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Abstract

Water abstraction locations in riveese cruciafor many urban and agricultural water
supply systems around the worldowever, abstractiotocationsare often poorly situated

in view of factors such as sediment builg, erosiondue tostream power otigh flow
velocities, which can adversely affebetr function.This study aims to use GIS to analyse
river topography and morphology identify optimal water abstraction locationsisinga
section of the Vaal River, Northern Cape, South A&scease studyT hefollowing models
were constructed(i) anaccurate DEM created from topographic and bathymetric survey
data for use in hydraulic modelling and GIS anglygis 1D and 2D hydraulic model of the
river sectionbased on a hydrograph created from measicédaily average flow rates
observedduring2014-2017 and (iii) spatial analysis surfaces created, based on the
hydraulic model resultDue to anisotropy occurring within the ritea TIN model was used
for creating an accurate DENlhe 1D hydraulic model supplied accurate reswhereasthe
2D lacked effective modelling next to embankments due to finite mesh cell size limitations.
A homogeneous increase in hydraulic properties for the hydrograph range was found for the
study area. The spatial analysis was based on extreme high and Wwafles and consisd
of relationships between velocity, depth and distance between stagssiltingin a single
surfaceindicating desirable abstraction locatioour desirable abstraction locations were
identified andwere compared to existing and ppowsed abstraction locations for the study
area.An alternating pattern of weir effects was identified within the river and is highly
related to optimal abstraction locationt contrast to the conventional method of
identifying abstraction locations, th&gudy shows that the concave bank of a river bend is
often not the best location for abstraction locatiarRRather, optimal abstraction points are
situated after weir effects in deep sections where less sediment fuuldnd lower, surface
velocities andstream power may cause less damage to equipment and incur lower

maintenance costs.
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Special terms and Acronyms
1D- one dimensional

2D- two dimensional

ArcGIS- Product Developed by Esri.

Bathymetryi The below water ground surface, usually measured as a depth value from
the reference wataurface

DEM- Digital Elevation Model

ESRI-Environmental Systems Research Institute

Extensioni Additional software sold by Esri for use with the ArcGIS platform, includes
many additional tools and functionality not included in the standalone ArcGIS
software.

GIS -Geographic Information System

GPS Global Positioning System

HEC-GeoRAS Hydrologic Engineering Center GIS Tools for Support of &S using
ArcGIS

HEC-RAS Hydrologic Engineering Center River Analysis System

Hydrology Scientific study of the movement, distribution, and quality of wateeasth
Hydraulic Flow of liquid in pipes, rivers and channels

Interpolationi Estimation of surface values at unsampled locations based on known
values of neighbouring points.

LIDAR Light Detection and Ranging

TIN-Triangulated irregular network

Rastefi A cell-based data model used to store information for faster processing and
analysis within a computerized environment. Sometimes referred to as a grid.

River Morphology Changs in a river.

Spatial Analysi An Extension to ArcGIS software with additional functionality &malysis
of spatial features, one such spatial feature is the interpolatiorpfyonts to a raster surface.
SonarSound Navigation and Ranging

Topographyi The ground surface in an arrangement of the natural and artificial
physical features of an area, usually represented in a raster surface.

Stage Water surface elevation and extent
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Chapter lintroduction

Water shortage is a global probleccordingo the World Health Organisatiqr8 in 10

people worldwide lack access to safe, readily available water at I{gvioeld Health

Organisation 2017)This is particularly relevam South Africa a senrarid country, with an
average rainfall of about 450mm, whighwell below the world average of about 860mm

per year(SA Water board 2005Vater sources in South Afrieae highly under stress and
polluted (SA Water board 2005} is estimated that, based on current usage trends, water
demand will exceed availability 2025 GA Water board 2005Jhe mainresources of

water supply in South Afrida surface wate(SA Water board 2005ncludingreservoirs,

dams, lakes and rivers. The destination of the water could be a municipal water supply or an
irrigation system(KSB Pumps 2013)

The availability of water is influenced by factors such as climate change and pollution, which
affect both the quantity and quality of surface water and groundwatdrere is gidence

that global temperatures are rising, with some climatic models suggesting that this could
cause a decrease in runoff in South Africa, spreading progressively from west to east during
the next few decade@National Water Resource Strategy 20@hysical water scarcity

occurs as aesult of pressure on the supply and demgish Water board 2005Economic

water scarcity, in contrast, occurs as a result of the "lack of capital investone

appropriate institutions to support the use of that capit@flansen 2008)This causes many
poor households to remain without access to water and basic sanitation, even in areas
where water is available. Attempts to deal with wassarcity have focused primarily on
addressing supply shortages, including options such as building or enlarging dams, drilling

wells and building pump stations and pipelines.

Many communitiesabstract water directly from rivers, usually by means of a puviater
abstractionrefers to the process of drawing water from a natural or rmaade sourcdKSB
Pumps 2013)Usually this is the first step before water directed to a treatment plant or a
distribution system(KSB Pumps 2013)he two main factors influencing abstraction
locations in South Africare sediment al sufficient water for abstractiorDue to the highly
variable flow conditions and high sediment loads in our rivers, sediment deposition often

occurs at the abstractiolocations(Bosman et al. 20025low approach flow velocities at

1



the abstractionlocationusually create an area of sedimdmntild-up, which isdamagingo
the operation andsustainalility of pumps andesultsin high pumpmaintenance and
replacement costsThis in turn producgunreliable and ineffective operation of the

abstraction guipment

According taBasson (200660 to 80% of the transported sediment in South African rivers is
not sand but silt andlay. These fine granules have almost uniform distribution in all
directions and therefore it is difficult to apply the sediment rejection principle when
considering the total flow rate, using secondary currents at a bEme sediment that is
diverted cauld lead to sediment buildip in the diversion structure but is often not harmful

to pumps and pipeline$edload sediment rejection is an important consideration in most
South African river abstraction desigiecause pumps and pipelines are genenalbne to
damage from sand transportatigidasson 2006)5enerallythe intakeof an abstraction
locationshould be located on a dbée reach to ensure that the intake is directed to the main

current and that the flow path does naleviate(Basson 2006)

Toavoid the buildup of sediment many features were designed aroualstraction points
to allowbulk extraction Designs of this scale includarrages, weirssluice gates, gravel
traps, dividing walls and channels to wash sediment away and preventupiildlowever,

these designs involve large construction projects and are very expensive.

Conventionallyabstraction points in rivers are determined from hydraulic flow tendencies
from obstructions rivermorphologyandideal open channel flow modelslistoricaly, aerial
photography and satellite images were used to evaluatenttoephology andstability of a
river reacho / 2 2 NRA Y | (i S-8ectién Suryh@&iNg RTRPeéhéology 2006)
Usually the optimal location of an intake is just below the vertex of a concave(lbank
1996) For example,iver bends prove to be ideal for abstraction works and a diversion
structure should be on the outside of the bend to take aueg@e of secondary (spiral or
curvilinear) flow which creates a deep pool on the outside, which is very important when
abstracting water during drough{®asson 2006 However current survey and software
technologyallow for better modelling of river beds and may increase the efficiency of

extraction points and the accuracy of their placement.



The geology of abstraction locatiorssan important parameter teonsider Factors such as
the stability of the riverbanks and erosion possibilities need to be taken into account
(Basson 2006 Special attention should be given to bends of meandering rivers since they
generally erode rapidly, and secondary channels can form that may lead to the river
bypassing the intake. Several rules were developed in tisétoadetermine the best

location of the intakes on the outside of a bend in the river, based on observation and
experience. The predicted positions of the scour holes on the many different channels call
for a look at the accuracy of certain models claignia predict the scour positio(Basson
2006) The study area and many other rivers in South Africa are meandering rivers where
abstraction locations are determined by the empirical rules for identifying scour hole

locations.

Many surface water extraction sites in South Africa require lower volumes to be extracted in
order to serve smaller communities and agricultural operationsvéi@r, the funding for

these supply systems is significantly lower than for large scale extraction projects.
Therefore, it is necessary to find ways to optimise water extraction without large financial
implications. Specifically, it is important ¢éonsiderenvironmental conditions such as

natural river features, river morphology, flow and depth to identify optimal abstraction

locations.

Crosssection survegof water bodiesare a key partof hydrographic engineering survey
Traditional methods ofrosssection survegof a riverincludetheodolite intersection,
theodolite stadia, electronic distance measurement, depthiveying bar, lead line and echo
sounderd / 2 2 NRA Y I (i S-8ectién Sunweyigh3sidg RNETachnology 2006)
application of reatime kinematic (RTK) GPS positioning techniduseopened anew
avenue for the crossection survey of rivets/ 2 2 NRA y I I S-8ectién Sumweyi@hS NJ / NP a
Using RTK Technology 200Bhe simultaneous usage of the GPS sindle beam depth
sounder supply greatly improved accuradfythese techniquesThis is due to the depth
being stored at each GPS measured locatidulti-beam sounders are available that
produce scanned values of the river bed. This method producesytdgidiled models of

the river bed. Green waveform Lidar is one of the latest technologies in bathymetry

mapping.This technology provides accurate and detailed data, with a variety of advantages.



However, imitations to bathymetry lidar surveyingcludesdepth, coveragever

vegetation or structures and cost.

With more accurate and complete data available for river beds it is possible to better model
the flow in rives. Subsurface structures and profiles can be identified consideredo
predict flow directions across the river bed. These models can then be used to assist in

identifying optimal water abstraction locations from the river.

Specificallyriver flow is estimated usinigydrological modellingwhile hydraulicmodellingis
required to compute water depths and velocities in order to assess the aemdéncy and
consequences of a certain river flg®etsholtz, Alexander 2017}IS offer an extensive set
of tools for spatial analysis and data management that can be integrated with a hydraulic
model. One of the most widely known hydraulic modelling software isRIEE along with

the HEGGeoRAS éansion for ArcGIS.

Although severastudies havenvestigatedflood management and topographic and
bathymetric data interpolatiorfMerwade 2009; Legleiter 2014; Legleiter and Kyriakidis
2008a) manyof these did not account fasurface interpolation and the effect of the surface
on hydrological modéng along embankmentsThis study aims to model the optimal
placement of water extraction locations within a river by incorporating hydrological
modellingbased on an accuratelgterpolated surface because abstraction points are
normally located on oclose to embankments.

Aim

Theaim of this study is to use Gt8 identify optimal water extraction locations within a
river. The study is constructed as a case study @8 km section of the Vaal River near
Riverton, Northern Cape province, South Afrithe Vaal River is of great importance to the
water supply for agricultural and rural use in large sanm parts of South Africa. This study
further aims to effectively model flow within the river and to investigate the suitability of 1D

and 2D flow modks and the respective model parameters.
Specifically, this study aims:to

1) Qeatean accurate DEM from topographic and bathymesticveydata for use in

abstraction location identification



2) Determine hydrograph limits for identifying abstraction locatibow models and
water surface stage effects

3) Determine ifLDand 2Dmodelsare sufficientfor identifying abstraction locations
due to transverse flow and complex hydraulics that might oo&xt to
embankments.

4) Determineabstraction locations through spat analysis based on results from
hydraulic models

5) Determine if theconventional theory of abstraction locatigrlacementdiffer from

optimalidentified locations obtained through spatial analysis

Theseobjectiveswill be addressed by usiriglar and hgrological survey data to create an
accurate DEM of the terrain and river and to create 1D and 2D models of the flow of the
river. Spatial analysis and GIS will we applied to predict optimal abstraction locations and to

compare the placement of existing stbaction locations to the optimal locations identified.



Chapter ZI'heoreticaBackground

Geographic Information Systems (GIS) are widely used in most studies on water resources
especially when the topography and geomorphology of study areaconsidereqAky et

al. 2016) How within a rivercan be studiedhrough the analysis diydrological, hydraulic
and topographical inputs. Hydraulic analyisigsed to determine hydraulic characteristics of
water flow such as deptlstream power, water elevation gacesand flow velocitiesThe
modellingand interpretationof flow within a rivercan be considered asthree-step

process which will be discussed belowhe first stepcompriseghe creation of an accurate
and reliable topographic surface DEMof the study aredrom survey dataThe second

step involvesthe setup of model parameters related to the geometinydraulic properties
and channel morphologyydraulic models are greatly dependent on the quality of input
datafor reliable resultsThethird step is whereesultsarefurther processed, interpreted

and analysed througthe GIS environment

2.1 Elevation measuremeahdsurveying
The onventional way ofneasuring river bathymetry is through cressctional surveys

where bathymetricprofilesare collected at certain locatioracrosshe river, depending on
the available resources, river morphology antentionaluse of the datgMerwade 2009)

The technology for measuring elevation has improved with the utilizatidblotbal

Positioning Systas (GPS). GPS and computerized mathematics have simitigigdocess

of obtaining point measurements of greater accuracy than conventional meti$ds.
centimetre accuracy and the ability to validate the measurements usingirealbase
stations allow ér overall confidence in the DEM creation from remeensorqRodriguez
2015) GPS coupled with sonar and Lidar technology allow for relatively fast and effective
hydrographic surveying.

2.1.1 Sonar

Sound Navigation and Ranging (Sonar) technology uses sound waves and transmits a sound
pulsereturn once itreachesa feature below the waterOne of the main concerns in
hydrographicsurveys is to achieve a good resolution togetiwith highaccuracy in sing
Sonar System@&amez 2014)f'wo main sonar surveying systems exisinely single beam

and multibeam surveying syster(isigures2l,2-2). Singlebeam bahymetric survey



systemsare configured with @ransducermountedon a transomto the boat. These systems
measure the water depth directly beneath the reseavelssel The sonaproduces a sound
pulse as a thin beam below the bodhe sound waves reflected off thebottom or
subsurfacdeature beneath theboatand received at the trarBicer. Thereturned pulse

time is received by the transducer and calculatétefag-continuousrecording of water
depth below theboatresult in highresolutionmeasurementgiuringthe survey.The
multibeam systemoperates similar to the single beam sonar in recording the degtioept
that thissonar has several transducers that allow a large swath of area to be surviyied
enablesmuch faster and more complete data for surveybhe swath width is determined by
the depth of theriver bedbeing surveyed. Thechois producedovera much wideispan

from the transducer The farther away the objedhe more area there is for the sound to
echo offdue to the angle of the transducefFhese sonars are synced with GPS systems to

record depth at a specific location and elevation.

S?ngle Bea‘m Echo Multibeam Full
Sounder Surveys Bottom Coverage

Figure 21 Exampe ofthe difference between single beam and multibeam sonar
surveyingAlvarado n.d.)




Figure 22 Example of data acquired with single beam (Left) and multibeam (right) sonar
surveyingAlvarado n.d.)

2.1.2 LIiDAR
Lidar, whichstands forLight Detection andRangingis amethod used imemote sensingnd

useslight in the form of a laser to measure distances to gaeth. The light pulses

combined with other data recordedienerateaccurate three-dimensional information

about thesurfaceof the earth (US Department of Commerce 201¥dpographididar
usuallyemits a red lasepulseto mapland,while bathymetric lidaincorporatesgreen light

for penetrating waterresulting in themeasuranent of bathymetricelevations.The use of
airborne lidar bathymetry is efficient wittcompared to vesseis shallow waters, wére

both the difficulty of surveying and the low coverage of vessels makes it a less suitable
alternative. Another advantage of tHelar technology is its ability to acquire data both from
the river bed and the adjacent banks, making it a perfect togirtmluce a seamless product
suitable for many application&amez 2014} idar produces a dense cloud dataset of the
terrain. The capuring method of lidar systems is not selectiiany surfaces of different
materials reflect enough intensity of radiation to be captured by lttar sensor. The

interest is normally in the ground points since true topographic data is of interest. The
filtering of data can be done through various methadgh aghe physical characteristics of
the signal, statistical characteristics or morphometric characteristics. These filters can be

applied before or during theinterpolation of the [EM (digital elevaion model).


https://oceanservice.noaa.gov/facts/remotesensing.html

2.2 Surface interpolation
Rvers are shaped by combination othe bed topography, the flow field, and the

movement of sedimenfLegleiter 2014)River bathymetrnhasa great influence on
modellingof flow hydrodynamics, sediment transpoégological and geomorphologic
assessment@Merwade 2009)Topographic information is fundamental to geomorphic
inquiry, and spatiahterpolation of bathymetrielevatiors from irregular survey data is an
important comporent of many reackscalestudies(Legleiter and Kyriakidis 2008@he
conventional wayof measuring river bathymetry is through cressctional surveyahere
ground profiles are collected along thiger depending on available resources, river
morphology and endise of the datéMerwade 2009)Thetraditional approach to studying
flow, sediment andother hydraulic propertiesn river channels is through orttmensional
models thatincorporatebathymetric information in the form of crossections(Merwade
2009) Bathymetic data are incorporatednto 2D modeldrom an interpolated surface

where elevations arextracted or interpolation between crossections.Therefore, the
accuracy of bathymetric surfacasedin 2D models is dependent upon the ability
interpolation methods in making accurate predictions at unmeasuoedtions using

discrete datgChen and Liu 2017Recenstudies have shown that available interpolation
algorithmssuch ashatural neighbouyinverse distance weightl, splines or kriginthat
assumdsotropy in datacreateinaccurate river bathymetric surfas@Merwade 2009;

Amante and Eakins 2016; Huang et al. 2014; Legleiter and Kyriakidis 2008b; Zhang et al.
2016) Most interpolation method assume the distribution to isotropic drignore trends
within river bathymetry that isparallelto the flow direction andperpendicular tocross
sections |t is recommended to usmethods that account for river flow direction and
topographictrend forinterpolating discrete bathymetrgata (Merwade 20®). The choice

of interpolation methods are limited to specialised customisednethods such as shortest
temporal distance and anisotropic krigi(ghang et al. 2016; Legleiter and Kyriakidis 2008b)
This particular studfocusseson flow anomalies close to river banks. Therefore, the
integration of topographic and bathymetric data integration and resulting interpolation will
have great influence on the hydraulic models flow variation results. When comparing
interpolated surfaces frormarious interpolation algorithmghe accuracy and suitability of
methodsvary.This estimation of surface values between sampled points based on known

surface values of surrounding points is necessary due to the lack of measurements within an
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area. Theras agreat varietyof interpolationmethodsandthe correct method neeslto be
chosen from a variety of factar$he choice of interpolation method to be used \wél
greatly affected by the knowledge of the surface to be modelled and the availableagata
well as thedistribution of sample points over the surface. This incladensity and
distribution over abrupt changeand trends withn the environment.The two main grops

of interpolation techniquesre deterministic and geostatisticahethods Detaministic
interpolation techniques create surfaces from measured points based on the extent of
similarity and rely on thérst law of geography(Deterministic Methods for Spatial
Interpolation 2018)Measured values that arene closesto the interpolatedlocation will
have greater influencen that location Geostatistical interpolation techniquese

statistical properties of the measured pointor this studya deterministic method
specificallya TIN (Triangulated Irredar Network)method will be used. This methages

the sampledata points and triangulates them using the Delaunay triangulation method. This
method creates triangles by drawing lines between data points. The original points are
connected in such a way that no triangle edges are intersected by other triaf¥zag et al.
2004) This interpolation technique widely used in geographic models. One ohtst
widely used advantages of TIN models is the ability to edit and manipulate triangulated
surfaces. This allosfor customised connections between sample points where neceskary.
is especially useful for the integration of topographic and bathymetaia due to the ability
to modify triangles alonthe banks. This is done by assuming that the river morphology
along embankmentss parallel to the direction of flow. A major disadvantage of creating a
DEM using TIN is that the editing of the triangke8me consuming but usually with
accurate resultsdue to the fact that a mukdirectional trend can be accounted for and

corrected within a meandering river.

2.3 Hydraulic modelling
Hydrological modelling has become an indispensable tool for studyiad-felated

processes and water management in catchmeéhticandrou 2010)Hydraulic models have
been usedor decades to assess and represent flow and floodin@pydrographideatures.
Severaprocesses arebservablen a hydrologic system. It is impossible to account and

simulate all these processes due to the complexity of the influences on the system.

Therefore simplified hydraulic modelsa@ NBE I ¢ SR G2 GNEB | yR NBLINBEAS
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phenomena. With these models we try to incorporate the most influential factors regarding
the phenomenon we want to studiHaile 2005)There are a variety of hydraulic models
available bothn researchand in commercial applications. The types of medary in the
way that the governing equations are formulated, in the numerical solutidihe governing
equations, as well as in the way that the geometric propertiethefsystemis described
(Betsholtz, Alexander 201 7he fluviahydraulicmodelsconcernthe study of stream flow
in natural open channel$lydraulic moelling isfundamental for the design, planning and
flow propagation in rives(Gharbi et al. n.d.Hydraulic modelling can sol\g/draulic
tendenciesn order to limit harmful environmental effects of floodilgto investigate
fluvial floweffects The three main types of hydraulic models typically usedngs
dimensional, twedimensional, and threglimensional. Onelimensional modéing will
consider flow in onelimensionalong crosssections Two and threaedimensional modelling
allows the numerical simulation to taketo account the expansion of the river in two or
three dimensiongsrespectively(Gharbi et al. n.d.)A 1D2Dmodel combination can be

conducted to benefit from the advantages each model has to offer.

2.3.11Dflow models
1D river modelsre used to modefluvialflow andflooding eventsThesemodels are made

up of a series of cross sections describingttpography of the riveand water levels are
calculated using the-tlimensional form of thgjoverning equationéBetsholtz and Nuall6f
2017) The key characteristic of a 1D model is ttiet flow pathscan be determined and
specifiedin advance bylefiningcross sections, floodplain storage areas, spitid other
constraints.The 1D model igood at representing weirs, sluicesdaother structureswvithin

a channebnd at representing conveyance in channels with complex cross se(ommer
et al. 2015)In addition, 1D models often require less ddhan 2D models due to the cress
sections used for defining roughness, obstructions, ineffective flow and topogréytiie
1D models perform well whetfhow is restricted between channel banks, 2iddelling ha
shown to better estimatélows in topographically compldboodplainswhere theflow is
considered largely-dimensionalBetsholtz and NordI6f 201A)Vithin a 1D modeVelocities
are only shown as an average over the cross section and only velocities are calthdated
are normal to the crossection A requirement for ae-dimensional modellings that the
velocity and depth changextensivelyin one drection along the channelhe

computational directiorof a onedimensionaimodelis along the channel centrelirence a
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natural channel often meandeFeatures such a$e river bedembankmnents, blocked
obstructions ineffective flow areaamnd flood plairarerepresented by cross sections

perpendicular to the centre line. The 1D model is ideal for flow restrictions in one direction.

2.3.2 2D flow models
2D modet candetermine flow pathsautomaticallywithout the need of defining paths pnio

to the analysis. This is advantageous where complex flow paths exist. The 2Disnodel
defined by a B computationalfinite meshrepresenting the underlying topography by
connected cell2D models may lack the ability to represent detailed topographi sisc
channels due to the grid cell sjizepending on computational capabilities of hardware and
software.2D models need continuous topographical data, covering the whole area that is to
be modelledin 2D(Betsholtz and Nordlof 201.Mlo flow paths and other components need

to be defined for 2D models and therefore usually have a quicker s@éipnodels generate
velocity estimates averaged over a modeb rather than averaged over a cross section

This resukin 2D modeldbeingbetter at mapping velocityhan 1D modelsThe output of a

2Disin rasterformat and easilynterpreted andvisudisedwithin the GISenvironment

2.3.3 1D/2D Flow models
1D 2D models aim to make the best of both worlds by representing channels and

floodplains with the most appropriate model typeD models are good at modelling
channels and 2D models tend to better at modelling complex flow routes often obtained
on floodplains.This is accomplished by taking thB model ofareach of riverand connect

it dynamically to one or more detailed 2D masitd provide a more detailed description of
the flows inspecificareas of interestA secondnethodis whereone or more 1D model
reachesmay beconnectedwithin a 2D model to provide a better description ofiank
channel flows, and flows through hydraulic structures such as culverts, weirs and bridges

(Ball et al. n.d.)

2.4 Open channel hydraulics
The modelling of a river can be treated as an open channel flow. G@amelflow is

defined as fluid flow with a free surface open to the atmosphere. Exanoplegen
channelanclude streamsndrivers.When investigating open channel flow the assumption
is madethat the pressure at the surface is constant and the hydraulic grade line is at the

surface of the fluidOpen Channel Flow 201&)ue to its free surface the analysis of open
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channel flow is generally more complex than that of closedduit flow. The free surface is
likely to vary in space and timkthe free surface varies in space the flow is referted

asvaried Whenit varies in time it is referred tasunsteady.

All hydraulic flows are three dimensional in nature and ineaemplex turbulent flow
motion in vertical and horizontal directiorf®RR: A Guide to Flood Estimation n.d:he
type of hydraulic computations to keoonewill depend on the problenand available data
Therefore the appropriate analysis techniqueged to be determinedFree surface flows
aredue togravity and resisted by shear forcasd frictionon the channébed and drag
forces on objects such as vegetation and obstructigRR: A Guide to Flood Estimation
n.d.). Chamels can be prismatic or nonprismatic. Prismatic channels are usually man made
where nonprismatic channels usuatpresentnaturalchannels such as riverg/ithin a
nonprismati channethe shape and size of the cross section varies along the chéPoete
2014) The crosssections of natural channels are irregylasually broader than they are
deep and often consisting of a deeperliank channe{ARR: A Guide to Flood Estimatio
n.d.). Meanders in rivers have been extensively invgetied through various studies
(Camporeale et al. 2005; Harrison et al. 2011; Mosaddad, Bidokhti, and EzamT2899)
geomorphology caused by meanders atgrently extensively usedbr identification of
water abstraction locatios Within bends inriversnatural crosssections are asymmetrical
andthey tend to be deeper on the outside of the bend due to the effect of helicoidal
secondary currentsThese currerdtend to erodethe outside of the bend and deposit

sediment at the inside of the ben(@igure 23).
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Figure2-3 River bend showing areas of deposition and erosion and characteristic cross
section (Rivers | World Machine Development Diary n.d.)

Open channel flows are three dimensioiahaturebut are often treated as one
dimensional. This is due to the advanced cotagion required for the approximation of
turbulence and are not feasible to use in large scatslelling(ARR: A Guide to Flood
Estimation n.d.)Newmethodsand advancements in computational teediogyhave
allowed common usage of unsteady 2D depth averaged models in flood hydraulics

simulation

24.1 Classification of open channel flow
Openchannel flow can be classified according to the flow characterigties flow

characteristics is concerned with flow characteristics and hydraulic behaviour of the fluid in
an open channelThisneedsto be considered when planning and conducting hydraulic
modelling for the purpose of identifying abstraction locations. Flow properties and
conditions may vary due tihe influence odifferent flow rates, complex topography and
connecting reaches.

2.4.1.1Steady and unsteady flow

Flow with in an open channel is steady when the hydraulic variables sutibcisrge, flow
area, mean velocity and flow depth does not change with time. If the variables change with

time and spacgthe flow is unsteady.
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2.4.1.2Uniform ard equilibrium
Flowis uniform when the channel is prismatic and dimensional variables are constant. If the

channel isnon-prismaticand the hydraulic variables are approximately constém flow is

in equilibrium.

24.1.3Gradually variedapidly variedand spatially varied

Gradually varied flow is when the flow rate is constant but the hydraulic dimensional
variables vary gradually. Under gradually varied flow the pressure distribution in the vertical
direction, normal to the flow is vgrclose to hydrostatigPonce 2014)Rapidly varying flow

is whenthe flow rateis constant but the hydraulic variables vary rapidly in space in such a
way that a hydrostatic pressure distributi@annotbe assumed in the vertical direction

normal to the flow(Ponce 2014)Flow can also be spatially varied and occur when the flow

rate varies in space.

2.5 Roughness coefficients
The channel roughness affects thew within the channel. It is important to be able to

guantify the roughness. The roughness in channels is determined by the materials from
which the channel is made. This incls@ay vegetation in the channeln channels where

the morphology changese roughness will change. This is particularly the case in natural
channels especially where high sediment transport and seasonal vegetation growth occur.
The challenge of determining the appropriate roughness to use in hydraulic modelling
computations shald not be undefestimated and is often based on experience and should
be validated or calibrated where possip#dRRA Guide to Flood Estimation n.dT)here are
mainly three uniform flow resistance equations commonly used for quantifying the effects
of boundary resistance in turbulent flows. These are the Manning equdiibazy equation
andDarcyWeisbach equationThe Chezy and Manning equations are more often used for
open channel flow and the Dardyeisbach used for pipeline frictional loss&éhe Chezy and
Manning formulas relate the crosgctional averaged velocity to the channel slope, the
hydraulic radius ath an empirical parameter which is used to encapsulate the effects of the
resistance to flofARR: A Guide to Flood iashtion n.d.)

2.5.1. Manning Formula
Themanning equation is an empirical equation that applies to uniform flow in open
channels and is a function of the channel velocity, flow area and channel slope. The

equation is as follow
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V =crosssectional average velocity.

k =conversion factor.

n =Manning coefficient and is unitless.
Ry =hydraulic radius.

S=slope of the water surface or the linear hydraulic head loss.

Thehydraulic radiuss a measure of a channel flow efficienElow speed along the channel
depends on its crossectional shape and the hydraulic radius is a characterisation of the
channel efficiency. The hydraulic radius is defined as the ratio of the channekexsmnal
area of the flow to itsvetted perimeter. Frictional losses typically increase with an increasing

wetted perimeter. The hydraulic radius formula is:

Y

cq o

Ry =hydraulic radius

A=crosssectional area of flow

P=wetted perimeter

The Manning roughness coefficiemis an experimentally determined constant. Manning
roughness coefficient tables exist that indicate estimated values for the constant for channel
scenarios. Its value depends upon the nature of the channel and its surface. Factors

influencing the manninganstant is as follow

1 Surface Roughness
The roughnessf the material on the wetted perimeter influence the manning n
Fine material has a lower n value and courser material a higher n.vidileemanning
coefficient is highly related to the shape and size of the grains over the wetted
perimeter.

1 Vegetation
Vegetation influence the surface roughness and is often dependent on seasonal

change. The manning n coefficient will vary according tosgagpe, density and
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height. Vegetation is often related to certain depth and may vary greatly over the
channel.

1 Channel Irregularity
Irregular channel dimensiorese caused by the change in shape and size of the
channel and influence the wetted perimetever crosssections

1 Channel Alignment
A relatively straight channel will have a low manning n coefficient where as a
meandering channel with sharp turns will have a higher manning n coefficient.

1 Silting and Scouring
The silting up of a channel may produag more even slope and reduce the manning
n coefficientwhereasscouring wilkcreate prominent variations in slope and increase
the manning n coefficients.

1 Obstruction
When obstructionsre present within the channéhe manningn coefficientwill
increa®. These obstructions consist of weirs, bridge columns, rock formations,
boulders, trees, logs etc.

1 Water level and flow rate

The n value in most streams decreases when the water level and flow rate increase.

An example of a table of Manning n is give Table2-1.
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Table2-1 Values of Roughness Coefficient n for different channel co@sisA Guide to
Flood Estimation n.d.)

Description of channel Minimum Normal Maximum
Glass, plastic, machinedmetal 0.009 0.01 0.013
Fabricated steel channels 0.011 0.012 0.017
Planed timber, joints flush 0.01 0.012 0.014
Sawn timber, joints uneven 0.011 0.013 0.015
Concrete, trowel finished 0.011 0.013 0.015
Concrete, shuttering 0.012 0.014 0.017
Brickwork 0.012 0.015 0.018

*Excavated channels:

earth, clean 0.016 0.022 0.03
gravel 0.022 0.025 0.03
rock cut, smooth 0.025 0.035 0.04
rock cut, jagged 0.035 0.04 0.06
*Natural channels:

clean, regular section 0.025 0.03 0.04
some stones and weeds 0.03 0.035 0.045
some rocks and/or brushwood 0.05 0.07 0.08
very rocky or with standing timber 0.075 0.1 0.15
Flood plains:

short grass pasture 0.025 0.03 0.035
mature crops 0.025 0.035 0.045
brushwood 0.035 0.05 0.07
heavy timber or other obstacles 0.05 0.1 0.16

In 1D models the roughness is assigned according to the-seasi®ns. For 2D models the
roughness is generally specified as a spatially varying grid/mesh over the 2D model domain
(ARR: A Guide to Flood Estimation nldor adequate hydraulic modelling nonly, the

geometry butalsotherougy Sada 2F (GKS 9 NIKQa adaNFI OS A

QX

roughness of the objects thereoifihe floodplain roughness issuallybased on land cover
maps derived from orthophotoforn, Vetter, and Hofle 2014yheeffects of bend losses

as a result oEhange in directional momentum are modelled in a fulll®Mdraulic model
depending on the grid resolutiaimat is feasibl§ARR: A Guide to Flood Estimation n.@te

grid structure of 2D models allow for the inclusion of physical obstructions and do not have
the need for compensating for these features within the roughness coefficient. A variety of
areas can be iddified and digitised into landise polygons representing zones of similar

loss characteristics and applied within 2D hydraulic models. The Manwmiogfficient
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variesslightly in 2D models from 1D models due to the #imundary energy losses that are

taken into accountTable2-2 indicates surface roughness according to land use.

Table2-H I f AR alyyAy3d WyQ wl y(ARRIA GhideNd Flodd¥ F SNB y
Estimation n.d.)

Land Use Type al yYYAY
Residential areas high density 0.2¢0.5
Residential areaslow density 0.1¢0.2
Industrial/commercial 0.2¢0.5

Open pervious areas, minimal vegetati@rassed) 0.03¢0.05
Open pervious areas, moderate vegetation (shruk 0.05¢ 0.07

Open pervious areas, thick vegetation (trees) 0.07¢0.12
Waterways/channelg minimal vegetation 0.02-0.04
Waterways/channelg vegetated 0.04¢0.1
Concrete lined¢hannels 0.015¢ 0.02
Paved roads/car park/driveways 0.02¢ 0.03
Lakes (no emergent vegetation) 0.015¢ 0.35
Wetlands (emergent vegetation) 0.05¢ 0.08
Estuaries/Oceans 0.02¢ 0.04

2.6 Open channel flow equations
Flow characteristics within rivec&n vary greatly depending on the dimensional and

hydraulic variables. The study of abstraction locations in rivers not only dspentthe
morphology and flow tendencies. Therefore, not only the dynamic equilibrium but also the
inundation of flow in rives need to be analysed. There are three main types of flow
conditions used to calculate flow in rivers namely steady flow unsteady flow and moveable
boundary flow. Théundamental hydraulic equations thdefine 1D steadyflow and
graduallyvaried flow irclude the continuity equation, energy equation, and flow resistance
equation(Kristen, Christopher, and Thornton 200Bhe equations related to important
hydraulic concepts are indicated in the following section. The Saint Venant equations
provide a model of free surface water flow in a channel and is a common hydraulic model
used to study flow depths and total energydasong a reach of a river system. Water
surface profiles are computdaketween crosssectionsby solving theenergy equation with

an iterative procedure called the standard step meth{Bdunner 2016)The basic equations
for 1-D hydrodynamic modelling are derived considering conservation of mass and
momentum(Ahmad and Simonovic 1999)hese equations are based on the following

assumptions.
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wChannel boundaries are considered fixed and therefore not susceptible to
erosion or deposition.

2.6.1 1D Steady Flow

2.6.1.1 Continuity Equation
The continuity equation assumes the flow rate as constant and continuous over time. The

following equation indiate the average velocity in terms of flow rate.

(et
o:| ([e]

where:

A = crosssectional area normal to the direction of flow
Q= Flow rate s

v = average velocity m/s

2.6.1.2 Energy equation
Total energy at any point along an opehannel system can be deéd as the total head of

water. This is done by calculating the total head at each cross section from the velocity, flow

depth and channel depth. The following equation indicdtes steady flow energy equation

where:

h = kinetic energy awection coefficient
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g = acceleration of gravity in nd's

h = total head of water in meters

Vv = average velocity at a cross section in m/s
y = flow depth at a cross section in meters
z= bed elevation at a cross section in meters

2.6.1.3 Froude Number
It isimportant to consider the effect of gravity on the state of the flow. Within a steady flow

model flow can be subcritical, critical or supercritiddie flow regime is determined hige
Froude Number ang a dimensionless parameter measuring the ratithefinertial force

divided by gravitational force andgiven by the following formula

OoF ——
™0

Fr= Froude number

V = Water velocity

hm = Hydraulic depth (cross sectional area of flow)

g = Gravity

When:

Fr = 1- The flow is critical

Fr > 1- Theflow is supercritical and therefore flafast and rapidly
Fr < 1- The flow is subcritical and therefore flewlowly

The Froude number spplicablein fluid where the gravitational force of the fluid is of

relevance.

2.6.1.4 Cpnservation of energy ) A A o ] A 5 A )
From. SNy 2dzft t AQa UKS2NBY 0l aSR 2 ywaterSusfac®2 y a SNIJI
profiles and grade lines can be calculated. The Bernoulli equistioseful when solving

problems involving fluids. For a nescous, incompressible fluid in a steady flolae sum

of pressure, potential and kinetic energies per unit volume is constant at any point
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(Bernoulli Equation n.d.)lhe following conservation of energy equation is applied to an

open channel.

where:

h1 = downstream cross section kinetic energy coefficient
h, = upstream cross section kinetic energy coefficient

g = gravitational acceleration

ht = total energy loss between adjacent cross sections
v1 = downstream cross section average velocity

V2 = updream cross section average velocity

y1 = downstream cross section flow depth

y2 = upstream cross section flow depth

z1 = channel bed elevation at the downstream cross section
2> = channel bed elevation at the upstream cross section

Total energy loss lh&reen adjacent cross sections in terms of head loss (meters) are shown

in this equation:

hi=h+h+h

where:

hc = head loss due to channel contraction
he = head loss due to channel expansion
ht = head loss due to friction

h: = total energy loss betaen adjacent cross sections
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2.6.2 1D unsteady flow
With unsteady flow the principle of conservation of mass and conservation of momentum

apply. The 1D unsteady flow continuity and momentum equations are also derived from the

shallow water St Venantsquations.

2.6.2.1 Continuity equation
The conservation of mass for a control volume states that the net rate of flow into the

volume be equal to the rate of change of storage inside the vol(Bnenner 2016)The

following equation indicatethe 1D continuity equation
TO 10,
Tofol T

Where:

Q=flow rate

A=cross sectional area

g =lateral inflow per unit length.

2.7.2.2 Momentum equation
The conseration of momentum for a control volume states thihe net rate of momentum

entering the volume plus the sum of all external forces acting on the volume be equal to the
rate of accumulation of momenturiBrunner 2016)The formulation of the momentum
equation will be different depending on the forces that are considered such as pressure,
gravity and frictional resistand®etsholtz and Nordl6f 2017Jhe 1D momentum equation

isas follows.

Tow . 1 o 0 oYy
1o ‘%—MQ

Where:

V = flow velocity

g = gravitational acceleration
h = water depth

S = channel slope
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S = friction slope
2.6.3 2Dunsteady flow
The 2D hydrodynamic model is based on the numerical solution of emmtaged
equations describing the conservation of mass and momentum in horizontal
dimensionsxandy (ARR: A Guide to Flood Estimation n.@he NavieiStokes equations
describe the motion of fluids in three dimensions. These equations are simplified by the
assumptions made. Especyalbr 2D modellingthe momentum equations adapted to
certain flow characteristics. This is done to reduce computational time. The continuity
equation for 2D unsteady flow is as follaw

T_"O T® 1D

To Tw T o

n 1
Where:

x = distance along théhannel

t =time

Q = flow rate

A = crossectional area

S = storage from neoonveying portions of cross section
qi = lateral inflow per unit distance

The NaviefStokes vertical momentum equation can be used to justify that pressure is nearly
hydrostatic. When the horizontal length is much larger than the vertical length the volume
conservation implies that the vertical velocity is smadlherefore, he verticalvelocity and
componentss neglectabldor open channel flow. The momentum equation for 2D

unsteady flow is as follosv

Momentum equation in x direction of velocity
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Momentum equation in y direction of velocity
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Where:

u = velocity in x direction

v = velocityin y direction

g =gravitational acceleration

vt =horizontal eddy viscosity co&tfent

¢ = friction coefficient

R=hydraulic radius

f =Coriolis parameter.

2.6.4 Momentum Simplification

The importance of properties accounted for in the momentum equation can vary
significantly depending on relevance for certain flow conditionsoime conditions it may

be possible for simplifying assumptions to be made either to the equations themselves or to
the way in which individual terms are treated numericéRR: A Guide to Flood Estimation
n.d.). The most commonly used simplifications are the diffusive wave approximation and the
kinematic wave approximation. With the diffusive wave approximation uhsteady,

advection, turbulence and Coriolis terms of the momentum equation can be disregarded to
obtain a simpler equatio(Brunner 2016)This approximation can be used to describe
gradually varied flows in areas withoderate to steep slopes. Backwater effects are

included but has the limitation that it cannot be used to simulate flow separations, eddies or
main channel and overbank momentum transféAsith the kinematic wave approximation,

the surface slope of the wier is assumed to be the same as the bed slope. Backwater
effects are not included and the water can only flow downstream. The kinematic wave
approximation can only be used to describe gradually varied flows in reaches with moderate

to steep slopes wheredztkwater effects can be neglectédRR: A Guide to Flood Estimation
n.d.).
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Chapter Methodology

This study aimto accurately model hydrological flow tendencies along a river section for
the purpose of identifying optimal and sustainable water abstraction locatiGifS.analysis
were used for identifying optimal abstraction locations.

This studynvolvedthree major processesl)the creationof an accuratddEM 2) the
creation of1D and 2Dhydraulic modedfor the section of river3) theanalyss,

interpretation and visualiation of resultswithin the GIS environmenFigure3-1 represens

an overview of the study processes along with the required input data.

[Lidar Data][Hydrological Survey Data|
] S — S—

DEM- TIN Model [ortho Mosaic |[ Structures |[Landcover Manning n regions
i T T

Model Geometric data

|
1D Flow Model

Boundry Conditions Hydréulic results

[Flow data Riverton Station] [Model Results and Interpretation}.m.mm o

P

~ locations

Boundr‘& Conditions Hydraulic results

2D flow model

2D Flow Area HEC-RAS |[Landcover Manning n regions | DEM- TIN Model

[ ——]
[Lidar Data|[Hydrological Survey Data |

Figure3-1 Flowchart illustrating the input data for the study models.

3.1 Study area
The study area is located on a section of the Raar inthe Northern CapeSouth AfricgFigure 3

2). The Vaal river originates in the Mpumalanga Province and is the largest tributary of the Orange
River. A large section of the Vaal Rivergtimough arid parts of the country where many

agricultural and urban communities ygbn the Vaal River as tivemain water sourceThe section of

the riverused in the studys about Pkm long ands meandering fronthe settlement of Riverton to

the north. The flow within the riveis greatly affected by manmade structurda.particularthe river
flow isregulated throughreservoirssuch aghe Vaal Dam, Bloemhof Dam and Vaalharts Dahe
Vaalharts Dam ighe first upstream reservoir from the study area. The study area was selected
accordance witla projectby Tokologo Local Municilig for water supplyto the towns of Boshof

and Dealesville in the Free State province, South Africa. The project started iwi@915e purpose
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of identifyingan abstraction location in the Vaal River and the planning and building of a 110km long

pipeline to the identified towns.
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Figure 32 Map of the Vaal River study area location with the river section indicated.

3.2 Data collection
The survey was conductaad March 2015y De Waal & Nortje Land surveyoidost of the

surveys were conducted with RTK GPS technology connected to a base station for

corrections A geoid model (South Africa Geoid 201@psapplied to all measurements for

accurate elevation determinationBenchmarks were established with calibration to local
trigometricc £ o6 Sl O2yad ! G241t 2F p D/ tAldata 6 INP dzy R
acquired were based on connected reference mauhkd site calibrations conducted his

ensured that data were on the same system with minimal error in the X, y divéaions

The projected coordinate system used for the survey and in effect for the study is WG25.

The projection parameters can be seen in FiguBe 3

The topographic survey was conducted using airborne LIDAR technology accompanied by
aerial imagingnd wasalso comected to the base station. Tteerial survey was conducted

by AAM Group antheywere responsible for processingjassificationfiltering,
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orthorectification and accuracy of thedar points and ortho mosaic imageBhe resulting
elevation data is a féred dense cloud of ground points over 1.35 million pointand

excludefeatures such as buildings and vegetation.

The athymetric survey was conducted by De Waal & Nortje Land surveyhis was done
with a Sonarmite single beam survey grade echo deunThe transducer was connected to
anRTK GPS, aligned and instrument elevation differences applied for accurate results. A
Trimble R10 rover with xFill technologis usedo ensure seamless connectivityhis was
done to minimse the effectof radio signal loss arehable surveying under trees bridges
and close to embankments for optimal coveraBeie to limitations of single beam sonar
technology the survey was conducted as a contahtggographic survey with

measurements every 5 meters. éach measurement the depth was stored and applied in
post processing. Cross sections of the river were take®O4heters apart and where
possible along embankment8his resulted in 13824 effective measurements within the

river. The collected survey datan be seen in thEigure 3-3.
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Figure 33 Map of survey dataf the study area in the Vaal Rivgase- GPS base station

used for corrections during an RTK survey; Benchagksanent control stations for the
survey area; GGRGround control pais used for referencing aerial imagery and lidar data;
TRIG trigometrical beacons built by government and used as local reference points;
Bathymetric surveyndicate the points measured along with the depth within the river using
a boat and are indicatl as red points; Topograplkitdicate the extent of the lidar and
orthorectified imagery obtained through the aerial survey.

Flow datawererecorded daily at the Riverton station (Station COH@Egure 34) by the
Department of Water and Sanitation dhe Republic of South Africa. The station has a
catchment area of 121070khandis located at Latitude28.51344 and Longitude 24.69708.
Flow data at this location is available from 1909 and can be queried through the
Department ofWater Affairs Hydrologsal Services website
(http://www.dwa.gov.za/Hydrology/). The daily flow averages for the past four years (2014
2017) have been extracted. The flow data are displayed in Fighrét 8an be seen that the
flow within the riveris greatly regulated. The nor of the flow rate is around 20 fs.

Higher flow rateglo occurbut decrease in frequency as the flow rate incredsean be

seen that occasiondbw-levelflooding took place in in MareApril for 2014 and February

March for 2017. Thimmoderatefluvial flooding may be advantageous in flushing away
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sediment buildup at abstraction locations but is not the norithe disastrous floods that

were recorded from 1910 were not included and consisted of flow rates of 1000 m3/s up to
4000 m3/s. However, these ents are extreme cases and not included for the purpose of
the study. The study wilmake use of a hydrograph for modelling different conditions
between On¥/s and 500n¥s. Extreme low flow rates have great influence on the effective
and consistent waterlastractionwhereas flooding is considered a disasteor the purpose

of hydraulic modellingverified measuremerstof flow and gauge plate readingsere

extracted in order to create a hydrograjpbr computations.

Figure 34 Riverton waterworks statigpepartment of Water Affairs n.d.)
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Daily average flow rates 2014-2017

Year
520 2014
= 205
500 e
430 -2m7

e
20’4}.&, = - }gﬁm—ﬂ\vp g W

Month

Figure 35 Four year daily average flow rates at Riverton station (COHO83Vaal River,
South AfricaGreen2014,Red2015, Blue2016,Black2017.

3.3 Software
The main software used for conducting the analysisre ArcGIS and HERASArcGlSvas

mainly used for creatingurfacemodels from the elevation data. HERAS and its

accompanying ArcGIS extensidBGGeoRA3vere used for the flow modelling.

ArcGIS for Desktop is a suite of integrated applications, including ArcMapatsiogArc
SceneandArc globe. Thiss anextensivesoftware used by GIS professionalsdor
comprehensiverange of GIS activities including data compilation, mapping, modelling,
spatial analysissharing, visualization, data managemantd geoprocessin@dnemain
analysis thatvasconducted for the study is surface interpolation for the effective
integration of the topographic and bathymetric dafBhissoftware wasalso usedo

interpret and createthe resultsthrough spatiabnalysis of the hydraulic results

Within the software elevation data can be representéa various ways. The measured
elevaton datawere represented by points with X, Y and Z values at the measured location.
Due to thehighly anisotropispatial distribution of measured pointstandardinterpolation

methods and algorithmeould not beused for predictions. This resattin the elevation
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databeingconverted to a more flexibl&IN (Triangulated irregular netwgniodeland

further converted to raster data

The method used to create a DEM from the topographic and bathymetricwlasdhe TIN
surface through the Triangulate&urface tools locatednder3D Analysis toolwithin the
Arc Toolbox. The TIN modeasused due to the ability to create a high precision surface.
This vasenabled by the TIN Editing toolbar available in ArcGIS for adding, editing and

modification of nods, edges and break lines.

HEGGeoRAS designed foArcGISand is a set afools to procesgeospatial data for use
GAGK GKS | @RNERBT 2 3A O Atalysi Bystens (NERFSHCarhefoyf an8 N A wA ¢
Ackerman 2012)This extension allows the creatiof an HEQRAS import file containing
geometric data fronthe digital terrain model (DTM}he defined geometry along with the
related datasetsTheimport file, referred to as the RAS GIS Import File, containing river,
reach and station identifiers; cresectional cut lines; crossectional surface lines; cress
sectional bank stations; downstream reach lengths for the left overbank, main channel, and
right overbank; and crossectional roughness coefficientgas created using HE&RORAS
(Cameron and Ackerman 2012Additional geometric data defining levee alignmgnt
ineffective flow areas, blocked obstructions, and storage areas may be written to the RAS
GIS Import FiléCameron and Ackerman 201RB)EC GeoRAS are essentially used within the

study to create and setup geometric data for hydraulic computations.

HEGRASSs an integrated system of software, designed for intergetise in a mukiasking
environment{Brunner 2016)The system is comprised of a graphical user interface, separate
analysis components, data storage and management capabilities, graphics and reporting
facilities(Brunner 2016)HEGRAS is designed to perform edenensional and twe

dimensional hydraulic calculations for a network of natural or constructed channels. This
software is used for performing 1D and 2D computations, eheétups and modelling of

the study areaThe nodelcreated in HE®RASnay include various types of analyses

included in the HERAS packag®runner 2016)The data files for a project are categorized
as follows: plamlata, geometric data, steady flow data, unsteady flow data, gstesdy

flow data, sediment data, water quality data, and hydraulic design (Banner 2016)This

Software was used for creating hydraulic models ofghaly area.
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3.4Digital Elevation Model
The digital elevation model was created ustfagafrom the Lidar and hydrographic survey

points. The classified Lidar points were obtained from an aerial survey conducted by AAM
Group. The aerial survey was tramshed to the ground control points to ensure that it is

on the same datum as ground and hydrographic survey points, based on the established
benchmarks. Automatic and semmutomatic algorithms were used for classification of the
lidar point cloud. This eraed the removal of dense vegetation and buildings from the
surface and prevent an elevated surface where flow will occur. First return ground points
were used for the DEM used in the study. An average thinned point spacing of 4m were

obtained from the liér survey along with aerial imagery with a resolution of 0.1m X 0.1m.

The laser pulses of the lidar cannot penetrate the water surface and therefore a
hydrographic survey of the river bedagconducted. A site calibration was applied with
respect to the bachmarks to ensure measurements being on the same system. Cross
sections were measured at an averagelof50 metersapart with a 5m point spacing. More

detail was measured at features such as bridges and where significant changes occur.

The combination ofhe topographic and hydrographic survey data prodiizeegular

spaced survey points between the topographic and hydrographic surveyfigtae 3-6).
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Figure3-6. Survey point distribution samjatethe study section of the Vaal River near
Riverton, Sath Africa Yellow indicatthe lidar survey points. Red indicsatgdrographic
survey points.

Due to thedistribution anddirectional varying trend that occted, a TIN modelvasused
for creating an elevation surfader the anisotropic dataThe TINnodelwascreated from
the elevation pointgFigure3-7). The ellipse indicates errors occurring within the
triangulation at the embankments due the varying spatial distribution between cross

sections and lidar data.
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Figure3-7. TIN model witktriangulated errors. Pink ellipse indicates wrongly interpolated
area between crossections.

Due to these errordreak lines and manual editing of triangle edgese used for

correcting and optimising the interpolated triangulated surface. Wasdone based on the
assumption that the embankments are parallel with the flow direction. A break line
between the hydrographic survey points and lidar poiwtse incorporated. This reswdd in
triangles not crossing the break line and producing a more consistent embankment profile.
Even with break lines incorporatedot all the triangle facewere correct throughout the
meandering river as the morphology chaudg®y using the TIN editingdtbar within

ArcGlS$the triangle edgesvere modified to best represent the respective surfacBigure3-

8 represent the same extent as figude7, but with the corrected triangulation.
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Figure3-8 Final TIN model with corrected triangles. Pink arrogisate assumed flow
directions along embankments.

HECRASuses a gridded format for importing the surface elevation. Therefore, the 3D
Analyst Toolsvere used to convert the TIN model to raster format. The TIN to Raster
conversion toolvasused to createa 1m X 1m resolution raster of the terrain using a linear
interpolation. This rastewasthen converted to a file of binary floatiRgpint values

representing the raster data using the Raster to Float tool.

3.5Manning n values
The study area is affected/fagricultural land, natural vegetation, rock formations and

previously mined areas. Since this is not a study for overbank flood modéiengain
influencing coverage is the channel, rock formations within and close to the river and
natural vegetatioralong the banks. A shapefile representing the respective Manning n
values for each type of land cowsascreated where high values denote more resistance
to flow and low values less resistance to flobis is done from the aerial imagery along

with the DEM. The respective land coweasclassified within 8 classes namely:

Main channel The main channel with mainly bare soil and sediment at bottom
Channel sideThe channel side with more prominent aquatic vegetation
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Low vegetationGrass with scattered kahes and shrubs
Open field Mainly grass with no trees

ReedsReed bushes

Rock Prominent rock formations

Scattered treesLow vegetation with scattered trees

Thick treesThick and high trees and bushes

The respective Manning n valeieere then assignedteach cover typesing table 21. The
digitised polygons along with the respective assighkthning n values can be seen in

Figure3-9.

1:40 000

Figure3-9 Land cover with respectiianningn values.

3.6Flow data
Flow datawere used as a boundary condition for the hydraulic model. Since the extent of

the study area is ia sectionof the Vaal River with nmflow of tributaries lateral inflow
wasignored. The flow through the study area is greatly regulated by reservoirs and
thereforesub catchmentsvereignored. The hydraulic properties of flow at specific

instancedor identifying abstraction locationare not time related as with flood modelling.
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Flow measurements are only available at the Rivesiation, whichislocated d the 930m
cross section from the downstream boundaryeTata can therefore be used as

observed rating curve for the gauge location.

Flow data at the Riverton station is based on stage measurements. The measurements are
taken from a gauge plate withaalculated flow rate from a stage hydrograph at the station.
The stage measurements represent the elevation with respect to the stage where the flow

rate is Ond/s.

Water level measurements were obtained during the survey at different times. Since the
gaug plate readings are taken every 12 minytib®e stage at the relative flow rates can be
calibrated to the survey datum. Thisasdone by matching GPS survey times to the station
stage measurements. The stage elevatimassubtracted from the GPS elevation to obtain a
value for the gauge plate datum. The average of alvtheer levelmeasurements
(1091.341m0.023SD)wasused for the calculations. This may be due to GPS elevations
being accurate to 15mm when surveyingopaographicpoint survey style within RTK or rod
placement during observations. Talddl indicatesthe GPS, station measurements and

calculated data for datum correction.

Table3-1. Gauge plate datum correction data and calculatiNiasne Name of the GPf&Id
observation point;-Z5PS observation elevation; Gddeference to water level
observation; GPS Dateate of observation; GPS Tirmane of observation;-@low rate
measured at gauge plate; Q ThMleme of flow rate measurement; Stalygeasured wge
above gauge plate. Calibratestage of water as meters above sea level based on the
survey reference elevations.

Name | Z(m) CODE| GPS GPS Q Qtime Stage | Calibrated

DATE | TIME m3/s (m) (m)

WL1 | 1091.511] WL 25Mar- | 07:31:14| 27.784| 07:25:00| 0.159 1091.352
15

WL2 | 1091.500] WL 25-Mar- | 10:31:32| 29.204| 10:25:00| 0.167 1091.333
15

WL4 | 1091.490| WL 25-Mar- | 11:00:07| 29.026| 11:01:00| 0.166 1091.324
15
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WL5 | 1091.500{ WL 25-Mar- | 11:04:36| 29.026| 11:01:00| 0.166 1091.334
15
WL6 | 1091.474| WL 25Mar- | 11:09:27| 29.026| 11:01:00| 0.166 1091.308
15
WL7 | 1091.487| WL 25Mar- | 11:14:09| 29.026| 11:13:00| 0.166 1091.321
15
WL8 | 1091.520| WL 25Mar- | 11:17:46| 29.026| 11:13:00| 0.166 1091.354
15
WL9 | 1091.511| WL 25-Mar- | 11:18:00| 29.026| 11:13:00| 0.166 1091.345
15
WL10 | 1091.562| WL 25Mar- | 11:22:34| 30.093| 11:25:00| 0.172 1091.390
15
WL11 | 1091.521| WL 25Mar- | 11:26:05| 30.093| 11:25:00(| 0.172 1091.349
15
Average| 1091.341
St Dev | 0.023

Since this study is related to hydraulic occurrences at specific flow conditions and not to

time dependent modellinga theoretical hydrograplwvascreated from the Riverton station

measurements at specified flow rates. A range of flow rates betweelistamd 500n¥/s

wascreated. The corresponding stage measurements from the Riverton station were

identified from the 2016 and 2017 measurements. Recent ahatee used to minimise the

effect of river morphology. The respective stage measurements were converted to the study

datum. The flow hydrograph created can be seen in Tai@e
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Table3-2. Flow Hydrgraph at station 930 (Riverton statio} Flow rate; Gauge-Btage

with reference to gauge plate; Calibrated St&jage referenced to survey elevation.

Q m/s | Gauge Z| Calibrated
Stage
0 0.000 1091.341
5 0.036 1091.377
10 0.058 1091.399
20 0.115 1091.456
30 0.172 1091.513
40 0.227 1091.568
50 0.283 1091.624
60 0.338 1091.679
70 0.392 1091.733
80 0.446 1091.787
90 0.499 1091.840
100 0.552 1091.893
150 0.809 1092.150
200 1.056 1092.397
250 1.292 1092.633
300 1.520 1092.861
350 1.741 1093.082
400 1.955 1093.296
450 2.168 1093.509
500 2.366 1093.707
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3.71D Geometry setup
In order toconduct 1D hydraulic modellinthe geometry of the rivehadto be defined.The

geometry set upvasdone though EEGGeoRASwithin ArcGISThe RAS Gifport file
consised of geometric data necessary to perform hydraulic computations inREEThe
crosssectional elevation dataere derived from an existin@EM that include thetannel
and extending topographywhile crosssectional propertiesvere defined from points of
intersection betweerthe createdRASayers. The required RA&yers created includkthe
stream centreline andcrosssectionalcut lines.The gtional RASayerscreatedincludethe
main channelbanks,flow path centrelines,landuse,ineffectiveflow areasandblocked
obstructions. Data createdere stored in a geodatabase based on the name of the map

document ands stored in the same location as the .mixie.

The river and reach network is represented by shream centreline layer. The networkvas
created on a reach by reach basis, starting from the upstream end and working downstream
following the channel thalweg. Each reach is comprisedrafesaname and aeachname.
Thestream centrelinelayerwasused for assigning river stations to cross sectionsaloav
HEGCRASeometric editorto display the distance chainage of each creastion It was also

used to define the main channel flow path. The reach is defined as Vaal River with the reach

sectionnamebeing Riverton.

Thebanklines layeistinguishegshe main channel flow from flow in the overbanks. Bank
stations were assigned to each cross section based on the intersection of the bank lines with
the cut linesLeft and right bank linewere created. Only two bank lines may intersect each
cut-line and the orientation is not importargince the stations were computed from the
intersection The bank linewere constructed on the left and right embankments since no

overbank floodingvasmodelled.

The flow path centrelines layemwasused to identify the hydraulic flow path in the left
overbank, main channel, and right overbank by identifying the cesitreass of flow in
eachsection Creating the flow path centreline layer asstsin properly layingut the
crosssectional cut lines. Th&ream centreline layer already exists ameere copied for the
flow path in the main channel. Flow pativere created in the direction of flow upstream to
downstream. Downstream reach lengthere calculated for eacleut line based on the

distance between cut lines along the flow path centrelines for the left overbank, main
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channel, and right over bank. Each flow path livesidentified accordingly as being in the

left overbank, mairchannel orright overbank.

Thecrosssectionallocation, position, and extent are represented by the Ci$sstionakut
linelayer. Cut lines should be constructed perpendicular to the direction of flow. It is
0KSNBET2NE ySIOSH& I (NES (1Qdzin Ri2 yiedanensignal Govy ¥ 2 N (0 2
requirement(Brunner 2016)These at linesmaynot intersecteach otherand must cross

the stream centrelineonly once.The cosssectional cut lineshouldbe oriented from the

left overbank to theight overbank, whermrientateddownstream. The cut lines represent

the horizontallocation of the cross sections and the statielevation datavere extracted

along the cut line from the DTM. Cressctional cut linesvere created 30m apartbased on

the stream centre lineand edited to conform to the specific rules. Additional cross sectional
cut lineswere added for features such as bridges, where contraction and expansion occur.
Each cut linevasattributed with ariver andreachname based on theamesdefinedin the
stream centrelinelayer.Ariver station wascalculated for each cut line based tre

distance from the most downstream point on thiger. Calculationsvere based on thdrom
stationandto stationvalues in thestream centreline layer. The calculated statiowasused

to order cross sections when computing water surface profiles inR¥EE The main

channel banks of each cut limeere computed from thebanklines layer. Théeft bankand

right bankfieldswere createdfrom the distance along the cut line to the bastation

position based on the intersection of the cut line and bank liffee downstream reach
lengthswere computed for theleft overbank, mairchannel andriight overbank based on

the length of the flow path ies in theflow path centrelines laye(Brunner et al. 2015)

The Ineffective Flow Areas layer identifies portions of¢channel orffloodplain that do not

actively convey flowThis layewascreated in areas of zero velocity such as the deater

zones upstream and downstream of the bridge. The position of ineffective araas

extracted based on the intersection of the Ineffectil@v areas layer and theross

sectionalcut lines layer. Ineffective flow areagere also created for gults where no active

flow occur. The beginning and ending position of interseclmtween the ineffective flow

area and the cut lingvascalculated as well as the corresponding elevatiomfithe DTM.

The elevation extracted from the DTa¢tedl & | & 0 NRA JAHERRAS Britutnidg G A 2 v

off the ineffective areas.
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Theblockedobstructions layer identifies portions of the floodplain that permanently
remove flow area from the cross sectiorhe position of blocked obstructiongasextracted
based on the intersection of thelockedobstructions layer and therosssectionalcut lines
layer. Since no flood modellingll be done, flow will not exceed the bridgeynd blocked
obstructionswere used for accounting for bridge supports within the river anere

digitised from the aerial imagery. Blocked obstruction datae extracted based on the
intersection of the cut lines and blocked area polygonsaadwritten to the blocked
positionstable. The beginning and ending position of the intersection between the blocked
area and the cut linsvascalculated as well as the corresponding elevation from the DTM.
An elevation of 1095m is specified due to the blocked obstruction elevations not
incorporated into the DEM. This elevatiovasbased on the pillar elevations extracted from
the DEM where the bridge starait the bank.

Alanduse Layewascreated from the previously creatddnd cover layerManningQ @
valueswere extracted for each crossectional cut line. The output table is populated for
eachOdzi f Ay S | y Rvaligih tke lcofrgspoyidih@lacation on ticat line
were computed The location of the beginning of each land use area polygsreported

as a fraction along the cut line.

HEGGeoRAS keep track of the feature classes generated, data layers used for extracting
attribute information and the tables that hold extracted data. Tagersetup allows

specified data to be written to the FBAGISmport file by choosing which RA&/ers to use.
The layers required b$eoRAS the stream centreline (2D) layer, therosssectionalcut

Lines (2D) layer, and tloeosssections (3D) layegBrunner 2016)The opional layers
incorporated within the studyre banklines,flow paths,ineffectiveflow areas blocked
obstructions and steam profiles. Ti@anning,ineffectiveposition andblocked position
tableswere added for export to HCRAS The geometric datavere then exported to an

ASCIl RASExport.sdf file to be imported inE=RAS A sample of the geometric data

created can be seen in Figu€elO.
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1:15 000

Figure3-10. Sample of Geometric data created EG&eoRS

3.81D model setup
The geometric data that hdseen processed in ArcGIS usirgGGeoRASwasimported into

HECRAS The binary floating raster representing the Disfslsalso imported and the project
spatial reference set to WG25. All bank stations, blocked obstructions, manning n values
and orientatiors were defined with respect to crossectional cut lines from the calculations
through HECGeoRAS River stations are assigned a chainage according to the distance
starting at the downstream cross sections. The imported data of the study area can be seen

in Figure3-11.
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Figure3-111D Geometry datalEHGRAS Qrosssectionsgreen; left and right stations on
crosssectionsred; stream centre lindlue. In addition, the flow direction is indicated by a
blue arrow as well as the cressction directiongCrosssections are labelled according to the
chairagedistance from downstream.

3.8.1 Boundary Conditions 1D
Once all the geometric dataere defined and set ugflow data and boundary conditions

were defined. Unsteady flowasused for this model due tthe relative flat slope of the

river section.Thereforethe 1D unsteady flow equations defined in section 2.6e2aused.
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It is required to enter boundary conditions at all of the external boundaries of the system, as
well as any desired internal locatis, and set the initial flow and storage area conditions at
the beginning of the simulation. Boundary conditiomsre defined from theBoundary
Conditiongab in the Unsteady Flow Data editor. River, Reach, and River Station locations of
the externalbounds of the system &re automatically entered into the table. Boundary
conditionswere entered by first selecting a cell in the table for a particular location, then
selecting the boundary condition type that is desired at that location. From the options
menu, observed and measured dateere defined. A rating curvevasdefined at river

station 930. This station corresponds to the location of the Riverton station gauge. The
calibrated values calculated in tat8e2 were used to define the rating curve amén be

seen in figured-12.
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Figure3-12 Rating curve at river station 930.
A flow hydrograptwasused for defining the upper and lower boundary conditions at
stations 30 and 10774espectively. The predefined flow rate rage of &$600 n¥/s was

defined with a Xday data time interval to allow for runoff and stabilisation between flow

instances.
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3.9Accuracy and Calibration
Model accuracy can be defined as the degree of closeness of the numerical solution to the

true solution(Brunner 2016)An unstable numerical model is one for which certain types of
numerical errors grow to the extent at which the solution begins to oscillate, or the errors
become so large that the computations cannot continue. This is a conpmoinhem when
working with an unsteady flow model of any size or compleBtyinner et al. 2015)A
sensitivity analysis was carried out on the 1D model in order to deterrhimémpact of
geometric and computational parameters on the model results and stability. The
parameters investigated for the sensitivity analysere cross sectional spacing, time step

interval,6-weighting and manning friction coefficients.

3.9.1 Cross s#ional spacing sensitivity analysis
Cross sections should be placedppropriatelocationsin orderto describe the changes in

geometry. Additional cross sections should be added at locations where changes occur in
discharge, slope, velocity, and rougiss(Brunner 2016)The best way to estimate a
computational time step for HERAS is the Courant numb@runner 2016)The Courant
number is a numerical solution that measatew the water particles behave. The Courant
number is defined as follosv

0z Yo

0 o
Yw

Where C= Courant number

v =Fbw velocity

At =Computation time step

Ax = Satial step Distance between crossections or size of mesh.

When cross sections are spaceddpart and the changes in hydraulic properties are great
the solution can become unstab{Brunner et al. 2015)Cross sections spaced too far apart
will cause additional numeral diffusion due to the derivatives with respect to distance
being averaged over to long of a distar{Bunner et al. 2015)f the distance between
cross sections is tosmall then the Courant number would be much smaller than 1.0 and

the model may also become unstaf@sunner et al. 2015)Cross sections that are too close
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together result inthe derivatives with respect to distance to be overestima(Bdunner et
al. 2015)

A cross sectional spacing of 30 m and 60m were used to determine the effect of cross
sectimal spacing on the model. For the 30m spacing the esestional flow error was
examined at the maximum water surface elevation. The flow error is within G/87or all

the cross sections. For the 60m cross sectional spacing the flow error is witBimis)

These crossection profiles were extracted from the DEM and not interpolated from other
cross sections. These results show that the model output is affected by the cross sectional
spacing. The extent of the effect is nggdlefor this study sine it is very small. Therefore,

the original cross sectional spacing of 30m will be used for further calculations for the study.

3.9.2 Time step sensitivity analysis
When the solution scheme solves the unsteady flow equatithresderivatives are

calculatedwith respect to distance and time. If the changes in hydraulic properties at a
given cross section are changing rapidly with respect to tthreeprogram may go unstable
(Brunneret al. 2015) If a time step is selected that is muengerthan what the Courant
condition would dictate for a given flood wave mogdghbility problems can occ{Brunner

et al. 2015) Ta small of a time step will cause the leading edge of the flood wave to
steepen and possipko the point of oscillating and going unstal{runner et al. 2015)The

time steps assessed for the computational interval along with the minimum courant number

and maximum courant number can be seen in tab&

Table3-3 Time step computational intervals results
Time step| Courant| Courant

min max
6h 226.07 | 3886.691
1h 35.04 649.95

30min 17.49 | 325.01

10min 5.8364 | 108.319

2min 1.167 | 21.66

1min 0.583 |10.83
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It can be seen that the courant number loweerras the time decreagk The difference

between the maximum and minimum courant number decrebdeastically according to

the computational interval. Lower courant numbers are obtained from broader cross
sections with low flow velocities. The higher courantberoccured at section 3169 and
corresponekdto the cross section upstream of the bridge where major contraction

occured. The 2minute interval have relatively close courant numbéFable 33). By

inspecting the stage error with arinute computatonal interval a maximum error of 4.08

X 10 are obtained. The modeansmooth with the 2minute time interval with no

oscillating stage flow hydrographs an@stherefore used for further computations.

3.9.3 Theta parameter sensitivity analysis

Theta is a weighting applied to the finite difference approximations when solving the
unsteady flow equations. Theoretically Theta can vary from 0.5 to 1.0. However, a practical
limit is from 0.6 to 1.0 Theta of 1.0 provides the most stability, but lessemical accuracy.
Theta of 0.6 provides the most accuracy, but less numerical stability. The masieln

with a theta factor of 1 and theta factor of 0.6. There is no change in the solution when a
smaller theta weighting factor is used. It is concludedltthe lower theta factor influence is
insignificant in this model and therefore a theta weighting factor ofabused to ensure
greater stability.

394al yyAy3aQa y aSyariAirorie lylfteara

Roughness coefficients are one of the main variables usealitorating a hydraulic model.

For a freeflowing river, roughness decreases with increased stage and flow. If the banks of a
river are rougher than the channel bottom due to trees and brush, then the composite n
value will increase with increased stagediBnent and debris can also play an important

role in changing the roughness. The roughness coefficients can be changed from the
manning tables within the model geometry. By inspecting the stage and flow hydrograph at
station 930 where the observed data veeobtained a stage difference of 12 cmas

observed for higher flow rates. This indicatbat the base manning n values usedre a

good estimatiorbut were altered within a realistic range. The manning coefficients for the
main channel, channel sidesd vegetation along the embankments were lowered by 0.01
to better match the observed stage and flow hydrograph. The calibration result from the

manning n values can be seen in figBf&3. The rating curve indicasa close match
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between the modelled andbserved data. A 3cm erroccured at the maximum flow rate

of 500n¥/s.

Plan: Plan 02 River: Vaal Reach:riverton RS: 930.0001
10961 Legend

RC
[ NS—
Obs RC Obs RC #1

10951

10947

10931

Stage (m)

1092

10917

Flow(m3/s)

Figure3-13 Rating curve at Riverton station 930.

The initial conditions of the manning n values closely represented the observed stage and
flow hydrograph. This is due to the acate assumptions made during base manning
coefficients defined and low flow velocities. By comparing aerial imagery with the resulting
surface elevationso visual errorsa@uld be identified that may indicate contraction or

manning coefficient errors.

3.10 2D model Setup
The 2D geometric setupasdone through HERAS. The DEMasimported as a terrain

into HEGRAS. The land cover layer representing the manning coefficdagdirectly
imported into Ras mapper from the shapefile created and the attributes representing the

cover and relative coefficient defined accordingly.

2D Flow Areas are regions of a model in which the flow through that region will be
computed with the HERAS twoedimensional flow computation algorithms. Z@w areas
are defined by laying out a polygon that represents the outer boundary of thito@area.
The HERAS 2D model usediaite meshfor solving computationsThis algorithm was

developed to allev for the use of a structured or unstructured computational mesh.

A 2D flow area polygowasdrawn along the river covering the regiohinterest. From the

2D flow area editor a nominal grid size of 5m Xvasdefined The computational points
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were gengated and amoungédto 200563 points over the study area. These powdse x

and y coordinateghat representdthe cell centres. The mestiasthen computed but with

a default manning n value of 0.6. Since the cell wiasrelatively small with respect tthe

flow areg break lineswere not defined for the embankments. Break lingsre defined

along the bridge featured in order to direct flow accordingBellscreated next tahe 2D

flow area boundary and break linegere irregular in shape in order ttmllow the defined
polygon or line. The mesh generation toakethe polygonboundaryfor creating the mesh
andtry to ensure that no cell is smaller in area thdgfined cell sizeThe cells around the
boundary will be equal to or larger than the nominellsize. From RAS mapper the Terrain
and Land cover layavasassociated with the 2D geometry. This enatdkevation data and
manning coefficients to be incorporated for calculation of the 2D area hydraulic tables. The

default manning values are over written where covered by the land cover layer.

Additionally, three cross sectiomgere imported from the 1D modl geometry. These cross
sections correspond to a downstream boundary, the 930 station for the observed data at
the Riverton station anthe upstream boundaryThis was done to define the observed

gauge plate reading and to compare the 2D model with thentidel.

2D flow area boundary conditiomgere then assigned. By using ti&A/2D Area BC Lines
drawing tool on the Geometric Data editor Tools button,lthe inflow and outflow
boundary conditionsvere defined and named accordingly. The boundary condityge
wasdefined through the unsteady flow data editor. An example of the resulting 2D

geometry can be seen in Figudel 4.
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Figure3-14 2D Geometryndicating the calculated mesh and downstream boundary
condition

The flow conditions for the 2D modekre set up by defining a flow hydrograph for the

inflow and outflow conditions. The flow hydrographs represent the predefined flow range of
0 m¥s-500 n¥/s and weredefined with a iday data time intervato allow for runoff and
stabilisation between flow instances. An energy gradient slope ofWadslefined that
correspond to the channel bed slope. The upstream and downstream boundary conditions
for the cross sectionwere defined as flow hydrographs thia flow range of 0 fts-500

m?s are defined with a Hay data time interval from tabl8-2. The cross section

representing the Riverton station has a rating curve assigned as a boundary condition as
calculated in tableg-2. The initial stage of the motlerassetto 1091.341m and correspond

to the base water surface elevation at G/mflow rate.The 2D model unsteady flow

equations in section 2.6.3 was used for calculating the hydraulic properties.

A sensitivity analysis was carried out on the matelthe computational time step interval
wasinvestigated. The model was run at various computational time step intervals ranging
from 1 hour to 3 minutes. Longer computational time steps produced large elevation errors
over cells and cross sections. ThmBute time step interval produced elevation errors of

over 3 meterssuggesing that the diffusive wave approximation bameunstable. The
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optimal time step interval observed was a-inute interval. With a 18ninute interval the
maximum error was within 2u of elevation with the majority of the errors below 1cm in
elevation. The errors obtainedere cell and cross section dependent. The inspection of the
error locationsreferredto cells bordering 2D flow area. These relatively small errors occur
outside ofthe flow area of the river maximum stage extent amdre consequentlygnored.

The errors may be a result of the cell construction afidcted by the edges.

The modeproved to besensitive to the computational time step interval. Due to the
relatively snall cell size usedomputational timeswvere greatly influenced by the time
interval. Due to the interest of flow along the river embankmenotl sizes wre not

enlarged in order to improve computational time.

3.11Hydrauliamodellinginterpretation
Ths sectionwill discuss and interpret thealculatedhydraulic properties and surfaces

obtained from the 1D and 2D hydraulic models of the Riverton study area. This cstiwrn
results producedy hydraulic computationgss well agesulting map®f each modelised

for further analysis within the studyrhe hydraulic modelling results will be incorporated
into the spatial analysis for identifying abstractions locations and concern velocity, water

surface elevation and stream power surfaces.

3.11.11Dmodelinterpretation
After running the calibrated 1D model variety of output resulting maps and tablesre

generated(Figures 315,316,317). From the RAS Mapper environment, a velocity, depth

and water surface elevation raster layavsre created(Hgures 315,316,317). The

surfaces can be animated through the time series defined by the flow hydrographs from the
boundary conditions. In the case of the study each day interval correguidodhe defined

flow rate in the rage from 0 #s-500 n¥/s. RA Mapper allow for GIS functionality where

the order, transparency, symbology and classification of layers can be changed. Velocity and
flow directions can be viewed through static arrow and/or particle tracing for animated

visualisation of the results.

Different stages of the surface resuitgere inspected through RAS Mapper. This is to ensure
that the model behave as expected and no major errooscured. The areas where
ineffective flow areas occted wereinspected for sufficient coverage. Higher stagelated

to high flow ratesnvereinspected along the river for identifying gullies and damming effects.
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At these locations additional ineffective flow aressre defined to remove undesired flow

that occur outside of the channel flow path. Contractionthwi the riverwere inspected to
ensure that flow behave as expected. The placement of cross sections at significant
contraction and expansion locations will greatly influence flow tendencies through these
sections. This is due to the velocity head lodssing calculated from the upstream cross
section to the next downstream cross section. A sample of the resulting map inspected can

be seen in figur@-18. The map indicates the calculated river depth, flow velocities and flow

direction.




Figure3-15RASnapper 10model depth maBlack Isobath ShallowLight Blue; Deefark
Blue

Figure 316 RAS mapper 1D modelocitymap.Black Isopleth indicating surface velocity;
Red high surface velocity; Bidew surface velocity; Black arrcwssrfacevelocity direction
and magnitude
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Figure 317 RAS mapper 1D modehter surface elevation (WSaap.Pink High water
surface elevation; Blueow water surface elevation.
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Figure3-18 RAS mapper 1D model res@teen linescrosssections; Blue linstream centre
line; White velocity particle tracing; Blue surfadepth range.

Theprofile plotallows for a quick overview of the entire study area. The plasinspected

for sudden changes to the energy grade line and the water surface. In general, these two
variables should transition smoothly along the channel. Rapid changes in the energy or the
water surface need to be inspected and ensured that the resuéiarrect. The water

surface at each flow rate can be seen on the profile plot in figt8. It can be seen that at

a flow rate of 0 /s the water surface is flat. As the flow rate increatiee slope of the

water surface increase Cross section locains where contractions within the river ocaur
produced less consistent water surface elevations. These deviations from a smootrdine
expected due to the natural crump weir created. The water flowing over the weir praduce

a hydraulic jump. By inspeng the energy grade at these location, a smooth transition

occurs.
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Figure3-19 Profile plot of 1D model water surfa&ackriver bed profile main channel;
Coloured linegredicted water surface at different flow rates.

The general profile plot allvs for graphical and tabular displays of the model output for the
entire river sectionAny variable that is computed at a cross section can be displayed in the
profile plot. An example of the channel velocity at the maximum modelled flow rate can be
seenin figure3-20. Itis evident thathe channel velocity changas the channel dimension
change. From the graphs inspected for the range of flow raiesan be seen that the flow
rates of the left channel bank tend to be higher than the right chanaakidor the majority

of the time. The plotted Froude number is below 1 for the entire channdicatngthat the
channel stays in a subcritical flow stagédthough a mixed flow regime was used for

modelling
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Figure3-20 Velocity plobf channel main, Left channel and Right channel.

The results of the 1D modate satisfactory with no prominent computational errors
observed from model result. Flow across the river bed beti@aeeording to the river
morphology. Hydraulic jumps occeed within the model and occued at contractions
within the river as expected. Thegth map represents crump weir like morphological
features that extend to the width of the river. Ineffective flow areeere applied
sufficiently and correctly to contain flow within the active flow area. Cross seotiens
placed effectively and contréions within the river could be modelled with acceptable

results.

3.11.22D modelnterpretation
The overall appearance of the 2D model is very smooth and represatiral flow in

rivers. The inlet boundary condition flow stabilisguickly across the @mnel confirming
that the 0.05 energy gradient slope defined in the boundary conditions pitvée
acceptable. Flow over the river reach represahtiow as expected. External flow reaches
represened flow accurately at higher stages. Areas where ingffe flow occured were
represented with no flow. Figurg-21represensthe 2D model results. The map indicates

the calculated river depth, flow velocities and flow direction.
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Figure3-21 RAS mapper 2D model resBlue surfaceriver depth; whitevelocity particle
tracing.

3.11.31D and 2D Model Comparison
Due to the finite mesh used for the 2D mogd#le resulting flow velocities and directions

were much smoother. The average cross sectional spacing of thesgosens for the 1D
model was 30m with exception to locationsth rapidly changing rivelopography The grid
size of the 2D model is 5m X 5m ardulted in a better presentatiorof flow within the

main channel2D models have the ability to represeatdral flow better and therefore
visually represent flow along prominent features along embankments and islands better.
The surface elevation between the two modelasabout the same with a 5cm difference
at the upstreaniocationof the river, when the maimum modelled flow of 500ffs was

used to compare the stageThe setup of the 2D modelasmuch faster than that of the 1D
modeldue to the geometry requirements between models, while toenputational time of
the 2D model is much longer than the 1D mbdéhe 2D model laekl effective velocity
calculations near embankments due to the cell sizehe finite mesh To some extent the
velocities can be corrected through break lines or denser mesh construction along these

areas. This will be very time consing andwill not be feasible for a high surface area
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change related to different stages. The comparison between the 1D and 2D model velocity

calculations can be seen in Figd&2.

o f' ” 4 & 4 ’ & - f
Figure3-22 Model velocity comparison (2D Model left, 1D Model righat} high velocity
Blue low velocity

Both models produagsatisfactory resultswith the 1D model more accurate for velocities
next to embankments. The choice of model will greatly be affected by the topography of the
river studied. If complex geometric features occur and the extent of flow are contained
within the embankments1D malels will be used and 2D models for complex topography.
The extent and detail required for modelling hydraulic flow for the purpose of identifying
water abstraction locations will greatly affect the model choice. If a 2D is to be used for
accurately modeihg flow velocities against embankmenéssmall enough cell size need to
be used. HERAS allow for the simulation of models and is a great visualisation and
interpretation tool. For the purpose of this studlye 1D model will be usediue to the

ability of better representing phenomenaver the hydrograph flow rangeom cross
sectional dataln addition, he velocity computations of the 1D modeére more desirable

for identifying water abstraction locations near embankments

3.12 Abstraction locatiosdection
A variety of factors may influence the preferred abstraction locations such as velocity,

depth, distancdrom stagesand sediment buileup. In order to account for all varying
factors ratioswere used for obtaining relationships. From thesultsin this study (section
3.11.1),it can be seen thaa homogeneous increase welocitywas evident at increasing

flow rates(Figure 323). The steady increase in velocity indicstteat no anomalies occued
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during the stages that redirect the flow as tflew rate increasd. Figure3-24 indicatesthe
hydraulic property tabl®f the channel at station 10774.37 (most upstream section). The

relationship béween the flow rate and conveyance can be seen in the formula below.
0 oY
where: K = conveyancerfsubdivision

Q = Flow rate

S = slope of the energy grade line

From the flow rate and energy grade limnveyance has a direct relationship to the flow

area, hydraulic radius and manning coefficient. Therefore, any sudden changes along the
conveyance will suggests rapid changes in the river morphology. By inspecting the hydraulic
property table of each cigs section, ivasfound that the conveyance increage
homogeneouslyMajor changesccurred at the bridge area due to blockedeffective flow
areaswith definedobstructions.From this observation and the assumption that water
abstraction locations arkighly influence by minimum and maximum flownot all stages

were incorporated into the selection process.
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Figure3-23 Main channelvelocity over flow ranger hydrograph instances modelled
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Figure3-24 Hydraulic property tablat the most upstream tation

3.12.1 Distanceo high stageselection
The optimal location of a smadtale abstraction location dependenton the distance from

the minimum stage to a high stagleeing the boundary of the water surface elevatidrhis
is due to practicaleasons such as construction for equipment mounting and distance of the

suction head from the pump.

Toinvestigate the optimal placement of abstraction locations in this sttiiyraster
representing the stage at the maximum modelled flow (58@nwasobtained from HEC
RAS. The raster is a floating point and convettednintegerrasterneeded for converting a
raster to a polygon. Using the raster to polygon tool the rastasconverted toa polygon
around the boundarand island polygonsere deletedsince we are interested in
embankments The polygon in turvasconverted to a line feature. The liveassplit at the
upstream and downstream in order to delete sections not along the embankment t@mnly

lines now represent the location of tretage edgdocation on embankments.

From the spatial analysis distance tools, the Euclidean distancevasalsed. This tool
calculates the shortest distance from a raster cell to a feature. The stage edge/direes
used as thenput features since the distancerdm the higher stage is of interest. The cell
sizewasset to 2mX2m to match the HHRAS surface results. The distance linasset to
400m to ensure the entire river is covered by the raster. Thewasrun and the resulting
raster clipped to the polyan of the high stage. The resulting distance layer can be seen in

figure 3-25.
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Figure3-25 Euclidean distance resulillow is closer to the high stage boundary and blue
further.

3.12.2 Distance Depth relationship
For an abstraction location the distanbetweenthe deeper sections of the rivand

embankmentss crucial for sustainable water abstraction. The sustainability of the
abstraction location will be of concern at minimum flow rates. Therefore, the isi#gje
occurring at a flow rate of Offs wasobtained from HERAS. Thdistance to depth
relationshipwasobtained by calculating the ratio of distance to depth for each cell with
respect to thehighest flow stage. From the Spatial Analysis Map Algebiattoe raster
calculatorwasused. The values of the Euclidedistanceraster calculatedvere divided by

the depth raster values of the lowest stage. The result of the distance to depth ratio can be
seen in figure3-26. The lower distance to depth ratio values indicdeeper depths that

occur close to the high stage boundawhich may indicate suitable locations for

abstraction points

64



Legend

dDistance Depth

Figure3-26 Distance to Depth ratiminimum stage

3.12.3 Depth Velocity Ratio
Abstaction locationsare not only affected by distance biy velocity as well. Abstraction

locations should not be within too highelocity locations wheréhe streamenergyis very
high. If the streanenergyis too high the resulting forces will have a negative impact on
suction head equipment. Therefore, the deptélocityratio ofthe riverwascalculated. The
low flow rate of 10n¥/s wasconsidered. This is to obtain effects of lower flowrates but with
sufficient velocity values for indicating the effects. Since higher velocitiegnedkly affect

the stream powerthe maximum considered flow rate of 506w will also be used for

calculating a depth velocity ratio for the stream.
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The depth and velocity y@&rswere calculated and obtained from HERAS for the flow rate
of 10nm¥/s. From the Raster calculator the depittasdivided by the distance to obtain the
relationship between the velocity and depthhe resulting layer of the depth velocity layer
can be gen in figure3-27. Green areas indicate more suitable locations for abstraction

locations.

Legend
DepthVelocity10

Figure3-27 Depth Velocity ratio at flow rate 16w

Similarly, the velocity depth ratio for the maximum considered flow rate of 500was

calculated. Using the depth and velocity at 5Gfsrthe layer in Figur8-28 wasobtained.
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Legend

DepthVelocity 500

Figure3-28 Depth Velocity ratio at flow rate 506fs

Optimal abstraction locations related to depth and velocity can be identified from the higher
values of thamaps(Figures 27,328). These ardocations where a high depth with low

flow velocities occur. By inspecting the relationship between depth and velocity from the
two maps at different flow ratest can be seen that the values change with relation tolea
other for this particular case studyherefore,it is not necessary to accoufur the effect of
different stageswhenconsidering depth to velocity ratios, faentifying abstraction

locationsin this study

67



3.12.4 Stream Power
Stream power igssentially the product of stream discharge, stream slope and the weight of

water andhas a direct relationship with sediment transport. This relationship has been used
to characterize sediment transport amavestigate geomorphic questiori&artner n.d.) The

equation for stream power is as follew
m " Q0 Y
2 KSNBY m ' adNBFY LIR2GSNI
" = density of water
g = gravity
Q= river discharge
S= energy gradient equivalent to channel slope in uniform flow.

The stream powewascalculated from HERAS for the maximum considered flowrate. This
wasdone due to the direct relationship to velocity antbsssectionalvector area tlat will
result in a stable reduction of stream powaentil negigible,as the flow rate decreaseThe

resulting stream power mapan be seen in figurg-29.
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: Legend

¥l stream Power 500

Figure3-29 Stream power at 500%fs.

From the stream power maf-igure 329)high and low stream power locatiogsuldbe
identified and the relationship between velocity and the crgsstional vector areaould
be visualisedHigher stream power areas indicated in red are less desirable abstraction

locations.

69



3.12.5Final sedction
For the final selection of the abstraction locatiodspth velocity and distanceere taken

into account. The stream powevasdirectly related to the velocity ando additional
variations of interest will be obtained by incorporating the stream power into the results.
Due to the high correlation between high and low flow rate resufts considered low
flowrate of 10n#/s will be used for identifying the optimal afpaction locations since low

flow rates have a great influence on the effectiveness of an abstraction location.

To combine all participating variablése distance to depth ratio and velocity depth ratio
raster layersvere combined. Since the distance to depth values have the lowest values
being optimal with the minimum being 1.94n invert variable range needto be

calculated. Thiallowedthe optimalrange of variables to be in the same range as the depth
to velocity @atio. The invert variable range will also invert the values so that higher values
represent more optimal location. The invert variable ramggescalculated by dividing000

by the values of the distance to depth raster through the raster calculator.

The two ratio layers havéheir values within the same range ameéere added togetherThe
resulting raster in figur&-30were calculated as follow (invert distance depth ratio+
velocity depth ratio)/2. The added valuage arbitrary values and divided by 2 tdtain a

smaller range of values famterpretation purposes.
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Figure3-30 Final selection surface.
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Chapter4 Results and discussion

This chaptereportsobservedtendencies from the hydraulic computational results and the
modelled surface for identifying optimal abstraction locatioimsaddition, identified

abstractionlocationsare compared with current locations

The created surfaces inspected cotesisof the welocity, stream power, depth, water
surface elevatiorat the minimum and maximum considered flow rates of the hydrograph
andthe final abstraction location surfad&igure 43). This was done to interpret individual
hydraulic properties under high and Idlew rate conditionghat effect abstraction
locations Additionally,of trends andpatterns could be identified from the hydraulic

properties and the effectthereof on the final abstraction location surface identified.

4.1 Weir effects
Because the hydrdic modelling of the river section only calculated surface velocities, the

effect of hydraulic obstructions within the thre#imensional environment need to be
considered. By inspecting the velocity, depth and stream power maps, a hydraulic flow
pattern cauld be identified along the readfirigure 41). This flow pattern is directly related

to the riverbathymetry due to velocity that increases as depth decreases. The effect of the
alternating highlow velocities along with the relative alternating depth can be interpreted
as crump weirs. These locations may be affected by geological or river morphological
factors.The extent of deviation varies greatly, with less prominent deviations occurring in

long relatively straight sections of the river.
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Figured-1 Velocity to depth ratisurface withhigh and low value patterRed high, Green
low.

From figure4-2 the basic construction of a weir can seen. The diagram relates to effects
seen within the modelled river section where natural weirs occur. The water is elevated
behind the weir with sediment often dropped behind the weir where lower energy levels
occur. Hih velocities occur over the weir and increase as it flows down. The momentum of
the water is directed at an angle to the bottom of the weir. As the water corswith the
bottom of the weir, a hydraulic jump occurs. The changed direction and momentutineof
water continue to connect witlthe stilling basin and erode the stilling basin. The effect of

bedload sediment removah the study area can be seen from the deeper sections in figure
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4-1. As the water level settiand the slope of the channel retusto normal the river has
less stream power and sedimeistdeposited downstream. This effect can be seen from the
results(Figure 41) where elevated areas occur aftbed load sediment removait the

bottom of the weir.
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Figured-2 Basic components ofeiv structureg(Tapp n.d.)

The weir effect occurring in the river creat highly desirable environment for abstraction
locations.The placement of an abstraction location at the lower ends of the stilling basin is
advantageous due to the depth, velty, sediment transport and stream powdhe deeper
sectioncreated in the stilling basiensure that water will be available for abstraction during
low stage conditions. The surface velocity and stream pa&elow at the stilling basin end

and will prevent damage or loss of equipment related to perpendicular forces applied by the
water. The removal of sedimerfrom the river bedoccurin the stilling basin due to

downward momentum of the water. This sediment removal is advantageous for abstraction
locations since sediment promote wear and damage to pumps and pipelines. Additionally,

future build-up of sediment is prevented.

4.2 Abstraction location selection results
From the final selection surface generatetsirable abstraction locations were identified

Figure 43; greenand blue symbolised values. Although the pipeline for the projecheots
to the abstraction locations from the Eagtigure 43), the results alssupply valuable
information for water abstraction to the Weslue to the agricultural irrigation practices.
The left and right banksef the riverwere modelled andvill enablefarmers along the river

section to make informed decisions on the abstraction location used.
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For the purpose of the studfour of the most desirable locations will be discussed along

with the location of the Riverton station abstraction location and #straction location
selected by the engineers for the projd&tigure 43). The consulting engineers for the
municipal project was Aurecon. The first location of interest to the engineers was below the
bridge on the concave bank of the bend. Complicatiocsurred at the area of interest due

to private ownership and the location north of the bridge (Figw®) 4vas recommended

based on the depth
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Final abstraction location selection
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Figure 43 Map depicting final abstraction location selection. Four areas of interest were
identifiedthrough this study for optimal abstraction point placement. The existing abstraction
point location is also shown along with the abstraction point proposed by engineers for the
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The first location i®ne ofthe most desirable locatins (Figure 4). A deep section of river

is created on a slight turn in the river. The deeper section is located close to the high stage
boundary and minimal construction is necessary. The deeper section is located after the
natural raise in the river thtacreates a weir effect and will allow for sediment transport. The
bend in the river dire@the momentum of the water to the embankment and assist
preventing sediment buildip. Low velocities and stream power occur nexthe

embankment and limgthe possibility of unwanted erosion of the embankment. In

addition, this location is close tthe pipelineroute and located on government property.

After weir effect for sediment removal

g ediment ‘.;‘J.” on \
/ start to occur

o
LA

' it le Y kb
Figured-4 First desirable abstract location.

The seconaptimallocation (Figure4-5) is located 700m upstream of the first location. This
location represents the same characteristics of the first location but without the bend within
the river. Although no bend is presejthe weir effectallowsfor sufficient sediment

removal from the iverbed. Theseeminglyundesirable effect obtainedloser to the centre

of the river is due to the distance to the high stage boundaigwever this location is
characterised by low stream power and surface velocity, which indicate less stress and risk
of loss to equipmentAdditionally,the strait river section where this location occur will be

less likely to have excessive bank erosion dugewgligiblelateral directional change in
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momentum The location is close to the proposed pipeline connection andtéd on

government property.

After weir effect for sediment removal

ent deposition may start to occur

ey

Figure4-5 Secondlesirable abstract location.

The thirdpossible desirabléocation(Figure 46) islocatedat cross sectiod800 and located 900m
upstream from the location selected by the engineers for abstraction.ldtesion represents the
same characteristics as the second locatlmt much further away from where the pipeline route
connects to the riveri-urther distances from proposed pipeline routes may result in additional
planning or construction cost and tinTenis location is also on private propedgd mayinvolve

additional permissions and related cest
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After weir effect for sediment removal [

Sediment
\ deposition may start to occur

Figre4—6 Tid desirable abstract location.

The fourth locatior(Figure 47) is locatedat cross section 7568ndbehindaweir effect

caused by aock formation across the river. It shows the same characteristics as the
previous locations but with a highly prominent sharp bend within the river. This location is a
good indication of the effect that river morphology has on hydraulic properties and
tendercies.For example, theock bank crossing the river create the weir effect directing the
momentum of the water towards the riverbed, creating a deep-lcoke. The bend in the

river direct the flow direction towards the concave bank creating deep sectiexista the
embankment. The sediment builgp after the deep section, due to energy loss, is
prominent at this location and should be avoided as a possible abstraction locahimns a
good abstraction locatiarbecause of the deep section created nextie embankment

and low surface velocity.owstream power and surface velocity for the maximum

considered flow rateccurat this location Most of the kineticenergy has been depleted
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when arriving at this locatiomdicating that excessiverosionof the embankmenshould

not be problematict this location However, his location is on private property and far

from the pipeline connection route.

4 r 5. o o ﬁ é Weir created by rock formation B

Figured-7 Fourth desirable abstract location.

Thelocality ofthe Riverton Stationvasalsoassessedn this study (Figure-8). Since tle
Riverton Stations a much larger scale abstraction location that the study is intended for
andthe structure and operation of sud@mn abstraction location vaesgreatly.Nevertheless,
the abstraction location is tated in a shallow areavhilethe main flow path of the river is
located on the opposite bank from the abstraction location. High and long catwalks were
constructed for access to the abstraction locatidne to the effect of higher stages on the
wetted/flooded area. From the survglyigh sediment builelp was observed anithis build

up wasto such an extent that observations could not be obtained in that arb& suggests
that the Riverton Station is not ideally situated for the continuous removal difeent by

the hydraulic action of the water, which increases maintenance costs to the equipirieat.
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study confirms the unfavourable conditions at the Riverton station congptrehe site

observations made.

Sediment build-up
Riverton Station abstraction location

Far from high stage with expensive access consruction

Figure4-8 Riverton station abstraction location

The abstraction location selected Byreconthe consultingengineersfor the municipal
projectislocated at crossection 3870 about 700m upstream from the bridgégure 49,4

3). This location is to some extedésirable. It has a deeper section to extract water from

that is desirable but t@ lesseextent than the optimal abstraction locatiomdentified in

this study Thislocation alschashigh stream power and velocitihat might cause damage

and equipmentoss This locationmay be less pront® high embankment erosigmue to

the relatively straight section of river where it is locatethted to lateral change in the

water momentum directionHowever the flushing away of sedimens lesprominent
compared to the optimal abstraction locations identifiéairthermore, his location is

situated on private property and special permissions need to be obtained for operation and
construction. It is also relatively far away from the pipeline route connastiThe first and
second location identified would have been more reliable and cheaper if used as abstraction

locations.
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Figured-9 Selected abstraction location for project by engineers.
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