 0.58 respectively. Runlhad corresponding standard deviations of 0.08, 0.12, and 0.13.
The averaged FWR from Run2 accounting for all cross sections, cross sections 7-12, and cross sections
10-12 is0.56, 0.54, and 0.49 respectively. Run2 had similar corresponding values of standard deviations

of 0.06, 0.09, and 0.12.

The streamwise connectivity of the braided channels during the experimentis best displayedin Figure

35 and Figure 39. These figuresindicate the times when the braided channel showed a strong

correlation between downstream and upstream braided intensity, and othertimes when the
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streamwise braided intensity differed between the downstream and upstream sampling lengths. The
figures alsoindicate that the downstream morphology, measured with FWR, isdampened when
accounting for more cross sections of the reach. Meaningthat the FWR values are more extreme when
accountingfora smalleramount of cross sections, and average out to more median values whenthe
FWR accounts for more cross sections. This demonstrates dynamicmorphologic behavior both spatially
and temporally. Thisresult was more evident for Run2than Runl, butthe latterrunstill exhibitsit. Itis
important to note times when the downstream morphology does not particularlymatch the entire reach
because of the potential effect on the measured sediment transport. The sediment outflow was
measured atthe downstream section and therefore was most affected by the downstream morphology
of the model. This dampening effect occurs at times when the downstream end had more flow width
and times whenthe flow width was less than the upstream sections. This res ult shows that this
observation was nota coincidence and that the model was sufficiently long enough to produce different
morphologicbehaviors at one time; both wide depositional sections of flow and also more concentrated

degradingflow.

Anotherinference that can be made looking at Figure 32-Figure 39 is that local morphologicstates never
persisted forsignificantly long periods. If asection of high braided intensity oris highly inundated over
the width of a cross section, itis almost certain that soon enough the section reverted backtoa low
intensity and continued to change back and forth over time. This reflected adynamicequilibrium that
existsinlocal morphology of braided rivers and is animportant characteristicthat defines them. For
example, if asection of river was to stay in a constant state of low braided intensity, the increased fl ow
concentration would lead to more defined channels and eventually become non-braided. However, this
process was not seen to occur duringthe experimentforthere was aconstantlocal balance between

low and high braidingintensities as well as streamwise balance of intensitiesin both Runland Run2.
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5.3.2 Observed Morphologic Data

This section describes the morphologicbehavior of the braided channel during the experiment. Included
are findings from the flow width ratio plots presented in Section 5.3.1. Otherfiguresdemonstratesome
of the known morphologicbehaviors of braided rivers and riversin general that was observed duringthe
experiment. All of the figures presented below have implications on effects of sediment transport
throughthe model and are used to explainrelations between the morphologicdataand sediment

transport data collected and comparedin Section 5.4.

The figures are presented here as photographs, either taken from the fixed time -lapse camera orfrom

the mobile Canon T3i camera and are presented as follows:

1. Dynamicstreamwise braided intensities;

2. Locallydynamicbraidedintensities; and,

3. Observedlocal morphologic mechanisms and processes in braided streams including:
i. Main channels, anabranch channels, and bedforms
ii.  Bifurcationsand confluences

iii. Bar formation and decay

1. Dynamicstreamwise braided intensities
Shown below are dynamicstreamwise braided intensities existing longitudinally at one time, separated
by a number of cross sections. Figure 40shows the measured value of FWR from Run2 shown with
several parts highlighted with corresponding photographs presented after. The times from the run that
were chosen to demonstrate the dynamicnature of streamwise braised intensities and are labeled as

follows:
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a. Periodof where the downstream braided intensity is larger than the upstream;
b. Periodof where the downstream braided intensity is lower that the upstream; and,

c. Period of whenthe morphology was consistent throughout the length of the model.
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Figure 40: Measured flow width index from Figure 39 shown with 3 highlighted sections of different periods of morphologic
conformity through the length of the model
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Figure 41: Shown above in Figure 40 as number 1, a time where alower FWR was recorded in the upstream section than the
downstream section. The transect lines are the cross-sections for FWR measurement

Figure 42: Shown above in Figure 40 as number 2, a time where a higher FWR was recorded in the upstream section than the
downstream section
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Figure 43: Shown above in Figure 40 as number 2, a time where a consistent FWR was recorded throughout the model

2. Locally DynamicBraided Intensities
This section elaborates the local dynamic morphologic behavior that occurred during the experiment.
Such dynamicbehavioroccurred alongthe entire braided channel, and no section of the channel tended
to have a predominantly low or high value of FWR throughout the experiment. Even when a major
anabranch was against the wall during Run1, periods of dynamicmorphologicbehavior were observed.
The dynamicbehavioris evidentin Figure 44, which plots FWR values from the downstream fourth of
the model duringRunl, with a highlighted section during the last ten hours of testing showing a period
of low to highthen back to low braided intensity atthe same location all within 6 hours. The
corresponding views of the highlighted section of Figure 44 are depicted by the photographsin Figure
45-Figure 47. The downstream 3 cross sections correspond to the lowerfourth of all the cross sections

and match the data presentedin Figure 44.
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Figure 44: Measured flow width index from Figure 34 shown with a circled section of testing where dynamic local

morphological behavior was witnessed

Figure 45: Shown in Figure 44 as number 1. Flow is from top to bottom
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Figure 47: Shown in Figure 44 as number 3. Flow is from top to bottom

3. Observed Local Morphologic Mechanisms and Processes
i. Main channels, anabranch channels, and bedforms
The movements of the component sub-channels (anabranches) of the braided channel interactively and
continually shaped the overall braiding of the braided channel. Whilethe main channels were visibly the
primary source of sedimenttransport, the dischargerequired forthemto exist occurred only when
multiple anabranches converged. The predominant bedform of the main anabranch were anti-dune
trains, while the smalleranabranches evolved aripple ordune bedform. Figure 48 shows a period

demonstrating the interaction between majorand smalleranabranch channels. A fluorescent red color
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was usedtoenhance the visual difference between the anabranches. When more flow passed through a
section, the colorwas more pronounced; accordingly, the anabranch appearing more red was the
dominantanabranch. However, the red dye also concentratedin quiescent areas, such as the lee of the
ripples along some of the smalleranabranches. Additionally, some flow areas were not red, because
they were eitherrelatively smallanabranches orwere locations of sheet flow where flow spread at high

speed overanadvancing depositional bar.

It should also be noted that the main anabranches were not always as continuous as Figure 48 suggest.
At times, more than one main anabranch existed, fewer trains of anti-dunes formed in them, and more
anabranch bifurcations occurred. During these times, strong main anabranch divided into multiple
smalleranabranches, sometimes reforming downstream if the smalleranabranches re-converged. Due
to the relative shallownature of all the channels and their non-cohesive banks, the continuous
interactions of dominant and lesseranabranch channels was seen to be an important morphological

processinthe overall braided channel.
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Figure 48: Main and lesser anabranches observed in the flume. Flow is from top to bottom

ii.  Bifurcationsand confluences
Bifurcations (orseparation) and confluences (or convergences) of anabranches were observed
throughoutthe experiment, and their basic morphological features played a majorrole in the dynamics
of the braided channel. The two processes wereclosely linked and shaped some of the more well-known
morphologic mechanisms and features observedin braided rivers. Forexamplebifurcations seenin the
flume were responsible for separation of flow and upstream migration of bars andislands. The
bifurcations typically took shape of an alluvial fan that was deposited from a main channel ora strong
anabranch that caused lateral separation of flow and thus formed a bar. A bifurcationisdepictedin

Figure 49.
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Confluences enabled flow toincrease alongan anabranch, and were typically accompanied by alocal
region of confluence scour. When aconfluence scourwas large enough, flow depth and velocity
through the anabranch downstream of the scourincreased, therebyincreasing anabranch size. Figure 50
shows a confluence of two anabranches and the confluence scourthatformed. The red dye highlights

the scour; as more red colorindicates adeepersection wherethe flow converged.

Figure 49: A depositional fanis formed at the end of a braid that then bifurcates
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Figure 50: Observed confluence scour as two channels converge

iii.  Barformationanddecay
Bar formation and development was witnessed throughout the both runs and significantly impacted the
braiding pattern. Figure 51is a set of photographsintaken at 15-minute intervalsviathe time-lapse
camera and shows the evolving formation and eventual decay of a bar. The area of bar evolutionis
indicated by the red circle in each photograph. Figure 51a shows a main channel branch whose path
crossesthe highlighted circle area, the dominantanabranch is defined by its active anti-dunetrain.
Figure 51b shows an anabranch withless flow and has dunesandripples;italsoshowsthe beginning of
the emergence of asmall bar inside the highlighted circle. Figure 51c-e show the progressive separation
of flow around the emerging baras can be seen by the lighterarea of sandinside the highlighted circle.

Figure 51f shows a now well defined bar now surrounded completely by smalleranabranches; also



evidentisthe appearance of amain flow channel, marked by the anti-dune trainto the right of the bar.
Figure 51g&h show the leftward lateral shifting of the dominantanabranch seeninthe right of Figure
51f; thisanabranch now began to erode the bar and forming vertical banks, as the anabranch grew. Also
to be seenin Figure 51g&h is the decrease in waterflow inthe lesseranabranches surrounding the bar,
because more of the flow was diverted to the dominantanabranch. Figure 51i shows the end of the
cycle. By now most of the bar was being extensively eroded by the dominantanabranch, such that the

sediment formingthe barwas beingtransported downstream.

Figure 51: Bar formation and decay shown in sequential order with a time interval between each photo of 15 minutes, flow is
from top to bottom
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5.4 Sediment Outflow vs Flow Width Ratio Data
The following section compares the sediment outflow to the flow width ratio (FWR). The data are
presentedinvarious formats:

1. Timeseries(temporalvariation) and discussion the of the morphologicindex FWR versus rate of

sedimentflowfromRuns 1and 2; and,

2. Regressionanalysis of rate of sediment outflow versus the FWR.
The temporal variation of dataare plotted as the rate of sediment outflow (left axis) and FWR values
(rightaxis). Also shown onthe plotisthe rate of sedimentinflow. Comparison of the inflow and outflow
rates of sedimenttransport shows when sediment transport through the model attained an equilibrium
balance. For convenience, anintermediate FWR value of 0.5is plotted to coincide with the equilibrium
sediment flowvalue to help give avisual comparison between the two variables. The scaling for each

run differs slightly to match the values andinclude all the data measured.
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Figure 52(a)(b)(c): Run 1 sediment transport compared with the morphologic ratio FWR for various lengths of the flume
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Figure 53(a)(b)(c): Run 2 sediment transport compared with the morphologic ratio FWR for various lengths of the flume
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Figure 52 and Figure 53 show a semi-negative correlation between FWR and the rate of sediment
outflow measured in the model. Having the sediment inflow match up with a median value of the flow
widthratio, 0.5, usefully indicates how the data correlate. Generally, as the sediment outflowrate
increases above the equilibrium value of 30 g/s, the flow width ratio falls below avalue of 0.5 (and vice
versa).. There are several contrasting periodsin the plots that do not follow the inverse relation.
However, it appearsthatthe inverse relationship does become more apparent when the downstream

morphologyis weighted more heavily.

The values of FWR for the downstream morphology (cross-sections 10-12) are weighted more heavily in
Figure 53(c) and Figure 54(c), than the FWR values forthe entire flume orforcross-sections 1-12in
Figure 53(a)(b) and Figure 54(a)(b). The resulting correlation shows that the downstream morphology,
the morphology closest to the measurement of the rate of sediment transport, affects the measured
sediment outflow more-so than the overall morphology. This findingisimportant to note, and relates to
the physics principle of locality; i.e., that an object (a bed sediment particle) is only directly influenced by
itsimmediate surroundings. While the overall morphology of a braided channel characterizes sediment

transport through the channel, local morphology affects the local rate of bed sediment transport.

The sediment outflowis then compared directlytothe flow width ratioin a regression analysis. The
comparison was done by quantitatively examining the trendsin Figure 52and Figure 53. While an
approximate negative trend appears to exist, aregression analysisisameans to evaluate the strength of
the relationship between the rate of sedimenttransport out of the reach and the FWR of portions of the
reach. Each data pointis rate of sediment outflow plotted againstits corresponding value of FWR. Not

everyvalue of FWR was collected at exactly the same time as the sediment outflow measurements
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(though theyare closeintime). Therefore, some FWRvalues are interpolated based on neighboring
measurements of FWR. The regression analyses take partin two separate sets explained as follows:

1. Separateregressionanalysis of Run1and Run 2, and;

2. Combinedregressionanalysis of Run1andRun 2 data.
The datais first presented separately to show the strength correlation of each individual run, and then
looked at jointly to show a more comprehensive data set. Regressions from all previously examined
reach lengths are also shown for comparison, i.e.; cross sections 1-12, cross sections 7-12, and cross

sections 10-12.
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Figure 54(a)(b)(c): Run 1 Regression Analyses shown with the trendline equation and R2 at top of chart
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Figure 55(a)(b)(c): Run 2 regression analyses shown with the trendline equation and R2 at top of chart
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The separate regression analysesforRun 1 and Run 2, shownin Figure 54 and Figure 55, demonstrate
the correlation strength between rate of sediment outflow and FWR for the runs independently. While
thereisa prominentvariability in all the plots, there exists anegative correlationin all plots shown by
the fitted trend-lines. The scatter of the data appearsto be more pronouncedin Run1 data than in Run
2 data. Both runs have largerranges of FWR values as the downstream sections are more heavily
weighted. This demonstrates that local extremesin FWR values are dampened by including values from
more cross sections. Alsoshowninthe plotsisanincreasing R? value as the downstream sections are
weighted more heavily. Whilethe R? values from both Figure 54 and Figure 55 are low, further
regression analyses revealed thatall slope values, except Figure 54(a), were statistically different from
zero (statistical significanceisindicated by p values less than 0.05). The full range of the statistical
findingsforRun1and Run 2 are presentedin Table 1 alsorevealsthat the standard error in the slope
estimate isreduced as the downstream section is weighted more heavily. Standard errorisreduced as
the extent of chance variationisreduced, meaning that there exists more confidence in the negative
trend with the downstream regressions. This demonstrates that the principle of locality existsin the

relation of the sediment transportand the FWR. Shown nextisthe results from the combined regression

analyses.
Table 1: Regression analysis values presented from both Run 1 and Run 2
Slope Estimate Standard Error R’ p value
Run 1 X5 All -79.82 47.87 0.0848 0.1059
Run 1 X5 7-12 -73.24 33.52 0.1373 0.0363
Run 1 X5 10-12 -69.43 29.08 0.1597 0.0234
Run 2 XS ALL -103.92 42.35 0.1504 0.0194
Run 2 X5 7-12 -68.50 24.87 0.1826 0.0093
Run 2 X5 10-12 -62.70 19.11 0.2406 0.0024
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Combiningthe datafrom Runs 1 and 2 gives amore comprehensive datasetfora regression analysis
relating sediment outflow and FWR. The regression curves can be seenin Figure 56 and further
statistical findings are presented in Table 2. The analyses of all the regressions from the combined data
sets proved statistically significant with p values less than 0.05. While all plots are statistically significant
thereisstill high variability inthe shown by the scatter of the data in Figure 56. The stronger correlation
(R*2 value) observed when weighting the downstream XS’s that was observed for the runs separately is
no longerobserved when the runs are combined. Thisis contrasting to what has been shown before and
should be noted. However, Table 2also reveals that the standard error decreases as the downstream

sections are weighted heavierasitdid whenthe regressions were ran separately.

Table 2: Regression Analysis for the combined data from Runs 1 and 2

Slope Estimate Standard Error R® p value
Combined X5 All -109.07 33.15 0.1409 0.0016
Combined X5 7-12 -82.73 21.74 0.1793 0.0003
Combined XS 10-12 -45.44 18.97 0.0800 0.0195

All plotsfromthe regression analyses show anegative trend while also showing a fairamount of scatter.
The variability evidentinthe plots comes from the inherently dynamic nature of braided channels,
including both spatial and temporal variations in morphology and sediment transport. Table 3shows the
resultsfrom all the regression analyses togetherfor convenience. This experiment only measured
sedimentoutflow atthe end of the flume, therefore it would followthat the measured downstream
morphology would correlate more strongly with the sediment outflow measurements. This was shown
in both separated regression analyses, but notinthe combined regression when looking atthe R? values.
However, all the regression curves do have smallerstandard errors when weighting the downstream

morphology of the flume more heavily. Infact, the smallest standard erroris that of the combined
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regression when usingthe FWR from cross sections 10-12. All data from the regressions are shown

togetherinTable 3.

Table 3: Data from all regression analyses shown together for comparison.

RZ

Slope Estimate Standard Error p value
Run 1 X5 All -79.82 47.87 0.0848 0.1059
Run 1 X57-12 -73.24 33.52 0.1373 0.0368
Run 1 XS 10-12 -69.43 29.08 0.1597 0.0234
Run 2 XS ALL -103.92 42.35 0.1504 0.0194
Run 2 X57-12 -68.56 24.87 0.1826 0.0093
Run 2 X5 10-12 -62.70 19.11 0.2406 0.0024
Combined X5 All -105.07 33.15 0.1409 0.0016
Combined X5 7-12 -82.73 21.74 0.1799 0.0003
combined XS 10-12 -45.44 18.97 0.0800 0.0195

While general scatterinthe datais present due to the variable nature of braided channels, some of the

outlying data points can be explained through local morphologic mechanisms observed during the

experiment. More on observed morphologicfeatures can be seeninSection 5.3.2.. Figure 57 indicates

outlying datavalues, with corresponding references to photographs that show local morphologic

featuresinvolved.

Looking at the combined regression there are multiple points that stand out as outliers, however two

points were chosen fordiscussion that do not match the inverse relationship between sediment outflow

and the flow width ratio. Figure 57 shows the combined regression, for cross section 10-12, shown with

projected standard error bars indicates the two outlying data points, labeled P1and P2. Figure

58,Figure 59, and Figure 60 show photographs correspondingto the two data points. The points were

chosen notonlyfor beingoutside the standard error but also based on theirdisagreement with the

negativelycorrelated trend. Both points are at least FWR = +0.1 from a flow width ratio value of FWR =

0.5, to ensure the values represented moderate braiding or non-braiding intensity.
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Figure 57: Combined regression analysis shown accounting for the downstream fourth of the flume, with outlying points
labeled P1 and P2. The standard error is also projected on the plot shown as the dashed red lines.

For P1, FWR = 0.61, indicating moderately intense braiding. According to the suggested negative trend,
moderately intense braiding should imply a moderately low rate of sediment outflow. However, the
corresponding measured sediment outflow value was 81.76 g/s, an extremely high value for sediment
transportthroughthe flume.Shownin Figure 58is the corresponding photograph fromthe point of
data. The bottom three cross-sections shown by the white lines crossing the photograph help explain
P1. A highlyinundated downstream sectionis evident, butthe bottom right of the photograph revealsa
dominantanabranch, with stronganti-dunes, building adepositional bar just at the outlet cross-section.
This morphologicdevelopment was accompanied by the relatively high value of sediment outflow

measured during that time.
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Figure 58: Photograph of flume corresponding to data point P1 in Figure 57. Flow is from top to bottom.

The outlying point P2, indicates atime when the measured rate of sediment outflow was
uncharacteristically low, considering the relatively smallvalue of FWR atthe time. The sediment
outflow value was 13.78 g/s, a rather low value, compared to when FWR = 0.348, a moderately low
braided intensity value. During the measurements, adepositional bifurcation developed froma
dominantanabranch that caused the formation and upstream migration of a bar, shownin the bottom
right of Figure 59. A time-lapse series of photographs showing barformationis presentedin Figure 60 a-
d; the bar formationis at the bottomright of the photographs. The sediment deposition occurred
directly upstream of where the sediment flow was measured, thereby causinga momentary choking of
sediment flowthrough the section, which resulted in the low sediment outflow measurement at that
moment. The sediment measurement was taken atthe 5:00PM (Figure 60a), suggesting thatthe

beginning stages of bifurcationis highly depositional.
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Figure 60: Time-lapse series of bar formation that lead to low sediment outflow measurement.
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5.5 Further Discussion
This sections offers an explanation regarding the inverse relation between bed sediment transportand
the braidedintensity, measured via FWR. The explanation rests on fundamental relationships forshear

stress and bed sedimenttransport.

Shearstressis the shearforce per unitareaexerted by the channel boundary by water (Arneson etal.
2013), and can be defined as follows:
T =YRSy (Equation 8)
Where: T is shearstress(N/m?),
y is the unit weight of water (Kg/m3),
R is the hydraulicradius (m), whichisthe cross-sectional area of flow dived by the wetted
perimeter of flow,

S is the frictionslope, orslope of energy grade line (m/m).

Conceptually,asthe braided intensity isincreased through a cross section the hydraulicradius
decreased, due to the division of flow over the cross section into multiple anabranch channels that were
shallow and wide in nature. The wetted perimeterincreased as the number of channelsincreased,
thereby making the hydraulicradius decrease. A decrease in hydraulicradius resultsinadecreasein
channel bed shearstress (Equation 8), which consequently decreases the ability of the flow to transport
sediment. Also foragiven discharge, anincrease in braided intensity and creation of more anabranches
causes more flow contact with the bed surface. Overall, this trend increases hydraulicresistance to flow
through the system, resultingin decreased velocities though the channels. Decreased overall or nominal

velocity of flow, or decreased overall ornominal bed shear stress, reduces flow capacity to entrain and
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transport bed sediment. It can be shown using a shear-stress excess relationship for bed-sediment

transport(e.g., asin ASCE 2008) that these decreases, inturn, reduce bed sedimenttransport.

Due to the highly stochastic nature of braided systems, the flow paths are constantly affecting each
otherinunpredictable ways, meaning that fundamental sediment transport equations become less valid
for explaining the full nature of sediment transport through their complex braided systems.
Nonetheless, the fundamental relationships are useful for explaining the inverse relationship between

bed sedimenttransportand FWR witnessed in this experiment.
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6. Conclusions and Suggested Further Research

6.1 Conclusions

Thisthesisinvolved aflume experiment aimed at the following objectives:

1.

Establish the parameters and procedure forestablishingabraided channel alongaflume;
Determine effective methods for measuring and relating bed-sediment transport and braided-
channel morphology; and,

Ascertain how rate of bed sedimenttransport out of the reach contained along the flume relates

to the morphology of the braided channel.

The calibrated input parameters used in thisstudy led abraided channel toforminthe flume. Effective

methods were developed and used to measure both bed-sediment transport and braided channel

morphology. The dataand observations collected resulted in the following conclusions about braided

channel morphology and rate of bed-sediment transport through them:

1. Braidedriversystems are spatially and temporally dynamicin nature, bothin the way they

transport bed sedimentandin theirmorphology;

Althoughthe rate of sedimentinflow into the flume was steady, the rate of bed sediment
transport out of the system was unsteady and fluctuated around amean value whenatime -
averaged equilibrium of channel morphology existed. The dynamicnature of bed sediment
transport out of the braided channel can be related to dynamic morphology of the braided
channels;

The Flow Width Ratio (FWR) was a useful index for characterizing the changing morphology of
the braided channel with steady flow conditions, and for relating bed sediment transport out of

the systemto the changing morphology. Aregression analysis of the dataindicate aninverse
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relationship exist between the two aspects of channel behavior —as FWR increased, the rate of
bed sediment outflow decreased; and;

4. Althoughtheinverse relationship between FWR and measured bed-sediment transport existed
overthe entire length of the flume, regression analysis showed that the correlation became
statistically more relevant when the downstream sections (closerto the cross-section of bed
sediment measurement)were weighted heavierin the analysis. This finding demon strates the
well-known physics principle of “locality” whereby, for the present experiment, the movement
of bed sediment particles were directly influenced only by theirimmediate surroundings. In
otherwords, bed sedimenttransportis largely affected by local conditions of channel

morphology and flow.

6.2 Suggested Further Research

The findings from this thesis present useful scientificmethods that led to the identification of a
statistically sound inverserelationship between bed-sediment transport and steady flow braided
channel morphology. This relationship could be further explored by using the same methods applied to

a more extensiveamount of data; the presentstudy developed 80 hours of experimental data.
In addition, FWR was a useful index for quantifying braided intensity for this study which used a steady
flow scenario. However, furtherstudies could explore FWR with sediment discharge through systems

with unsteady flow conditions. This way the method could potentially be implemented for field use.

Also, dataon bed sedimenttransport were collected at the downstream end of the flume. Further

research could examine rates of bed sediment transport at multiple locations throughout the flume.
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Such data would enable additional conclusions to be made about bed sediment transport and

fluctuationsin channel morphology along a braided channel.
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