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1.1.1. A Natural Flood Management approach
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ContinuityEquation 1.1, catulatesdischarge (Q) using localised velocity (U) and wetted at8a (
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Figurel.1l: Working with Natural ProcesseédivNP) from source to sinkvith WDDs displayeth the
upper catchmen{adapted from Burges&amble et a].2018).
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1.1.2.  Woody debris damithin natural flood management

LyadlttAy3a SyaaySSNBR 255a& Ay G(GKS dzLJLISNI OF G C
0KS RBAPKYREEKSYOS NBRdAzOAYy3a GKS NARa]l 2F O0NBI «
2553 OFly F2N¥ yliddzNIffe gKSy (GNBSa Frit Ay
02y ailiNHz2OGSR | yIKNRLIRISYyAOlItter O2yaidNAOay3d |
ySé6 LBRYRAYSA FyR AyUtft SEA&dsy3d &iG2Nr3S | NBI 3
LISND2f a2y a2 CAtdmphbdB LG KSoom 2man®Nd a YS RSO NR A
f S840 OFy | O0dzydzt F 4GS F NRdzyR (S 2¥FSYJYRNE 2 &)
SNRPaA2y odzi Ffaz2 SyKFIyOAy3d GNILIWAYy3a SYOASY
LINEGSOay3a GKS g (SN O2vidNiEdS . TeNPRYS aSNBAREARRRYY NIEESHGC
FNRY (ONROdzilF NRASaAZ at2¢6Ay3d 2y S (i NIRG dDONBAGS?2 Y L
0S NB&AGEOBRIzA2Y YR CSYYSNE HnunO®d® 5S5aeyOKNR
aYAYy3 YR t20lsa2y 2F AydzyRlIa2y: gKAOK Aa ON
Tdzy Oa 2yl t A&

Heightened  Flow direction Natural rocks used to
hold woody debris
dam in place

backwater

Infiltration

Figurel.2: Diagram of a complete WDD with heightened backwater as a result of the key member
held in place by naturally placed rocks and debris surrounding.

Reduced flow
downstream

Soil particles



2 A0K G0KS aKAD G266 NRa bCax GKSNB KlFra oSSy Iy
2T 25538 aQFIf6S®21028SOSNE (KS SitiSOa@SySaa 27 =2
FYOAQDIHESYyld ¢K2dAK GKS dzZLJal 1S 2 7F 10?2 5RdaS NiB2Y | (hK
SOGARSYOS 3l L) adzNNRPdzy RAy3a GKSAN StiiSOea@SySaa |
0KS AYLRNIIFIYOS 2F bCa la | adzaidlAylrofS b22R

NI 0 KSNJ GKIy NBKISNBRIK 2RE (TINENIAKSNIGR2Rslye 51 KASY Qi KiX
GKSNB I NB O2ybAlOoy3d @OASsa a (RySREIKS ND 7 KBS

5AYOdzZ aSa Ay@2f SR Ay dzaAy3d SyairAySSNBR 2553
ddzLLX @ FYR OGN YATFTSNE SNRPAAZ2Y YR RSLIRaAAs2Y X
Gl NBAYy3 t20Fe2ya SAGKAY O GOKYSY (SK | dBASIING A2ST
AYRAGARdAzZFE 2553 |yR GKSANJI AYLI OG Ay 'RAGSNSB
O02YY2y YSOK2R (2 dYRSHEAE Y JfRe LIIKS 2GHRINI MBS KGR V

GKNRdZAK K&RNJ dzf A &2 2R Sl NB yA2 XIZGEE SAY & G Snziog M
OKIFy3aS Ay RS&aAdy 6AGK GFNBAY3I NB 2D MBS #0683y
Fd F f20Ff a0l f\8dy SINGE®RING gz MG K S TOHREA S¢ Sia |

HAHANLOD

¢CKSNBE NBYlIAya dzyOSNIlFAyGe +ta G2 6KSOGKSNI Iy
05FRa2Yy SEKARBOPNBABSMND&® aSGa 2dzi G2 O LI dz2NB
255 RSaiAdya yR G2 GFIfARF(IS I KeRMNS dif RTOS &2 RiS:

GSNY Ay@SaitySyid. ¥y ySildot aakERvtp@a | f2yS Aa
YIylF3S b22R NAal® LG A& a4dzZA3SaidSR (KIG bCa

Ff2y3&ARS 02y gSyy 2Fkf dn@niwh (S@i @uWzidmdy S& aA3TyA
dzy OSNI I AyeaSa adz2NNRPdzyRAy3d bCaX y2o Ay R2BKSNMEa
Ad t101 2F a0ASyaUO SOARSYOS | o62dzi GKS SiSO0s
b22Ra® !'a [ F2NBYSyYyea2ySRY GKS !'Y D2@SNYyYSyid
LI NG 2F (GKAA O0SA¥I | 2ZRSWRBASHKNBKAFRADESE IS LINE
RAGSNBYG C/wa |Osa@AaSas RSLISYRSYyl 2y ylaz2ylf
bCa YR ym: Ay@SaiSRSYy HSay®Sgpa2yhimdpC/ wa o

P



Ve
a’n

[ AGSNY GdzZNE NB DA SS

2.1. Introduction
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2.2. Engineered woody debris dam design
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Leaky Barrier Woody Debris Dams (WDDs)

 — o

Figure2.1: Leaky barriers attenuateeakdischargeandare built to remain stable over their lifetime.
WDDs attenuate all flows and create channel diversification, varied flow conditions and diverse
stream habitats however WDDs can become unstable with channel erosion and degrade quicker
than leaky barrierdmages taken from Water Friendly Farming (2020).
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2a I Oa¢ 3a Dam jam.
" | Backwater pool and step. Sediment

wedge formation upstream of the WDL

/ wA @S NJ ’

1b 3b Underflow jam.

Limited backwater sediment.

2b /[ 2 YL}

Deflector jam.
lelted backwater sediment.

Figure2.2: The photographs on the left were taken at the Wilderhope, Shropshire field site (Oct, 2018), depicting an active (lefe ¢bohpand partial
(10 dam The representations in the centre column by Dixon (20132tRac) shows the three types of WDD recognised by Gregory et al. (1985) as active,
complete and partial which are comparable to the field site photographs and later classification shown on the right38aas dam jam, underflow jam

and deflector jam (Wallerstein and Thorne, 1997). Tttéva and dam jam (1a, 28a) can be considered alike in that they display a complete barrier across
the width of the channel and a step with a backwater pool. The complete dam and underflow jam,@Hp), e comparable as they demonstrate a complete
barrier across the width of the channel but no definite step and no impact upon the water surface profile during lowtilwartial and deflector jam (1c,

2¢, 3c) are similar as they extend across part ofrtien channel widttand are therefore incompte.

15



Anchored against Wooden stakes used to
existing living tree. anchor dam into position.

Constructed in X-
shape within channel

Baseflow (e.g. summer level)
Structure leaky enough to Inﬁltratlon Sl
allow baseflow through

Gap underneath for fish and wildlife. ‘RJ.}

Figure2.3: A simplified diagrammatic representation of a complete WDD. This WDD is held in
position toensure it is sufficiently robust and does not pose a safety risk to downstream
communities should it become loose.
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2.3. Attenuating the Flow
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Figure2.4: Hydrograph displayindischarge Q) against time (t). The horizontal red line sho®30%
bankfull(100% @) at which point flooding may occur ondeschargesurpasses this value. WDDs can
increaselag time and reduce pealdischargecausing the curve to flattenwhereby downstream
dischargecan become ¥00% @. By introducing WDDs in upper catchments the flow can be slowed.
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2.4. Flood modelling
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Figure2.5: Basic 1D fluvial model of a river, showing a river reach withr@Bssections, boundary
conditions and associated graphical images of 1D e&eston and flow boundary conditions. Taken
from Trigg (2016).
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Figure2.6: Triangulated Irregular Network (TIN) displaying topographical features of the Lower
Namoi Valley. Taken from Mackay et al. (2015).
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Figure2.7: Schematic representing lateral and longitudinal linked2IDmodel.Taken from Kvocka
(2017).
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Figure2.8: A representation of three techniques used to represent WDDs in hydraulic models to
overcome there being no standardised methodrepresenting WDDs in hydraulic models. These
techniques were first proposed by Addy and Wilkinson (2019). Taken from Senior e23). (20
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2.4.1. 1D and 2D modelling within the context of WDD design and
analysis

Researchers have turned to modelling to quantify and predict the behaviour of WDDs to
investigate their effects on flood hydrographs (Thomas and Nisbet, 2012) or floodplain
connectivity (Kitts, 2010; Keys et al., 2018). Despite progress in modelling WieEs,
remains uncertainty in the suitability of models and approaches to represent them in
hydraulic and hydrological models, mainly due to their complex nature. Typically, WDDs are
represented by adjusting the channel geometry, increasing channel rougl{pe$oth), or

as a hydraulic structure by using weir or sluice gate units, frequently using models such as
HEGRAS (Keys et al., 201Bydro2de (Kitts 201Q)nfoworks (Thomas and Nisbet, 20H2)d

Flood Modeller (Pinto et al., 2019). 1D modelling simulates linear domains, such as stream /
river channels and uses cressctions to examine flow depths, velocity or discharge. 2D
models are useful in simulating the spread of flow over a 2D horitdotaain represented

using a DEM and are often used to replicate complex overland flow and flooding processes
which allows for analysis of, for example, WDD / floodplain inundation and chéoodplain
connectivity (Hill et al., 2023). The choice of mioglmployed needs to lend itself to how the
modeller conceptualises the NFM features which have complex characteristics and no
standardway of modelling them. The challenge for the modeller is that there are many

methods for conceptualising WDD representations and many different models.

WDDs can be modelled using the hydraulic structure representation approach, by comparing
them to wellunderstood hydraulic structures such as weirs or culverts. The engineering
equations, representing the features, are often inbuilt into hydraulic modgackages such

as Flood Modeller and HERAS. Mathematical models of existing control structures are
popular methods to calculate the effects of WWBeYys et al. (2018) used a weir function at
each WDD location using HRBS 2D simulations, to show inesed channefloodplain

connectivity

One physically based way to model is using a hydraulic structural representation to simulate
WDDs by altering the channel geometry. Thomas and Nisbet (2012) used Infoworks in a 1D
hydrodynamic model, to apply a 70% blockage ratio and varied roughnessciere to

represent the WDD in the channdlhis is an attractive method since it captures the expected
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flow profile of hydraulic structures in natural channels which are irregular in shape and
accounts for the WDD blockage capacity by modelling the hydraulic flow upstream and
downstream of the structures. Their findings showed that modelling a & 2latchment at

the River Fenni, South Walassing field dataresulted ina 2to 3 minute delay per WDD
However,a minimum effect upon the height of the flood peaias noted The main problem

is that this conceptualisation of WDDs, where the wetted area is redl@ssumea structures

are impermeablegenerally resulting in anverestimatedimpact Unless a sluice gate or a
culvert is added, WDD structures appear solid (McPartlin, 2021). Metcalfe et al. (2017)
combined TOPMODEL using 1D modelling with hydraulic equations for trash screen structures
and sluice gates to model WDD, and representeddhannel with a trapezoidal shape. By
using a simplified trapezoidal shaped channel, this simplifies the hydraulic complexities at the
WDDs.

Their model demonstrated that using 59 WDDs at &8 catchment in North Yorkshire,

had an 11% reduction in peak discharge. These researchadudedthat although WDDs

reduced flooding during moderate rainfall events their effectiveness, during successive storm
events, would be reduced due to backwater storage retainment. Pinto et al., (2019) used

Flood ModellerJacobs 2018) 1D and represented WDDs as blockage ratios, calculated using

the length of WDDs relative to channel width, with 3774.1% of the channel blocked. Like

Thomas and Nisbet (2021), Mayind Q& Yy @I f dzSa ¢ S NXB -skctioaszandY | y A LJd
analysis focused on the 1D modelling component to assess the impact of WDDs on stage
comparisonThey found afflux increased gradually as blockage ratio increased, with a marked

increase in afflux at the 95% blockage ratio.

Currently, themostutilisedmethod to represent WDDis modelssachievedoy changing the
channel roughness coefficigntvhereby increasinthe roughness at the location of a WDD
simulates the increased flow resistance. Kitts (2010) used a 2D simulation, in Hydwm2de
validate increasing the Manning's n roughness coefficient at the scale of a single, naturally
occurring, dense WDD and showed that predictions of inundation, matched visual
observations. Hydro2de is a 2D ghbdsed floodplain flow model @a and Connell, 2001)
which can model patterns of inundation in stream woodlands as they are not unidirectional.
WDD roughness values were added to assess their influence on flood inundation extent. It

gl & NBFaz2ySR GKIF{ o0& R SdtdheWwDDyosation Hdveddetery A y 3 Q:
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GKFY dzaAy3 3S2YSIONER R2dAGYSYylid | 26SOSNE OKI
drawbacks given its impact on high and low flows and having little effect on steep slopes

6[ SFH1Se& SO IftdE HAuNnOD® al yYyAy3aQa yDskak | a2
surcharged, they can be drowned out (Dixon, 2013). It is a widely held view that a physically
based approach in modelling, which can be validated using field data, is likely to give a better
representation of the functioning of WDDs in comparisomtioer methods (Metcalfe et al.,

2017).

2.5. Flow resistance
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Table2.1: Literature review table of calculatayDDa | Y Yy A yr@(diferafit studies. Adapted from Addy and Wilkinson (2019).

Study WDD type Catchment area Channelslope Channel type Meann Of - WDD No. Q (n/s)
(kn?) angle / gradient
(m/m)
Sear et al(2010) Active 25.23 0.0092 Meandering 1.42 90 Different flows
with braiding,

Partial Clay and Sand 0.32

Complete 0.25
Dixon (2013) Active <15 0.004 Meandering, 0.24 8 High ¢ 0.8 nt/s)

Coarse gravel

Partial 0.0120.013 bed 0.083 16
Kitts (2010) Active 11.2 0.0057 Meandering, 1.4 4 Low (<0.2m?s)

(Overflow) Coarse gravel

Active bed 0.27 9

(Underflow)

Partial 0.32 12

(Deflector)
Curran and Woh Active 9.6 0.060.18 Gravel /cobble 0.6 20 Low (<Qu)
(2003) bed
Linstead and Active and - - - 0.677 8
Gurnell(1999)  Complete

Partial 0.348 6
Shields and Partial 927 0.00050.0008 Straight, sand 0.058 9 Different flows
Gippel(1995) bed

Partial 0.075 3 < Qv
Gregoryet al. Active <15 - - 0.224 1 -

(1985)
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2.6. Morphological change
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Figure 2.9: Temporal development of WDDs over a period of 15 months, showing the effect on
sedimentation buileup. Thesequence of photographs shows evidence of a WDD generatingfdnatnk

flow with sediment buildup as the floodplain is inundated. The WDD has widened the channel which was
previously incised. There is evidence of sediment hyildand vegetation growth ating to roughness
upstream of the WDD. Images taken from Robinwood and Forestry Commission Wales (2008).
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Equation2.1 calculated Froude number (Fr) usilogalised velocity (U), gravity (g) and flow degth (
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2.6.2. Natural and Forced Pools
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Pool-Riffle maintenance

Figure2.10: PoolRiffle Maintenance taken frorivlartin (2017).Asdischargeincreasesthe average near
bed velocity in the pool starts to increase faster than in the riffle, until it approaches 10@#épgpesented
by the vertical broken line), when the nebed velocity of the pool then exceeds that of the riffle.
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Figure 2.11: Diagram showing the effect of a water course constriction. The recirculating eddy has
transported water in the upstream direction and effectively reduces the esestional area of the
downstream flow, scouring the bed downstream of the constrictitaken fromThompson (2010).
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Equation2.2 calculatedDrag force (fj using thedrag coefficient (g), relative submerged specific density
(" Jdocalised velocity (U) and structural area blocking fl&yy(Manners, 2006).
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2.7. Sediment Storage
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Figure2.13: This modified schemati®avidson, 2016hows the effect an active dam, spanning the entire
main channel widthcan have on sediment storage. A side view of sediment accumulated upstreae of
WDD as a triangular wedge shape and pool scour downstream. This is conceptually consistent to findings
which state that WDDs reduce pool spacings and increase pool surface area in thé@Meatdomery et

al., 1995)though this is dependent on bed substrate, wood orientation and composition of the dam
(Thompson, 2012 he sediment stored at the dam face)(d shown by wedge shape and maximum height

of structure above bed (h
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The effects of WDDs on erosion, deposition, transport and storage of sediment primarily depends
on dischargentensity (Manners et al., 2007). Active dams store high rates of sediment upstream
with reducedkinetic energyand downstream with increasednetic energyscour occurs creating

pools, with a pressure gradient from sghtical (Fr<1) more towards supecritical (Fr> 1) flow
conditions at the pool (Wang and Zhang, 2012). Energy is dissipated further downstream with flow
reverting back to sularitical. The energy gain after the WDD, is often referred to as hungry waters,
because the excess energy is typically expended on erosion of the channel bed, resulting in incision
and coarsening of the bed material until equilibrium is reached and the matemano longer be

entrained by the flow (Kondolf, 1997).

Partial dams connected to one bank (Deflector dafnjyre2.14a) trap sediment on their lee side

in bar deposits andlow scours one or both banks. However, complete dams (underflow dam)
(Figure2.14b) do not greatly affect the flowontinuity and consequently do not have high scour
and deposition rates. Likewise, the partial dam centred (flow parallel debris dagyré2.14c)

blocks the flow to a lesser extent reducing scour and deposition (Wallerstein and Thorne, 2004).
This means that peaks in storage and scour predominantly occur at active and partial dams

connected to one bank (deflector jams).
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Figure2.14: Wallerstein and Thorne (2004jodified fromWallerstein et al. (1997a) deflector jam,b)
underflow jamc) flow parallel/ bar head jam. Diagrammatic form showing the classification of WDDs,
their trapping efficiencyand scour similarities and differences.

Following this rationale some WDRsuld help maintain channel stability while others could
potentially reduce it depending whether the net sediment budgeaajivenWDDs is positive or
negative. Opinion is divided as to whether WDDs help maintain channel stability: either they
create channel stability by storing sediment and scouring with a positive net sediment budget

44



(Thompson, 1995) or WDDs create turbulence, mobilising sediment downstream with a negative
net sediment budget (Smith et al., 1993). However, in degraded channels with bank instability,
WDDs can be helpful in a negative feedback mechanism in that theg eaesgy flow dissipation

and potentially store sediment more than scouring thus accelerating channel evolution recovery
(Wallerstein and Thorne, 2004). It is suggested that the sediment net budget at the majority of
WDDs is positive and that in degradegstems they benefit the geomorphology with a higher
trapping efficiencythan sediment being mobilised through the WDDs, accelerating recovery of a
stable longitudinal profile following channel incision. WDDs cause scour of the bed and banks
through partial flow deflection and sediment storage through active dams travetesgnain

channel widthdueto blockage and energy dissipation (Wallerstein and Thorne, 2004).
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2.8. Research gaps

wSaSFkNOK 3JI LA 6SNBE ARSYyaUSR FTNRBY GKS tAGSNI

T

Though engineered WDDs are purposefully built to temptyatore water in the upper
catchments during higlilischargeevents so delaying downstream flow (Grabowski et al.,
2019) there is little guidance on how to design them from an NFM perspective (Burgess
Gamble, 2018). Literature indicates that designs of engineered WDDs vary widely mainly due
to the lack of design iteria (Gregory et al, 1985; Wallerstein and Thorne, 2004; Leakey et al.,
2020; Hankin et al., 2020) and their complicated effects onduyldrs and turbulent flows that

are not well understood (Bennett et al., 2015; Huang et al., 2022). Some flume studies use a
single solid key member to examine the hydraulic effects of the structures on local scour
(Beschta, 1985; Cherry and Beschta, 18&boda and Russell, 2011) but this oversimplifies
the complexity of the physical characteristics of WDDs, ignoring their porosity and multiple
key members. Given the popularity in WDD use in NFM, this knowledge gap prevents
complete understanding of theihydraulic and geomorphic impact for flood purposes.
Anthropogenic WDDs are designed with varying levels of complexity, from two or three wood
pieces across the water course to multiple stacked logs (SEPA., 2015). Literature continues to
use the design deria laid out by Gregory et al. (1985) of active, complete and partial dams,
which reflect their hydraulic impact (Linstead and Gurnell, 1999; Osei et al 2015; Parker et al.,
2017; Pinto et al., 2019; Addy and Wilkinson, 2019) for some standardisdins.thesis
intendsto add to the understandingf the effectivenes®sf structure design and condition on

sediment transport dynamicasrecommendedoy Ngai et al(2017, Gap 2.4.8.5.).

There are numerous studies that take a biological perspective towards the impact of wood in
water courses and its importance in aquatic habif@sirnell et al., 1995; Gurnell et al., 2002;
Gregory et al., 2003; Wohl et al., 2016), however there is far less evidence concerning the
geomorphological role of WDDs in relation to flood risk (SEPA and Forestry Commission
Scotland, 2012; Environment Agsn 2014; Ngai et al., 2017). There is especially little
attention paid to the potential morphological impacts WDDs in the field as WDDs are
subject to variable parameters unique to their individual catchment such as landcover,

geology, channel entrenchmenths thesis intendso determinethe scale and location of
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effective WDDs andollect sitespecific catchment data to develop methodology for

predicting how WDDs reduce flow using empirical data

There is currently a great deal of interest shown in hydraulic modelling to overcome upscaling
from plot to catchmentput currently there is dack of study sites and the need for data over
long periods (Thomas and Nisbet, 2012; Xu and Liu, 2017; Metcalfe et al., 2017; Leakey et al,
2020). However, despite the progress made in the field of hydraulic modelling, the challenge
remains to find an apppriate method to model the complex forms and porosity of WDDs
which temporally changes. There is currently standardisedmodelling hydrauliaunit to
represent WDDs in the modelling domain and this has led to uncertainty in modelling and
potentially unrealistic predictions (Ngai et al, 2017; Metcalfe et al., 2018; Addy and Wilkinson,
2019). Many studies tend to adjust tleel y' Yy A ya&he docation of the WDD to simulate
flow resistance (Kitts, 2010). However, this method has limitatiores sy’ y A ynhéréases, Yy
the localised velocityecreases and, as cressctionalarea increases so does thecalised
velocitywhich does not give a realistic repsggation of WDDsThis research will examine a
structural hydraulic representationnit to simulate the impounding effect of a network of

WDDs
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2.9. Thesis aim and objectives
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1. To empirically assess the impact of differ&dDD structure®n bathymetric evolutionn
a controlled laboratory water flumean order to analyse WDD design effects and make

comparisons to current modelling capabilities;
2. Tothoroughly map the scalena locationof pre-existing WDDasing on ground and LIDAR

techniques, to act as input terms to the developed 2D model to be used in conjunction

with collected real world empirical storm data;

0 ®dro develomnd validatean empirically derived hydraulic modelling unit for NFM prediction

methodology
4. Using thedeveloped modelling approach assess the effectiveness of WDDs in attenuating

storm events in the study catchment.
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2.10. Novelty and Contribution
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2.10.1.Woody debris dam induced bathymetric evolution
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2.10.2.The effects of woody debris dams on upland stream
geomorphology
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2.10.3.Modelling hydraulic and hydrological impacts of woody

debris dams
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2.11. Thesis Structure
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3.1. Introduction
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Figure3.1: a) An engineered WDD ithe field, commonly composed of 3 key members laid one above the
other, spanning the width of the channel with varying gaps between woods and a gap between the base
log and the channel bed. The wood is usually locally sourced. Taken from Water Friemihg K2020).

b) Structure, representative of an engineered WDD, usdbiglaboratory flume experimenDepth of the

base of the structure to the bed (e) andrtical spacing between twkey membergG)are shown orthe

image
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3.2. Methodology

3.2.1. Flume experimentation

3.2.1.1. Experimental sep
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Figure3.2: Schematic diagram of series BAd 1B experimental setip. Series 1 structure comprises 3
horizontal wooden dowels, each with a diameter{Df 25mm, sediment height of 7Bhm, depth of the
base of the structure to the bed (®f 0 mm, vertical spacing between two cylinders 510 mm and
maximum height of structure above bed)(bf 95mm. The main channel has a heightdtof 0.225m and
main channel width(B) of 0.6 m which allows for 100%ankfull (Qw) flow depth(h) of 150 mm and 80%
Qv (h=130mm). The flume width (B of 1.2m with two floodplains of width (8 0.3m x 2 ateach side of
the main channel to allow for bank overtopping.
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Cs5 mxn» T AAOAE Q (3.1)

The seventh power law velocity distributiowith derivations,shown inEquation 3.1 determined the
appropriate height to set the ADV at the mean velocity profile. Variable for calculation include mean
velocity (4), mean velocity increment heightfdhmaximum velocity (at free surface){4) and flow depth

(h).
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Figure3.3: To calculate uniforrflow conditions, the graph establishes tail gate height for series A and series
B. The functions (series A=y 0206x + 91.2 and series B: y8%737x + 88.7) end values give height of tail
gate (series A: 91/am and series B: 88rim).

3.2.1.1.1. Woody debris dam designs
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Series 1B: 80%Q
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Figure 3.4: Series composition: Schematic representation of the horizontal structure designs and the
geometrical conditions of the experimental series and riiiee Z axis denotes depth while y axis represents
longitudinal direction along the flume. Series A is 100%@afd series B is 80%@nd structures are
numbered 14.
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3.2.1.1.2. Sediment characteristics and flow conditions
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LI NbOf S wSeywasRHa oyidda SNIASNR Sa | W9 dzy R2df pdBo
GKS @FNAFOof Sa ¢ SNBSS RASINSYASREMY MK/B 1a5ASfSEDFSR 2y
RAFINI YCODapEB 12 0 SAIBSRAYRYRF AKKSNRLINAF GS T2 N
I NAaOFf ¢N¥ Oa@S C2NDS YSiGK2R SaidlofAaKSR (K
GKSNER Kk o02dzy R NB &aKSI N aiNBaa Sljdz f 86,08A 2 Of
ODNI 843 MpTnT { 2BIKENRIE AHAKS) NBRARVUBEE | SR (
G2 SNRPBSOAZAI VidhpRADPSNBY UG LI NF YSGSNARA |NBE O2yal

YSOUKI2Z\RE Al Aa UGKSNBT2NBE GAS6SR a Ly Sadlofa
. Z

Equation3.2 calculated the Shields parameter non dimensionalized (0 dza Ay 3 ONRAR G A OF f G
to initiate motion 6o), NSt | 0 A @S & dzo Y S NH Sdravitsi (g)S $paciid gtavitR & gedlimene 0
divided byspecific gravity of water {Srepresentative sediment grainsizé)L ¥ G KS _fF A& 3INF
FONRGAOFE OFfdSs G(KSY GKS 6SR Ad AY Y2(A2y o

5° A

2 A 5

7TEA@GA C3 (3.3)

Equation3.3 calculated theparticle Reynolds number (Reaif$ing shear velocity (Jand kinematic viscosity
(v) andrepresentative sediment grain sit@), hydraulic radius (series A=R.09m and series B: R0.078
m) andchannelslopeangle / gradient (&= 0.001m/m).
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Figure3.5: Shields Diagrarshowing Re* (3axis) compared to f -axdsgShields, through a series of
flume experiments under uniform flow conditions, established initiation of motion. Comparative
flume experiments are displayed for comparison to the present study.
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Figure3.6: Electremechanical sieve shaker. Sediment was put through the sieve process for 10
minutes, with progressively smaller graded sieve mesh to obtain the average particle size and range.
When the sediment distribution was obtained this was checked againgiattecle standards to
ascertain the correct grade of sediment. Sediment range display€dhte3.1.
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Table3.1: Sediment distributionwas obtained by weighing the trays before and after the sieving
process for the percentage captured by each sievethaghercentage able to pass through. Majority
of sample: 52% ranged from1118mm.

Sieve size: Supplier specifications (% passin¢ Sieving process (% passing

2.00 95¢ 100 95
1.18 5¢30 60
1.00 0¢5 12
Tray 0¢gl 0

3.2.1.2. Measurements

3.2.1.2.1. Equilibrium scour depth

Ly € AGSNI GdzNB2 QirkES aG22ydoNS LEGSBIWKE Aly(a S8l el BIOGESdzY
AYLE AOFo2yad F2NJLINBOAaAA2Y® {2YS | NBHdzS GKIG S
O2yRARRYIRABY LI 200 WROSND 825 avYl £t GKIG AG A&
GKSNBEF2NBE RAVYOdz G G2 | OOdzNI &b SIN& yVES I KENTS | dNi & A
d02dzNJ RSLIGK &aKIFNLJX e AYyONBlasSas GKSy RdzNAy3

RSONBI&S4& dzyet Uyltte GKS a02dz2NI NrGS 0502YS4
GAOGK | OSNE GRAZ { ARdOEBNNIEIKIA DS a2t dze2y (2 02\
NB I NBradayA@oyz ya T 2N $4 a2azNd RS LIDOO 2 NERM GOk SNHESNR
[ 201t & 02 dzNJ R LK &l (INBS [OASIRA oSy Al KA S SasS B t NB.JI
SG | foo®D 4 KERETS2 NIRE RSOSt 21) Sljozfit 56 AR &% G § OF dz)
GKS LRAYG @ RSAYIASH dalid’/A 2FS 2 F LI F GSI dz RSUYSR |
2EKSO2dzNI NIPAR H&ESrFr1Se YSYWIBUKRNEDS (iBNYDdSNA |
GKS YIAY &dzLIL2Nby 3 ORYARA AAPRNESFVFEBRBRAKKSY I Rz
SELISNAYSYyGa ¢IGKSEAE6NBFGSR WeryN3IK2f 23A 0 OKI
LINBOA&AZY & YRZMOSI dzia DS dzNJ RE RIG & S &5 KikD /R WKKER d
I LILINE LN | (1S  DljldyA fIAOINRfddYt S LI 20 o+ a O2y#a i NUzOG ¢
FEA&0 | YR BMBRAMIPRSLIGK o8&

¢t2 SyadsaNBE LINBOAA&AA2Y I OSNAUOFoa2y 2F LIr GSI dzA

RAYSyani2y3 tLMRB@EAsRY I & O2y aiNUzOG SROEENIZDS NRA

' YRRBEBEAAOD ¢ KS LIAMHNISES NE2 i@ bEIGOHY NBB RIS O
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3.2.1.2.2. Bed profiling and measurement of scour

I YAYSOG Omodn AyLlzi RSOAOS: Ay SaAYy ERATENI Bk &
AY UGKAAAaBBENARBNI VIBYloIA KX BRAKDEENSO At Ale 2F LINP
St SOlez2y RIGE SAGK NBf | ot BHzARAR 1 D0dKB O&
OYK2aKStEKFIY YR 9f0SNAY (1S HAMHT [/ K2dzN} arel ¢
G26F NRa | YR @lzBAx ¥3 TINE YA Y BNIYNBIR 30 LSWA JREHIBKIR NE
o0 & 5 GF O2ttSOe2y YR 6F&A0 RIGE Fylféaraa d
622t Ay a0UNBFIY o0lFUGKEBYSUNER YR aSRANByAHBL 2 TA C
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Figure3.7: Kinect v1.0 depicting camera and sensors. Diagram showing IR emitter and IR receiver; RGB
camera and LED locations. Image adapted from Andrews (2010).

3.2.1.2.3. Calibration of Kinect

t NA2NJ G2 GKS SELISNAYSyiGazr GKS YAySOG o1 a OF¢
YR 20GFAy NEBSEAOHt SoNBadag/ia® (KS YAySOG NBTFS
YydzYo SN 65b0 O2RRARAREGEZ @3 NBILIZ Ay (0aD 6tazl2yNY 2 |
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3S2YSGOUNRO OFLtftAONl o2 AYRPREAROADNKEOBERE RFOPIKS F2

3.2.1.2.3.1. Spatial resolutiofithe Kinect
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4
"o (3.4)

Equation3.4 calculated theCalibration factor ( (x and wdirection). The calibration factowas
quantified at atrue measured distances) of 1.025m with real measured distance {jimeasuredat
1.024 m (x-direction) and 0.802n (ydirection). At 45 = 0.8 m, Ty was measured at 0.846 (x
direction) and 0.648n (y-direction). The Kinect resolution was set at#640px (xdirection) and Kk
=480px (ydirection).

3.2.1.2.3.2. Depth accuraof/the Kinect

¢Saida oSNB OF NNASR 2dzi (2R®PIIG K RIF A SdzNIKSe REAIN K
0SG6SSy (GKS RAIAGHTE YSH KSNSYRO ARNIE GG BRI NEEN@ Wi 2
0KS G(NHzS YSI dWzNBSRF WRAADT | lyyYOB wdsa a2 wnmoT al ff
FYR {UNAO|ISNFXONBMEB®S ! @aKP% RSLIIK | OOdzNY O& YS|
i dzZ- RN} a OFffé& O0YK2AaKSEtKIFEY YR 9ft06SNAY1Z HAMH
2001 AySR o0& oxbBa alMB yHES (RENBOGE & Ay FTNRYy(G 27
LI Iy NJ adzNFIF OS LINRPJARSR 5ddam dinkbpli 6 KOGERY 58 G (i K
gl amviannd 5SLIGK | TONPINEWERE2S CMNE Qiizb P b G ®¥ & G it dwm:
iKA&d RApdel oOWKHE O fdzS A& adoaidlyesl SR o0& t
Sljdz o2y Ol f OdEtMOEBS R K & | ¥i A 9 Orfis KKAHERS lal9y 120 | YR
GHAMOU ALAMYESHY Y O VVRInYET@iYYd | & A YA ORNIGSD AR
YWAY(R2 @#F& dzZaSR (24 ORF @&IKI Y &x A ROBNR WHF T FhH QEH
@lidzre®dy oe GKS Y QGFINRAFO6ES (2 RSUSNNYAYS LRAYD

% —— (3.5)

Equation3.5 calculated Kinect depth accuracy percentage e(Ejusing the true measured distance
(Zs) and conveyance gK(Mankoff and Russ@013).
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P (3.6)

Equation3.6 calculated theCalibration factor (fused for depth accuracy indfrection at a set £ of
1.025m. This equation was used to convert the digital measutsthince from the Kinect to the
principal point to the true measured distance.
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Figure3.8: Calibration of sensor from a known object (in this case a book was used)-it.@25m.
The width, length and depth of a book was used (width &8, depth = 40nm; length =245mm).
Point cloud values were converted into reabrld distances usingguation 3.4and Equation 3.6

3.2.1.2.3.3. Depth resolution and precistdrthe Kinect
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Equation3.7 determined the quantization step size (gfX defined as being the depth difference
corresponding to two successive levels of disparity. This involved using the Khoshelham and Elberink

(2012) equation where— was predetermined as being 2.85E%p
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Figure3.9: Two 4strialled in flume experiments to analyse the effects of per patch errgrZ.025

m and 0.8m). When moving the Kinect closer to the bed the 1.62Bnage was captured however
the exact location to align images is lost due to moving the location of the Kinect gondusng.
Transects formed from point clouds takel dm downstream of the structure after flow (series 2B,
run 2). It is noted step size increases fromrhi@ to 2.7mm usingequation 3.7

NU - &) ™t Ty (3.8)

Equation3.8 determined the depth resolution as a function of distance (Smisek et al. 2011)ruath
measured distance g required.
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3.2.1.2.3.4. Geometric calibratiofthe Kinect
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Figure3.10: Radial IR distortion with respect to the plane a=Z1.025m. The DNs were computed

and represented as a point cloud, in which a surface plot was interpolated using Matlab. Kinect IR
distortion shows that the further from the Kinect to the principal point, the greater the size of the
pixel displacements where thedges are heightened and curved (Smisek et al. 2011). Radial effects
increase with the distance between Kinect and target (Mallick et al., 2014). The residuals can reach
approximately 1cm todns of centimetres at the corners at maximum usable ranges (L&tledt

2015).

@ @p EO EO EO 7TEA@A @ U (3.9a)
U Up EO EO EO (3.9b)

Equation3.9a and bdetermined @libration to remove distortion (Li, 2018yor Equation 3.%@ this
involved letting x be the ideal coordinates on the image planeheing the corresponding real
observed coordinates and Od@noted the principal point, free of any distortion ang k, ks denotes

the radial distortion coefficienta/Vhile forEquation 3.%, distortion is removed in the y planghang

and Zhand2011) claims the first two terms in these equations are sufficient to adequately undistort
images in most cases. r is the square root of the sum of x and y which was used to obtain the
undistorted image.
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Figure3.11: Schematic of radial distortion removal (top row) (adapted from Li, 2018) compared to
point cloud deviations between radial distorted images and corrected images (bottom row). Colour
representation of the residuals with respect to a fitted plang €2..025m), a) before correction and

b) after correction. A slight residual vertical error line can be seen at the point cloud centre line. After
calibration there remains a slight residual erdure to the limitations of the Kinect cameras.

3.2.1.3. Scientific procedure
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Figure3.12: A Vernier point gauge measured the centre fioer depthbefore and after the structure
was inserted.
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3.2.2. Hydreenvironmental modelling
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3.2.2.1. 1D model scheme (schematization)

3.2.2.1.1. Crossection construction
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3.2.2.1.2. Boundary conditions
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3.2.2.1.3. Simulations
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Momentum Equation 3.10 denoted equilibrium as calculated using localised velocity (U), time (t),
wetted area (W)Jongitudinal direction along the flume indirection (y), discharge (Q), gravity (g),
flow depth ), channelslopeangle / gradient (§ and surface slope / hydraulic gradienf) @lapted
from Jacobs Flood Modelte®nline Manua(2022c).

3.2.2.1.4. Obstructed channel

¢2 02y @SNI G(KS dzy20adNHzOGSR OKIyySt Ayidz2 |y
WADSNI bSiig2N] ol a alr@dSR IyR O2LIASR 0ST2NBE SR
GAGKAY CaxX | oNRBFIR ONBalGSR ¢SA#Y dzy A viadnNIi KR @
SELINAYSYy(Ga 6SNBRNHZYD K UEE $ A (| NHz2O # P Bigt S/AGNIZNEY KA INE
Sttt &dARNSRIKIIANES/A 4 (0 NHzO G tzNB & NBRIRIZRREDIXKENAS A a
y2i gSydsaiSNRBmSYot S 2 1BSe & INBA @2 (K- (BSSNBIGH tG &
0f AYKS OKIFIyyStf FyR INB fIFNBSfeé 2Ly (G2 (GKS
2yte ftt26 b2g G2 LIaa dzd G2 |+ RSLIGK Sljdz £
FO GKS G2L0PNASO0AYTA HInMB 0LI2ZNRdzA YR R2 y2i

2553 OFly 0SS adz2NOKIFNHSR yR AYy GKA& gl & 0SKIC
g GSNJ LI aasSa 620S G(GKS bl G ONBad GKIG O2dSNE
NENRAOSR ¢gSIANE T&NFRzZ k2 Y2RSt b2¢g (KIG 2SN

Ca Klamhly oOHzAX dDAGe F2NJ aSRAYSyYy G 0NXydazile MB Y2
AAYdzZ Fe2ya NB dzylofS (2 | 002dzyi F2NJ 6KS aSR

S Ffdx LISNEA2YIf O02YYdzyAOl a2y s CSraNdzi NBEO N/t HRo
ONBaiGSR 6SAN) dzyAd g1 & Sttt adzAGSR (2 NBLINB?
A0NHzZOGdzNE o0SAy3 dzy RSN¥YAYSR® 2AGKAY (KS O2LJ
R2gyaiNBIyY 2F &KSzZLAGNB| YI 2R @ KSF bi/KsS 53 bNHzG/ (&
0SG6SSy iBdodNRAALE | OKASOGSR o6& UNRGE @ LX) I OA
adlroAfAdes 60ST2NB LIGAGEMNEP i KS oNRPFR ONBaildSR

77



v ¢

d

2 SANJ NB LINA & 813z

b/ 5.
—>

o L " -

ct2g R
—

Figure3.13: Schematidlisplaying the structure represented by a broad crested weir. To simulate flow
entering the system a QTBDY was located at the top of the network while to simulate flow leaving the
system a NCDBDY was located at the bottom of the network.
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Figure3.14: Displays how design of structure 1 was represented in FM using a broad crested weir.
Structure 1 variables were replicated in FM to mimic the effects of the structure using a hydraulic
structure representation approach.
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Figure3.15: Schematic displaying the tailgate represented by a sharp crested weir. To simulate flow
entering the system a QTBDY was located at the top of the network, while to simulate flow leaving
the system a NCDBDY was located at the bottom of the network.
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Discharge (Q) in respect to a sharp crested weir was calculated kEgiiagon 3.11 with variables
including the discharge coefficientdQgravity (g) and effective weir head (H).

3.2.2.1.5. 1E2Dlinked model

Ly GKS wm5 @R $fe 2yZ2 RYY |l LILIAY 3 & &GOy & BNHzO i
A4St SOGSR UftSQ gra aStSOGSR gAUKAY Ca ¢22f02
Y2NLIK2f 238@ 60 NO& | QY S Mbw IR AiyRIEe RING def AOK S NJ R A ¢
YI EAY26 RSELE KRAALI @SR dzZAAYy3I | ¢NAI y3Idz | NI L
SEGNI OGSR FNRY (KS wm5 ySigz2N)] t20FGSR Ay G(GKS
0KS b2ZRI RSOEBEKAGNHZOGSR dzaAy3a (GKS Wm5 b22R Yl
dza SFdzZ Ay GKFG GKS@ LINPOARS AYyF2NXIFoaz2zy NBILN
79



9YSNHSyOe all¥3yadexSyHinmpo> gKSNBoeé Ay Ca b22
Aff dAAROSIION S G SNJ OF dzaSR o6& (KS &0 NHzOG dzNB @

3.2.2.2. 2D model

3.2.2.2.1. DEM construction of tbemputationaFlume
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Figure 3.16: Digital Elevation Model (DEM) displayiay unobstructed channel with bank)
Obstructed channel with banks. A broad crested weir with an elevated bed represented seitasl
the flume experimentationFlume width B) is displayed on th&-axis andLongitudinal direction /
distance(L) on they-axis

3.2.2.2.2. 2D simulation processing
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3.3. Results

3.3.1. Flume experimentation

3.3.11. Time to equilibrium
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Figure3.17: a) Linear scale graph showing losaour depthfrom established datum prior to flow
conditions to bedds) as a function ofitne (t). b) Non-dimensional logog plot for predicting the time
variation ofmaximum scour depth_ocal scour depth from established datum prior to flow conditions

(ds) in clearwater conditions is asymptotic and so threshold criteria is when scour development in
time has reduced to negligible change. The threshold criteria used is at the time the scour rate reaches
the initiation of plateau which givesonsistency of scour development for all series.
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BO © (3.12)

Equation3.120 f Odzf G SR a0l yRIFINR RSQOAIFI 0A2Y O lneatzd A y 3 f
scour depth at equilibriumi@ ) and number of samples (n

3.31.2. Structural design affecting channel bathymetry

3.31.2.1. Temporal development of scour adepositional features
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Figure3.18: Centreline longitudinal scour profiles around a horizontal structure withOeand G=

0.4Dt showing temporal development of evolution. Three separate runs for series 1A were completed
over different times(60hrs, 84hrs and 961rs). The structure was placed at®n (xaxis) on the graph.

The Kinect measurements for each run were verified by the point gauge for accuracy.
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Figure3.19: A 3D point cloud mesh showing the temporal development of the scour hole and exit
dune with evolutionary changes in bed morphology. Series 1A, Run 1 has yet tegeddrium (72

hrs). Series 1A; Run 1 continued fort®8, Run 2: 8#irs and Run 3: 96rs. It can be notetbcal scour
depth continues to deepen from 6Brs to 84hrs with the exit dune extending further downstream
past thetime to develop equilibrium scour deptihough series 1A, Run 2 has approadimed to
equilibriumwith slight change over 1f2rs, this is shown witlRun 2having a maximum scour depth of
58mmcompared taRun 3at 61 mm. Therefore, he exit dune continuéto developalong the channel
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3.31.2.2. Scour depth with variation in discharge
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Figure3.20: Diagrams displayinectacquired point cloudongitudinal centrelinesincluding initial
flatbed datum Channel bathymetric evolutiorusingl00% @ and 80% @ flow conditions,for the
four structural designsa) series 1 b) series 20 series 3 and) series 4 are displayed.
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Figure3.21: DEMs displaying series 4 (100% and 80%xfpshowing spatial distribution of scour and
deposition usingclearwater conditions. Bed topographical contours placed at rith height
elevations. nm refers to a fixed datum established prior to water flow. All locality and scour patterns
are shown from the structure to 1.3% downstreamLongitudinal direction / distancg.) is displayed

on the xaxis andnain channel width{B) on the yaxis.

91



3.31.2.4. Downstream tirbulence
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Figure3.22: Turbulence observed in the wake of the structure. Series 1A depicted with, &=

0.4Di. As shown here at 100%y@he structural surcharge is 58m which is the maximum of a
four design structures. For comparison, series 2A is shown with4Di, G=0.4Di and structural
surcharge of 20nm. ADV aggregate has clouded the water at series 2A.
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— 3.13
R - (3.13)

Equation3.13calculatedw St I § A S NR dzZaAKy S&aa 650 Ay |y JandSy OKI
hydraulic radius (R) (Fenton, 2010).

2 A — (3.14)

Equation3.14 calculated Reynolds number of the hydraulic radius,XB&ing localised velocity (U),
hydraulic radius (R) andriematic viscosityw.

L ¢l 1 R @ (3.15)
T X 2 2 AviE |

The ColebrookVhite Equation 3.15for open channel flow calculated the friction factor coefficient (f)
usingrelative roughness( thydraulic radius (R) and Reynolds number of the hydraulic radius (Re
(EngineerExcel, 2023).
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Equation3.16determined the transitional turbulent flopwith derivations showrysing nean velocity
(W) and height of depth average velocity)(zvhich can be calculated using Shear velocity (U*),
kinematic viscosityvj and flow depthf).

3.3.1.2.5. Insertion of the structure altering hydrodynamics
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Figure3.23: Surface water profile of series 1A, Run 2. A point gauge meaovedepthevery0.02

m for 0.5 m upstream and downstream of the structure followed by distancés @5 mfor 0.1m and
0.1 m for an additional0.4 m. Largerh:-h, was measured when the structure was first inserted
however when equilibrium was restablished,h;-h, decreased.The rormal flow depth () is
displayed to show how the structure altered the surface water profile.
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3.32. Hydreenvironmental modelling

3.32.1. 1D modelling
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(3.17)

Equation3.17 calculated the Pears@»@orrelation coefficient (§ using xvalues in a sampleij{xmean
of the xvalues BY y-values in a sampleyand mean of they@ I f dzSa o U0 ®

BQ
¢ BQ BQ (3.18)
e P

Equation3.18 displays the ITest for Paired Two Sample for Means (T). Variables required for this
equation include the number of samples)Xnwhich in FM was number of cressctions (120). The
difference per paired value (d) was also required.
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Flume individual key member

Series A statistics
Obstructed channel  Unobstructed channe

FM Point FM Point

gauge gauge
Standard Error (mm) 4.66 5.78 1.59 2.94
Sandard deviatiorn(" ) 5.21 5 1.77 1.02
Sample Variance 271 25 0.312 0.104
Kurtosis -1.505 -1.9 -1.199 0.102
Skewness 0.599 -0.149 -0.0298  1.043
Flowdepth minimum (mm) 220 218 220 222
Flow depthmaximum including outliers (mm) 233 232 226 224
Confidence Level (95.0%) 0.922 1.15 0.314 0.647

t-Test: Paired Two Sample for Means
FM: Obstructed vs unobstructed channel

Hypothesised meadifference 0
Degree of Freedom 120
t- statistic -8.087

P (T>X) onetail (Obstructed channel) 2.459Kp-13
t Critical onetail (Obstructed channel)  1.657
P (T>X) two-tail (Unobstructed channel) 4.918Kp-13
t Critical twotail (Unobstructed channel) 1.979

Figure3.24: a) Series A surface water profile displayed with.@ m spatial resolution. Comparison is
made between the obstructed channel (solid line) versus the unobstructed channel (dotted line).
sediment bed heighis shown without erosion as readings were taken at the beginning of the
experiment.
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t-Test: Paired Two Sample for Means
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Hypothesised mean difference 0
Degree of Freedom 120
t- statistic -8.005

P (T>X) onetail (Obstructed channel) 3.8BExp-13
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Figure3.24: b) Series B surface water profile displayed with@ m spatial resolution. Comparison is
made between the obstructed channel (solid line) versus the unobstructed channel (dotted line).
sediment bed heighis shown without erosion as readings were taken at the beginning of the
experiment.
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3.32.2. 1D2D modelling
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Figure3.26: Hood depth grid displayinfiow depthspatial variations including sediment height. The
structure has been marked with a black dashed.liew conditions were simulated aj 100% G
andb) 80% G
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3.32.3. 2D modelling
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Figure3.28: Diagramdlisplaying velocityectorsat 100% Qrin the (a) unobstructed channehnd (b)
obstructed channelFlume width (B is displayed on the-axis and Longitudinal direction / distance
(L) on the yaxis.
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3.4. Discussion

¢t2 RIFEGSYT GKSNB Aa | fF01 2F SuSOogif YI&SAIY
Ho Ny Syaltfte RdzS G2 GKSANI O2YLX SE Ke&RNJ dzf A O
St Ft®dX HampT ldzqy3a SG ftdXT HAHHOD ¢KAA f SIF
Ay GKS UStR FyR Oly tSIR (2 Wa/NENHE dedi 008 INE&H dF
NBLINB&aSyi(leo2ya | ARe $IBYRA CaydSBNPAVY SKEIRNI Y2 RS
2 f NBSS SENCYNS AGSRYASR2 REARAKE T2NJ Sy IAy &
LISOAUO (22t G2 NBLINBaSyild GKSY Ay GKS Y2RSf
0ddzReé WHRABARSHNI dzy RSNE Gl YRAY 3 27F i KEK IKE RN dz
Ol GK@YSUNE RYIRRLEBIUSBNEY (12 2LJYAAAY3I GKSANI RSaA

Qx [N

Qx
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3.4.2. Computational model of the flume experiment

Ca M5 FYR H5 aAYdZ | sazayda &K 8BS aiiKezoiddRS NEEUIISANG
A GKYONBIYYSRA I 1St & R2gyailh NBIKES 2GS (KNS taniyN3i#d (i@
ddzLILR2 NI a (KS bdzy Si iGESISS YIS ¥ dzY ¢ & I EAesE &NKEK R

AYYSRALFGSt & R2gya0NBIY 2F GKS adNH2OGdINBE® ¢K
AK26SR GKIGO ¢KSYy GKS a0GNHzOGdzZNBE 461 a AyaSNLSR
A0 NHZOG dZNB VTS HHSEY a i NBBEMBAYyRBNOUNENR 2SO002NE 6
2y G&B2a2i Of 2aSNI b2 Of wBUISANHzOA IINNG B X VIR drOSR - |
GKS adNBlyYfiry RS@HEH NAzOFAHANBRENS | YE AyS RANBOo 2
6 SNB OideaSS Ra (ioNeHzO G dzNJ f (S& SKy(i @ ézd SR yO NBBAAIBNIBI Nd 6 d:
I 2WNBRAZOXRDOITRSE Rt G582 ORG & f NESHE NBEANTEAMMNGS & K
oh yb

20K GKS 135S NSRS tm 15 BER0aNB R0 2 dzid KRS RS OSt 2 L.
Ot 2asS (2 GKSBYLNIEDE KoAlay (LBAYS NI I 6 KROKRSEYW |0 ™y
L2GSyoalffte OFdzZaSR o0& GKS &idNUzO( dzNBi Kigelsy 3 A y 3
dzND Rt NS Sa ( BBODENBS M 2 RIANRIE (KBABSDYRRYBPA A
& O02YLlzile2ylf Y2RSta KFE@Ay3a RAYOdz & Ay N,
NEBLINB&SYoay3d 6KIFG GKS Y2RSt | 8adzySa | & KXAREA Y 3

x

Q1

109



SELBAKER IS LI OR2INDERaAGSR2 JWEKSRASDE be §R Ay (GKS
CAJaeNB  WISK BOGOLE NB I 2808325 NS Reidziiv G2 + £ SaasSN

3.4.3. Strength and limitation in hydemvironmental modelling
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3.5. Conclusion
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4.1.Site description of Wilderhope Brook
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Equation4.1 calculates Return Period using number of recorded yegjs( observed occurrence
rank when arranged in descending order)iRajneesh and Anil, 2015).
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Figure 4.1: Geographidnformation Systems (GIS) map of the River Corve catchment displaying
property located in the Environment Agency flood zone 3 risk area. The map shows the extent a 100
year flood event with 2017 flood adaption methods put in place. The River Corve iskB®.88m

source to the River Teme confluence.

114



140

120 A
100 A
3
E_ 80 4
s
E 60 -
‘™
o
40 4
20 4
O T 1 T T T T T T 1 T 1 1
0 2 4 6 a8 10 12 14 16 18 20 22 24
Time (hrs)
Legend
1999 2013
2 years - = = ] years
5 years Svyears
10vyears 10vyears
50vyears = = = 50years
100 years = = = 100 years
500years = — — 500 years

Figure4.2: Graph displaying precipitation DDF at Wilderhope Brook catchment with return periods
displayed indicating climatehange has increased rainfall intensity while rainfall duration has

shortened. Data obtained from the Centre of
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4.2. Field equipment
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4.2.1. Tipping bucket rain gauge
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4.2.2. Flow logger
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Figure4.4: Photograpk displayinga) flow logger housed in a secure bo:
placed next to the B4368 bridglke) How loggeroutside of the secure box
¢) The velocimeter placed downstream of second bridge culvert.
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4.2.3. Pressure level sensors
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5.2. Methodology
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5.2.1. Site reconnaissance
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Figure5.1: Three dimensions (3D) of the river chanmglthe crosssection,b) planformandc) long
profile. These dimensions relate the dischargeand sedimentransport. In the fieldoankfull refers

to the break of slope between the riverbanks and the adjacent farmland. Pools and riffles are
fundamental features of stream morphology affecting the shape, location and direction of the channel
temporally. (Sear et al., 2004).
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Figure5.2: Schema showing positions of reflector in a channel without obstacles obstructing total
station view to the reflector.

5.2.4. Global information systems

5.2.4.1. Online acquisition and processing of data
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5.2.4.2. Historical
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5.2.4.3. Topographical change
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aHU AU
YOYO o (5.1)

Equation5.1 calculated the Root Mean Square Errors (RMSE) for vertical (z) direction. This equation
requires the Number of samplesyjnexpected vertical valuegHuand observed vertical values)(Z
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Figure5.3: 3D representations of the surface shaded relief at Wilderhope Brook mid reach, with (left) and without trees (righthgdraechannel. Water course
hasbeen highlighted in blue. WDDs-28 are displayed. Constructed using ArcGIS Pro 2.9.0. by manual editing tree removal.
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5.2.4.4. Soils, geology and drainage
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5.2.4.5. Remote sensing of sedimentological water course input
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F2 NMIKRWNI oWNBR HYFTNWwWI OINBR 6OBEWYSONYRYTFPD |
60FyYRY nuo 6SNB &St SOGFR D2YaRrUaZSCAAS @KS T¥dd
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Table5.1: Displaying information regarding LANDSATS8 imagery of Wilderhope Brook.

Data set: Landsat 8 Operational Land ImagélL) and Thermal Infraed Senso(TIR$
Acquisition date: | 28" April 2019

Return period: 16 days

Processing: Level 1F Terrain Corrected

Pixel Sizedepth | Size:OLI Multispectral bandand TIRS Thermal bands resolutioBOm?
and Resolution |9 Depth: 32 Bit

Mean (pixel) St. dev(pixel)

Chosen Band Band 4 Visible red 5330 4171

wavelength: Band 5 Near infrared (NIR) 9280 8174
Band 6 Short wave infraed 1 (SWIR) 6431 5235

Total Cloud cover 11.46%

Sun angle: 45.98
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NE® 2NI R FSIFGdzNBa A1 % IHBESIRAE LAINRLIFOKSIR (2 | LA
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@ lj dzi pady | LILI 90208 Yo@AS ViR 62 @S NG Iff dzl pgayO dz28NDB & ¢
OF £t Odzf F i SR o6& O2YLI NAy3a GKS OfFadaAUSR NI} adasS|
G 1Sy |0 U#kd& do St mopoyd ¢ KS | OOdzN) 08 | aaSaavySy
NI yR2Y LRAyila 6KAOK O2YLI NBR GKS OfFraaiaUSR
O2y¥dzaAz2y YI GNREO®

] #
50ABQA00 Upmm (5.2)

Equation5.2 calculated the supervised classification raster user accuracy Nsindper of correctly
classified pixels in each category)(@nd Total number of classified pixels in that category (The row
total) (Tepr).

~ T~ <

R
00I A@/A\/X\@Oﬁ—ArUpnn (5.3)

Equation 5.3 calculated the supervised classification raster producer accuracy using Number of
correctly classified pixels in each category) @d Total number of reference pixels in that category
(The column total) (o).
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N 4 4 B# 2 o (5.4)
4 B# 2 P '

Equation5.4 Calculated the supervised classification raster kappa coefficignugkg the Total
sampled (J), Total corrected samplesQl Column Total ({; andRow Total (.

P B
/OA@%MDO%#U (5.5)

Equation5.5 calculated the supervised classification raster overall accuracy using the Total number of
classified pixels (The diagonal totaly,grandTotal number of Reference pixels (Diagonahy)(.T

5.2.5. Processing
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/ 3 3 3 (5.6)

Equation5.6 was used to extract the wanted layers using the query building function. This created an
Output raster (¢) using subset features (S: SUINS FAE MXIH I 0 X0 @

¢20Fft adle2y 3IS21L12aAa2ySR OSYuUNBtAyS f2y3ardd
GFodzft I NJ F2NXIF G 6SNB Ayldzi Aydz2 ! NDallLl +a S¢@
d2aisSy asSi a W.NAoadK bloa2ylf{yDAXRDRENBEKSY £2
9t SOl oa2y&d0 6SNB IRNBAYSE 2 &S RLIZ2 Ay LB AYRBR® AN RA Y
5SNBE ARSYyoaUSR I yR O2 MNWBLOAINERY 34 yi KBE OSZ y 3ok SiTd2R\W
GN> yaSoiha Fa 020K LR2AYyIE S yIrR/ R AN ayda SIS 92S)N
GKS KA&AG2NRAO NMISNARZ N2 t y DKENAISDKE (KS YAR

5.2.6. Processing and analysing transects

~
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5.2.7. Sinuosity index

2 KSy I 6+ GSN) O2dzNES 0S5S02YSa &y RdzE &P 3 OKKIF y SK
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Agljdzl a2 p oT

3 (5.7)

Equation5.7 calculated the sinuosity index;8sing the Brice formula (modified by Friend and Sinha,
1993). Variables within this equation inclu@entre line of the channel between the determined start
and end point ({nay and the horizontal distance between the determined start and end poit (L

I A0 NI AIKG fov ASINI GGKSdzNESS>X A (K 2 F GKS @I ffSex Ay
YSIFYRSNA (KS 3INBI (MSMIDRKHR 2NI S21 4 &X dESR HON1S1 pF) @ ¢ K
GKFG OKFIyy8®p BNBKNBEFENNBR (2 | mdpy dzAH&I NBRE S
G2 a YSFYRSNAY3I o0[ S2LRfR YR 22fYlIYyZ mppTT

FYR {SaftAX Hanmpu®d { OKdzYY omdpcod NBO2YYSyRa U
OMPoUS NBIdzE NI OMPT O D XA NDB @dzit IKISINB m dWE Iy yid S K
OF t OdzfalAlySz2(aKEAR & KA y RPE y il 3Sa | yR RAAISHRAEGIF IS

5.2.8. Channel incision
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7
% —— (5.8)

Equation5.8 calculated channel entrenchment,(Eusing width othe flood prone area (W) and
bankfull stagewidth (B.w) (Rosgen, 1994).

Figure5.4: Schematic showing variationsdhannel entrenchmentrom the bankfull stagéStantec,
2018). Maximum depth of scour«ghy), width of the flood prone areaWsys) andbankfull stage width
(Bsw) are displayed.
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5.2.9. Valley bottom width
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