BASIC SIMULATION ENVIRONMENT
FOR MODELLING OF ENVIRONMENTAL
FLOWS AND NATURAL HAZARDS

SYSTEM MANUALS

VERSION 4.0.2
OCTOBER 2023




BASEMENT System Manuals

VAW - ETH Zurich version 4.0.2



Preface

Preface to Version 4.0

Back to the roots

In October 2002, we began the development of the software BASEMENT. From the start
we have been guided by two principle objectives. Firstly, we wanted to develop a simulation
tool that is suitable for practical applications, as well as scientific research. Secondly, we
deliberately resolved that the entire modeling workflow should be achievable with freely
available software. We will strive to adhere to these principles in the future. Since the
beginning, the development team has consisted of very dedicated and talented people —
the so-called BASE(wo)men — and the team has always been of a manageable size. We
would like to take this opportunity to thank all those who have supported and contributed
to BASEMENT. We also greatly appreciate the thanks that we have received from many
happy users over the years. The list of contributors is available on our website.

A full 20 years after the birth of the project, we are proud to present version 4 of
BASEMENT. This new major version is similar to the very first version of BASEMENT —
released in 2006 — which consisted of the two modules BASEchain and BASEplane and had
a modular workflow. Version 4 also consists of two modules, BASEMD and BASEHPC;
MD stands for “Multi-Domain” and corresponds to the previous version 2.8.2, HPC stands
for “High-Performance Computing” and corresponds to the previous version 3.2. Thus,
all features from the two previous versions are retained and integrated into a common
simulation workflow. With this structure, we proudly find ourselves going “back to our
roots”.

The development of the software would not have been possible without the support of the
Swiss Federal Office for the Environment (FOEN) and the backing of the BASEMENT
advisory board. The FOEN has financially supported the BASEMENT project since 2002,
which is greatly appreciated.

On behalf of the project team Dr. D. Vetsch, Project Director Prof. Dr. R. Boes, Director
VAW

February, 2023
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Credits

Contributors

Over the years, many enthusiastic engineers and developers have contributed to the
development, testing and documentation of BASEMENT. An up-to-date overview of the
current development team, along with current and former contributors, can be found on
our website:

https://basement.ethz.ch/people
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Commissioned and co-financed by

Swiss Federal Office for the Environment (FOEN)

Contact

Website: https://www.basement.ethz.ch
User forum: https://people.ece.ethz.ch/~basement /forum

ETH Zurich / Laboratory of Hydraulics, Glaciology and Hydrology (VAW)

For list of contributors see https://www.basement.ethz.ch

WA ETH

Laboratory of Hydraulics, Eidgendssische Technische Hochschule Ziirich
Hydrology and Glaciology Swiss Federal Institute of Technology Zurich
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License

End-User License Agreement (EULA)

THIS EULA IS INTENDED FOR COMMERCIAL AND NON-COMMERCIAL
PURPOSES. FOR QUESTIONS RELATED TO THIS AGREEMENT PLEASE
CONTACT: Dr. David Vetsch, basement@ethz.ch

This End-User License Agreement (“EULA”) is a legal agreement between you (“You”)
(an individual or acting on behalf of a company) and ETH Zurich, Raemistrasse 101, 8092
Zurich (Switzerland) (“ETH Zurich”) for the binary software code of BASEMENT and
associated media, and may include “online” or electronic documentation (“SOFTWARE?”).

The SOFTWARE simulates water flow, sediment and scalar transport in rivers and
according interaction in consideration of movable boundaries and morphological changes.
Further information and description of the SOFTWARE is available here: https://basement.
ethz.ch/

The SOFTWARE is protected by copyright laws. The SOFTWARE is hereby licensed, not
sold.

In order to install and use the SOFTWARE, You must indicate agreement with the
following terms and conditions by clicking “ACCEPT” at the end of this EULA during the
installation process.

1 LICENSE GRANT

(i) ETH Zurich hereby grants to You, and in case You are acting on behalf of a
company also to the employees of such company, a free-of-charge, single, non-exclusive,
world-wide, non-transferable, non-sublicensable right to install, execute and display
the SOFTWARE on device(s) running a validly licensed copy of the operating system
for which the SOFTWARE was designed. Such rights are granted for commercial
and non-commercial purposes.

(ii) With respect to electronic documents included with the SOFTWARE, You may
make an unlimited number of copies (either in hardcopy or electronic form), provided
that such copies shall be used only for internal purposes and are not republished or
distributed to any third party.
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2 USE OF RESULTS GENERATED BY THE SOFTWARE

You are allowed to use the content generated by the SOFTWARE (“SOFTWARE
RESULTS”) for commercial and non-commercial purposes.

Note that any attribution (e.g. ETH Zurich logo) on the SOFTWARE RESULTS must be

retained. You are not allowed to alter, cancel or fade, after a few seconds, such attribution.
3 THIRD PARTY CODE

The SOFTWARE may contain other program code from third parties. A list of other third
party code and libraries used by this SOFTWARE is available here: https://basement.
ethz.ch/about/thirdpartysoftware

Their license applies to such third party code and libraries contained herein. Refer to the
above internet site for the licenses and copyrights.

4 DURATION OF LICENSE AND TERMINATION
This EULA enters into effect on the date of acceptance of this EULA by You. This EULA,

(i) may be terminated by ETH Zurich at any time for any reason;

(ii) will terminate automatically without notice from ETH Zurich if (a) You fail to comply
with any term(s) of this EULA or (b) You refuse, after the notification in accordance
with clause 10 (i), to accept the new EULA term and conditions provided by ETH
Zurich;

(iii) is terminated as soon as You cease to use the SOFTWARE and destroy all copies,
full or partial, of the SOFTWARE;

Upon termination pursuant to (i) and (ii), you must cease all use of the SOFTWARE and
destroy all copies, full or partial, of the SOFTWARE.

5 OBLIGATIONS OF YOU

(i) You may not remove or alter any copyright notices on any and all copies of the
SOFTWARE.

(ii) You may not distribute or assign the SOFTWARE or any copy thereof to third
parties. You may not rent, lease, sell, lend, transfer, redistribute, or sublicense the
SOFTWARE to any third party.

(iii) You may not reverse engineer, decompile or disassemble the SOFTWARE, except
and only to the extent that such activity is expressly permitted by applicable law
despite this limitation.

(iv) You may not reproduce, modify or adapt the SOFTWARE, except and only to
the extent that such activity is expressly permitted by applicable law despite this

limitation.

(v) You must comply with all applicable laws.
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6 OWNERSHIP

Except as expressly licensed to You in this EULA, ETH Zurich and its licensors retains
all right, title, and interest in and to the SOFTWARE. All title and copyrights in and
to the SOFTWARE (including but not limited to any images, photographs, animations,
video, audio, music, text, and “applets” incorporated into the SOFTWARE), the
accompanying materials, and any copies of the SOFTWARE are owned by ETH Zurich
and its licensors. The SOFTWARE is protected by copyright laws. Therefore, You must
treat the SOFTWARE like any other copyrighted material. All rights not expressly
granted are reserved by ETH Zurich.

7 MAINTENANCE, SUPPORT, UPGRADES OR NEW RELEASES

ETH Zurich has no obligation to provide maintenance, support, upgrades, new releases,
enhancements or modifications and disclaims all costs associated with service, repair or
correction of the SOFTWARE. If any supplemental software code is provided to You by
ETH Zurich, this supplemental software code shall be considered part of the SOFTWARE
and is subject to the terms and conditions of this EULA if not otherwise explicitly written.
It is expressly acknowledged by You that no rights to receive maintenance, support,
upgrades, new releases, enhancements or modifications may be derived from this EULA.

8 NO WARRANTY

YOU EXPRESSLY ACKNOWLEDGE AND AGREE THAT USE OF THE SOFTWARE
IS AT YOUR SOLE RISK AND THAT THE ENTIRE RISK AS TO SATISFACTORY
QUALITY, PERFORMANCE, ACCURACY, AND EFFORT IS WITH YOU. TO THE
MAXIMUM EXTENT PERMITTED BY APPLICABLE LAW, THE SOFTWARE
AND ANY SERVICES PERFORMED OR PROVIDED BY THE SOFTWARE ARE
PROVIDED “AS IS” AND “AS AVAILABLE”, WITH ALL FAULTS AND WITHOUT
WARRANTY OF ANY KIND, AND ETH ZURICH HEREBY DISCLAIMS ALL
WARRANTIES AND CONDITIONS WITH RESPECT TO THE SOFTWARE AND
ANY SERVICES, EITHER EXPRESS, IMPLIED, OR STATUTORY, INCLUDING,
BUT NOT LIMITED TO, THE IMPLIED WARRANTIES AND/OR CONDITIONS
OF MERCHANTABILITY, OF SATISFACTORY QUALITY, OF FITNESS FOR A
PARTICULAR PURPOSE, OF ACCURACY, OF QUIET ENJOYMENT, AND OF
NON-INFRINGEMENT OF THIRD-PARTY RIGHTS. ETH ZURICH DOES NOT
WARRANT AGAINST INTERFERENCE WITH YOUR ENJOYMENT OF THE
SOFTWARE, THAT THE FUNCTIONS CONTAINED IN OR SERVICES PERFORMED
OR PROVIDED BY THE SOFTWARE WILL MEET YOUR REQUIREMENTS, THAT
THE OPERATION OF THE SOFTWARE OR SERVICES WILL BE UNINTERRUPTED
OR ERROR-FREE, OR THAT DEFECTS IN THE SOFTWARE OR SERVICES WILL
BE CORRECTED. NO ORAL OR WRITTEN INFORMATION OR ADVICE GIVEN
BY ETH ZURICH OR ITS AUTHORIZED REPRESENTATIVE SHALL CREATE
A WARRANTY. SHOULD THE SOFTWARE OR SERVICES PROVE DEFECTIVE,
YOU ASSUME THE ENTIRE COST OF ALL NECESSARY SERVICING, REPAIR,
OR CORRECTION. SOME JURISDICTIONS DO NOT ALLOW THE EXCLUSION
OF IMPLIED WARRANTIES OR LIMITATIONS ON APPLICABLE STATUTORY
RIGHTS OF A CONSUMER, SO THE ABOVE EXCLUSION AND LIMITATIONS MAY
NOT APPLY TO YOU.

9 LIABILITY

In no event shall ETH Zurich be liable for any damages (including, without limitation,
lost profits, business interruption, or lost information) arising from the use of or inability
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to use the SOFTWARE through You or the employees of the company You are legally
representing. In no event will ETH Zurich be liable for loss of data or for indirect, special,
incidental, consequential (including loss of profit), or other damages based in contract, tort
or otherwise.

The above limitation of liability shall not be construed to amend or limit any party’s
statutory liability.

10 GENERAL PROVISIONS

(i) ETH Zurich reserves the right to change the terms and conditions of this EULA at
any point in time. In such event, ETH Zurich will notify You in due time of the
changes to the terms of the EULA.

(ii) Rights and duties derived from this EULA shall not be transferred to third parties
without the written acceptance of the ETH Zurich.

(iii) You shall not infer from this EULA any other rights, including licenses, than those
that are explicitly stated herein.

(iv) This EULA shall exclusively be governed by and interpreted in accordance with the
laws of Switzerland, without reference to its conflict of laws principles. The exclusive
place of jurisdiction is Zurich (Switzerland).

11 AKNOWLEDGMENT

You acknowledge that you have read this EULA, understand it, and had an opportunity
to seek independent legal advice prior to agreeing to it. In consideration of ETH Zurich
agreeing to provide the SOFTWARE, You agree to be bound by the terms and conditions
of this EULA. You further agree that it is the complete and exclusive statement of the
agreement between you and ETH Zurich, which supersedes any proposal or prior agreement,
oral or written, and any other communication between you and ETH Zurich relating to
the subject of this EULA.

Notice:

Third party software copyright notices and third party software licenses can be found in
the appendix.
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1

Summary of Contents

1.1 Introduction

BASEMENT version 4 is a freeware simulation tool for hydro- and morphodynamic
modelling developed at the Laboratory of Hydraulics, Hydrology and Glaciology (VAW) of
ETH Zurich. The software provides a powerful tool for the simulation of river hydro- and
morphodynamics. BASEMENT system manual provides information about BASEMENT
software and guides the user through the process of using BASMENT version 4.

1.2 Content of System Manuals

The documentation is composed of four parts, the Introduction & Installation, the User
Manual, the Reference Manual and the Tutorials & Test Cases.

1.2.1 Introduction & Installation

This part aims at introducing BASEMENT version 4 to the user by presenting the novelties
and changes of the released version. First, the installation procedure is explained for
Windows and Linux operating systems. Then, the differences between BASEMENT
modules BASEMD and BASEHPC are described in the migration guide for the users
already familiars with BASEMENT. The release notes summarize the changes introduced
by BASEMENT version 4 and the summary of features provides an overview of the available
functionalities of the new version.

1.2.2 User Manual

The user manual provides information about the simulation environment of BASEMENT
version 4. The modelling procedure presents the three-stage process, namely the
pre-processing, the numerical simulation and post-processing. The numerical simulation is
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carefully described in the simulation workflow section. The graphical user interface (GUI)
provides a user-friendly tool to assist the user during the numerical simulation process.

1.2.3 Reference Manual

The reference manual provides information about the mathematical models and numerical
approximations implemented in BASEMENT version 4.

1.2.4 Tutorials and Test Cases

This part is composed of three tutorials and two test cases. The tutorials guide the user
throughout the pre-processing, the numerical simulation and post-processing stages of
BASEMENT version 4 by taking a section of the river Flaz in Graubiinden as example for
the numerical simulation. The test cases aim at testing the performance and accuracy of
the simulations performed with BASEMENT version 4 by standardized test cases, namely
the circular dam break and the conical dune.

6 VAW - ETH Zurich version 4.0.2



2

Setup and First Start

2.1 Setup and First Start

2.1.1 Operating System Requirements
2.1.1.1 Microsoft Windows
BASEMENT version 4 has been tested for MS Windows 10 and 11. For the latest news

concerning new features and current changes, please visit the webpage https://www.
basement.ethz.ch.

2.1.1.2 Linux

BASEMENT version 4 is available for the following Linux (x86-64) systems:

o Ubuntu 18.04 (LTS), alias “Bionic Beaver”:

— Kernel version 5.4
GNU C Library (glibc) version 2.27
— VTK-version: 6.3

— GPU driver version:

*x Kepler architecture and later: at least 418.39
« Tesla architecture: in [384.111, 385.00) or in [410.72, 411.00)

o Ubuntu 20.04 (LTS), alias “Focal Fossa”:

— Kernel version 5.13
— GNU C Library (glibc) version 2.31
— VTK-version: 9


https://www.basement.ethz.ch
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— GPU driver version:

* Kepler architecture and later: at least 418.39
* Tesla architecture: in [384.111, 385.00) or in [410.72, 411.00)

o Ubuntu 22.04 (LTS), alias “Jammy Jellyfish”:

— Kernel version 5.15
— GNU C Library (glibc) version 2.35

— GPU driver version:

* Kepler architecture and later: at least 418.39
* Tesla architecture: in [384.111, 385.00) or in [410.72, 411.00)

The binaries were compiled and tested on both Linux systems. Binaries without GUI
should run on debian-based linux systems.

2.1.1.3 Hardware Configuration

We recommend the following hardware configurations:

2.1.1.3.1 CPU multi-core processors (x86/x86-64)

o Intel (Xeon, 12 to 18 Cores, dual socket)
e 1 GB per core
e Minimum of 2.8 GHz

2.1.1.3.2 Graphical Processing Units (GPUs)

Please note that the GPU-support of BASEMENT version 4 is only possible for
CUDA-enabled (Compute Unified Device Architecture) GPUs produced by NVIDIA.
BASEMENT version 4 has been specifically tested with GPUs listed in 2.1.

Table 2.1 GPU hardware used for the numerical simulations
Tesla Tesla GTX GTX GTX RTX

Card K20 P100 1080 Ti 1070 Ti 1050 Ti  2080Ti
Memory [GB] 5 12 11 8 4 11
Architecture Kepler Pascal Pascal Pascal Pascal Turing
Bandwidth[GB/s] 208 549 484 256 112 616
CUDA cores 2496 3584 3584 2432 768 4352

8 VAW - ETH Zurich version 4.0.2
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W BASEMENT Setup 1
Destination Folder
Click Mext to install to the default folder or did: Change to choose another,

Install BASEMENT to:

|c:: \Program Files\BASEMENT 4.0.0)

Change...

Figure 2.1 Select the installation folder.

2.1.2 Installing under Windows

BASEMENT version 4 is available for Microsoft Windows Windows 10 and 11 operating
System.

2.1.2.1 Getting the binaries

First of all, you need to get a copy of the latest software package. Therefore go to the
project webpage https://basement.ethz.ch and download the latest version (BASEMENT
version 4.x) free of charge.

2.1.2.2 Installation procedure under Windows 10 and 11

Please note, that existing installations may not automatically detected by the installer.
Therefore, uninstall any previous BASEMENT version before installing a more recent
version e.g. using the link in the start menu. After downloading the version from the
project webpage, start the installation by double-clicking on the BASEMENT installer.

Step 1: Accepting the license agreement

Please read the License Agreement carefully and click on the ‘I accept’ button if you accept
the terms and conditions and proceed with the installation.

Step 2: Select the installation folder

After accepting the License agreement, you can choose where to install the binaries. The
recommended location is “C:\Program Files\BASEMENT 4.0” (Figure 2.1). You are free
to choose any other directory.

Step & and 4: Confirming and finishing the installation

version 4.0.2 VAW - ETH Zurich 9
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Q. BASEMENTv4|

&« @ Apps  Documents  Web  Settings  People  Folders | B

Best match

BASEMENTv4
| & g g

App
Search the web BASEMENTv4
App
O BASEMENTVA -

Folders

I BASEMENTv4

B Qseancn = s @ o.@ B OwE S A E

Figure 2.2 Start BASEMENT over the icon in the Start Menu folder.

Clicking ‘Install’ will start the installation process. After all files are copied, a final window
informs about the success of the installation. Click ‘Finish’ to close the installer.

Step 5: Start BASEMENT

You can start the program by opening the Start Menu, navigating to the Start Menu folder
of BASEMENT and clicking on the program icon of BASEMENT version 4 (Figure 2.2).
To create a Desktop shortcut, simply drag the program icon to your Desktop. Clicking on
the BASEMENT icon runs the program as a standalone application including a simple
graphical user interface (to run BASEMENT in batch mode see the section Run the
programm in the User Manual documentation part).

The graphical user interface should appear as in Figure 2.3.

2.1.3 Imnstalling under Linux

2.1.3.1 Getting the binaries

You need to get a copy of the actual distribution as described in the Windows installation
section. You can download the most recent version from the projects webpage https:
/ /basement.ethz.ch.

2.1.3.2 Installation procedure

Step 1: Preparation of the installation

Extract the downloaded package and change to the directory containing the installation
script. Make the installation script executable by running (replace * by the BASEMENT
and Ubuntu version number):

10 VAW - ETH Zurich version 4.0.2


https://basement.ethz.ch
https://basement.ethz.ch

BASEMENT System Manuals 2.1. Setup and First Start

ED BASEMENT - (m] X
File Tools Help

a Scenario Directory:  Please choose a directory for the configura tion and result files. o |
Setup
Simulation
Results
BAsic Simulation EnvironMENT
for Computation of Environmental Flow
and Natural Hazard Simulation
Version 4.0.0 / February 2023
{C) 2023 ETH Zurich / Labora tory of hydraulics, hydrology and glaciology (VAW )
{ BASEMENT www. basement.ethz.ch

Figure 2.3 The graphical user interface.

$ chmod +x BASEMENT v* linux64 ubuntu*.sh

To run the setup enter

$ ./BASEMENT_v*_linux64_ubuntu*.sh

and follow the instructions. You have to read and accept the license text.
The BASEMENT Debian package file (*.deb) is extracted.
Step 2: Install the Debian package

Administrative rights are required to install the package using dpkg. Therefore prefix the
command with “sudo” (replace *** by the version number):

$ sudo dpkg -i BASEMENT-**x.deb

The Debian package automatically detects if your configuration misses one of the required
packages. In such a case you can either use

$ sudo apt-get -f install

to install all missing packages automatically or, in case you want to install dependencies
manually, you can perform

$ sudo apt-get install MISSING_PACKAGE

version 4.0.2 VAW - ETH Zurich 11
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to install the missing packages from the repository. Replace MISSING__PACKAGE with
the missing package name.

Previous versions of basement are automatically detected by the installer and deleted
before the installation starts.

Step 3: Run basement

If the installation of the package was successful, than the executables are copied to
/usr/bin

and the other program files are copied to

/usr/share/basement

You can now run Basement from the console by typing:
$ basement

Step 4: In case of trouble

Report your issue and get in touch with other users in the BASEMENT forum: https:
/ /people.ee.ethz.ch /~basement /forum/

2.2 Running BASEMENT

2.2.1 Windows 10 and 11

When running BASEMENT under Microsoft Windows operating system, the easiest way
to start a simulation is by clicking on BASEMENT icon. After running, BASEMENT will
open the graphical user interface. You have to select the scenario directory that contains
all the configuration files and binaries by pressing on the folder icon, where you can load
the path to the scenario directory.

The configuration is done in three steps (three .json files) that can be edited using
BASEMENT graphical user interface or JSON editors. Each step is executed independently
(setup, simulation and results) and the generated files are saved in the scenario directory
containing the command and auxiliary files. The procedure to run numerical simulations
with BASEMENT using the graphical user interface (GUI) or in batch mode is explained
in the User manual.

2.2.2 Linux

BASEMENT runs as a console application without program icon. On Linux, open a console
and type:

$ basement

)

to start the program (if no environment variables have been set, change into your ‘bin
directory of the installation path). The GUI starting page is appearing. You have now to
select or create the scenario directory in the scenario directory field. The configuration
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of the .json files (3 steps) is the same as for Microsoft Windows (see Section 2.2.1) and
information about the use of the GUI is given in the section ‘BASEMENT Graphical User
Interface’ of the User Manual. Selecting the executables and running a simulation on Linux
or using batch mode works the same way as it does on Windows explained in the User
Manual. Notice: The command filename must not contain any spaces or special
characters like i, 0, i, €, etc.
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3

Migration Guide

3.1 General

BASEMENT version 4 consists of two main modules, namely BASEMD (MD stands for
Multi Domain) and BASEHPC (HPC stands for High Performance Computing, based on
the possibility to use GPGPUs). The BASEMD module refers to the former version 2.8.2
and the BASEHPC module to the version 3.2. Version 4 combines all the functionality of
the previous versions, providing an unified GUI and workflow. The migration of existing
model setups for versions 2.8.2 and 3.2 will be explained in the following.

3.2 Migration from version 2.8.2

3.2.1 Convertor for command (BMC) files

Running simulations with BASEMENT version 4 requires the model setup to be defined in
files with the JSON format (model.json), while for version 2.8.2, model definitions were
done in command (BMC) files. In order to migrate an existing model from version 2.8.2,
the command file must first be converted into the JSON format. The conversion of a
BMC file to a JSON file can be done either with the graphical user interface (GUI) of
BASEMENT version 4, or with the standalone executable BMv4_BASEMD_ converter.

3.2.1.1 Conversion in the GUI

A BMC file can be converted into a model.json file with the following steps:

1. Select the scenarion directory in the GUI, that contains the command (BMC) file.
2. Convert the BMC file via the “Import BMC file” function in the File-Menu.

3. Follow the simulation workflow as described in the User Manual.
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Figure 3.1 Migration from version 2.8.2 by selection of a scenario directory and
importing a BMC file.

3.2.1.2 Conversion with BMv4_ BASEMD_converter

Alternatively, a BMC file can be converted into a model.json file with the executable
BMv4 BASEMD converter via the command line.

On linux, run the command:
$ BMv4_BASEMD_converter myModel.bmc -o model. json

On Windows, run the command (assuming you added the installation location of
BASEMENT to the Path environement variable)

> BMv4_BASEMD_converter.exe myModel.bmc -o model. json

3.2.2 Restart simulation from result (h5) file

The output format CGNS became depricated with BASEMENT version 4 and was replaced
by the h5 format. In order to restart a simulation with a restart file in CGNS format, the file
must be converted to h5 format. Therefore, the python script cgns_ to_h5.py is provided on
the BASEMENT website https://basement.ethz.ch/download/tools/python-scripts.html.

The script requires python 3 and the module h5py, which can be installed, e.g. with ‘pip
install h5py’. To convert a CGNS file into an h5 file run the following command:

$ python cgns_to_h5.py restart.cgns
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Figure 3.2 Migration from version 3.2 by replacing the keyword “DOMAIN?” with
“BASEHPC” the setup file.

Then follow the simulation workflow as described in the User Manual. # Migration from
version 3.2

3.2.3 Adapt setup file

The combination of all the functionalities of the previous versions required a minor
modification in the strucutre of the setup file (model.json). Therefore, the migration of
an existing simulation from version 3.2 requires to adapt the setup file (model.json) in a
text editor of choice and replace the keyword “DOMAIN” to “BASEHPC” as illustrated in
(Figure 3.2).
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4

Release Notes

4.1 Version 4.0.2

4.1.1 General

e A new panel has been added to the GUI. This panel displays the information
previously shown as tool-tip information, but also includes additional information on
units, default values or admissible parameter ranges.

4.1.1.1 Known Issues

e Visualization of results in QGIS requires manual modification of .xdmf file: change
<Xdmf Version="3.0"> to <Xdmf Version="2.0">.

e Model setup fails if there is a dot *’ in the working directory path. For example:
“MySimulations/Sim1.1/” does not work, while “MySimulations/Sim1 1/” works.

e Aborting a simulation using Ctrl4+C can corrupt the HDF5 result file.

e Abort bottom may no work as intended, i.e. simulation does not stop.

4.1.2 Module BASEHPC

e For LINKED boundary conditions and the INTERNAL boundary condition
hgrelation_internal, the inflow conditions at the downstream boundary
can be better controlled by the user via the newly introduced tag type_downstream.
Four options are available as downstream inflow conditions. For all options, the mass
inflow flux is calculated based on outflow at upstream boundary as previously. The
difference lies in the calculation of the momentum flux over the boundary:

— no_momentum: No momentum flux over the boundary.
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— froude_downstream: Momentum flux calculated based on Froude number in
the elements of the downstream nodestring.

— froude: Momentum flux calculated based on the Froude number specified via
the parameter froude_number.

— uniform: Momentum flux calculated based on uniform flow conditions for the
slope specified via the parameter slope. In previous versions, the various
INTERNAL and LINKED boundary differed in how the momentum flux at the
downstream boundary was calculated. The following combinations correspond
to the implementation of the boundary conditions in previous versions:

type type_downstream
hqrelation_ internal no_ momentum
weir_linked_ constant froude downstream
weir__linked__dynamic froude downstream
hqgrelation_ linked no__momentum
2way__hqrelation_ linked no_ momentum
zhydrograph_ linked no_ momentum

zhydrograph_ linked_kinE froude_downstream

With this new feature, the LINKED boundary condition zhydrograph_linked_kinE
became obsolete and has been removed.

4.1.2.1 Bug fixes
4.1.3 Module BASEMD
4.1.3.1 Bug fixes

o Absolute file paths on BASEMD simulations resulted in errors. This has been fixed.

o A bugfix implemented in v4.0.1 resulted many parameters of the BASEMD module
being mandatory. This has been reverted. Those parameters are again intialized in
the background if not explicitly defined by the user, results in the same behaviour as
not explicitly specifying them in BASEMENT version 2.8.2 and earlier.

4.1.3.2 Known Issues

BASEplane

e The upstream and downstream stringdefs of the inner boundary weir must be of the
same length, otherwise mass might not be conserved.

BASEchain

o Fixed bed starts eroding if both suspended load and bed load transport are activated
if the suspended load is below transport capacity.
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o Van Rijn formula does not result in any sediment being transported (1D-model).

Note: Existing installations are not automatically detected by the updated installer.
Therefore uninstall any previous version of BASEMENT e.g. using the link in the Start
Menu before installing the newest version.

4.2 Version 4.0.1

4.2.1 General

e Log and error messages during setup, simulation and results steps of the workflow
are now written to a file.

e The latest GPU architectures Ada and Hopper should now be supported, but have not
been explicitly tested. An upgrade to the latest NVIDIA driver might be necessary.

4.2.1.1 Known Issues

e Visualization of results in QGIS requires manual modification of .xdmf file: change
<Xdmf Version="3.0"> to <Xdmf Version="2.0">.

e Model setup fails if there is a dot *’ in the working directory path. For example:
“MySimulations/Sim1.1/” does not work, while “MySimulations/Sim1 1/” works.

e Aborting a simulation using Ctrl4+C can corrupt the HDF5 result file.
e Tool tip text is too long to be displayed completely.

e Abort bottom may no work as intended, i.e. simulation does not stop.

4.2.2 Module BASEHPC

4.2.2.1 Bug fixes

e A bug during writing the .xdmf output file resulted in unresponsive behaviour when
visualizing the results in ParaView or even errors in QGIS. This bug has been fixed for
visualizing the results in ParaView. Since the QGIS mesh layer does not yet support
XDMF Version 3.0 it is necessary to manual replace the line <Xdmf Version="3.0">
at the top of the .xdmf output file by <Xdmf Version="2.0"> in order to load the
simulation results onto the mesh layer.

4.2.3 Module BASEMD

4.2.3.1 Bug fixes

e A bug in the initialization of several model parameters (e.g. theta_ critical,
theta__critical _approach, etc.) resulted in BASEMD simulations to crash or not
respond. Those parameters were previously intialized in the background if not
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explicitly defined by the user. The tags of those parameters are now mandatory
in the model.json and are initialized with default parameters. The use of the
default parameters results in the same behaviour as not explicitly specifying them in
BASEMENT version 2.8.2 and earlier.

4.2.3.2 Known Issues

BASEplane

e The upstream and downstream stringdefs of the inner boundary weir must be of the
same length, otherwise mass might not be conserved.

BASEchain
o Fixed bed starts eroding if both suspended load and bed load transport are activated
if the suspended load is below transport capacity.
o Van Rijn formula does not result in any sediment being transported (1D-model).
Note: Existing installations are not automatically detected by the updated installer.

Therefore uninstall any previous version of BASEMENT e.g. using the link in the Start
Menu before installing the newest version.

4.3 Version 4.0

4.3.1 General

BASEMENT version 4 consists of two modules, BASEMD and BASEHPC; MD stands
for “Multi-Domain” and corresponds to the previous version 2.8.2, HPC stands for
“High-Performance Computing” and corresponds to the previous version 3.2. Thus,
all features from the two previous versions are retained and integrated into a common

simulation workflow. The selection of the modules occurs via the keywords “BASEHPC”
or “BASEMD” in the model definition file.

e BASEMENT now provides an installer package for Ubuntu 22.04, while the version
for Ubuntu 16.04 was discontinued. Also, BASEMENT now requires CUDA 11.7.0.

e Keys in JSON configuration files were sorted by the GUI. This problem has been
fixed.

e The trees representing the JSON files in the GUI are now expanded by default.
e Items in JSON objects can now be reordered using the GUI via drag and drop.

e The 1-D Grid Editor previously contained in version 2.8.2 is now integrated into the
GUI of version 4.

e The migration of existing simulations from version 2.8.2 and 3.2 to version 4 are
described in the migration guide (Section 3.1)
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4.3.2 Known Issues

e Model setup fails if there is a dot ¢’ in the working directory path. For example:
“MySimulations/Sim1.1/” does not work, while “MySimulations/Sim1_1/” works.

e Aborting a simulation using Ctrl4+C can corrupt the HDF5 result file.
o Tool tip text is too long to be displayed completely.

o Abort bottom may no work as intended, i.e. simulation does not stop.

4.3.3 Module BASEHPC
4.3.3.1 Bug fixes

¢ A bug causing a segmentation fault when using the MORPHOLOGY and TRACER
block has been fixed.

4.3.4 Module BASEMD
4.3.4.1 General

BASEplane

e Implementation of time range for controller. Within the time range, the controller
will be active (manipulated variable is based on PID/HID control). Outside of the
time range, a default value for the manipulated variable must be specified.

e The CGNS format for saving simulation states was discontinued and replaced by
the .h5 format. Existing CGNS files may be converted to the .h5 format with a
Python-script provided on the website.

4.3.4.2 Bug fixes

BASEchain

e A bug in the gravitational transport feature for mixed size sediment transport has
been fixed.

o A bug in the implementation of the hiding_exponent (mpm__h and parker formulation)
in mixed size sediment transport has been fixed.

4.3.4.3 Known Issues

BASEplane

e The upstream and downstream stringdefs of the inner boundary weir must be of the
same length, otherwise mass might not be conserved.
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BASEchain

o Fixed bed starts eroding if both suspended load and bed load transport are activated
if the suspended load is below transport capacity.
o Van Rijn formula does not result in any sediment being transported (1D-model).
Note: Existing installations are not automatically detected by the updated installer.

Therefore uninstall any previous version of BASEMENT e.g. using the link in the Start
Menu before installing the newest version.

4.4 Notes on older releases

Release notes of previous version can be found on the webpage: https://basement.ethz.ch/
download /software-download /release-notes
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5

Summary of Features Version 4.0

5.1 Features of module BASEMD

5.1.1 Submodule BASEchain

5.1.1.1 Numerics

Spatial Discretization Finite Volumes

Time Integration explicit Euler
Riemann Solvers Roe, HLL, upwind
5.1.1.2 Geometry
Type Cross sections : simple, composite (flood plains, main channel)
Slices Friction and soil description, no flow consideration
Mobile bed Fixed bed consideration, uniform distribution of deposition and

erosion over wetted part of cross section, partially wetted
soils (suspended load)
Input Formats BASEMENT (*.bmg)

5.1.1.3 Hydrodynamics

Model 1D Saint-Venant equations

Conservative Variables A (continuity), Q (momentum)

Source Terms Friction (semi-implicite), bed slope, lateral source/sink

Friction Strickler (kstr), Manning (n), grain size friction

Determination of z(A) Interpolation from table or iteration or consideration of
levees
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Boundary Conditions Wall, hydrographs, hQ-relation, in/out, zhydrograph, weir,
gate, multiple boundary, zero_ gradient

Initial Conditions Sub-critical backwater calculation, dry, from imput file

Inner boundary Weir/Gate

5.1.1.4 Sediment Transport: Bed load

Model Hirano-Exner equation, sorting equation for sediment
mixtures
Transport Formula MPM, MPM-multi, power law, MPM-H, Parker, Rickenmann,

Smart-Jaeggi, Smart-Jaeggi-multi, Wu, Van Rijn,
parametrized shear stress, abrasion-law of Sternberg, Wilcock
and Crowe, Engelund and Hansen, Ashida and Michiue

Boundary Conditions Hydrograph, IOUp and IODown, transport capacity,
fractionated hydrograph

Active Layer Constant, variable thickness

Source Terms Local source/sink, dredge source, bed-load function

5.1.1.5 Sediment transport : Suspended load

Transport Equation Advection-Diffusion Equation

Discretization QUICK, QUICKEST, Holly-Preissmann, MDPM, Upwind

Exchange Terms Concentration: Van Rijn, Zyserman et al., constant factor
Shear stresses: Xu

Source Terms Local source/sink

5.1.1.6 Sediment transport : Gravitational induced transport

Approach Geometrical modelling in longitudinal direction (1D) based on critical
failure angles
Features Single and multiple grain classes

5.1.1.7 Output Variables/Formats

e Variables

General Information Geometry and characteristics of cross sections
Bed load Total and for each grain class
Grain mixtures For each cross section, slice and layer

o Format

26 VAW - ETH Zurich version 4.0.2



BASEMENT System Manuals 5.1. Features of module BASEMD

Standard output

Special output

Talweg: Zgam (left /right), Zpottom (mean), friction, QpP, Ciot
Cross section: Water surface elevation WSE, energy level EL,
velocity v, wetted area A, discharge Q, Froude number Fr,
friction

Edge: continuity flux, momentum flux, Qp;, Qs
Tecplot Format: Bed level, water surface elevation, energy level,
discharge, wetted area, dike levels, bed load, grain class
concentrations and suspended sediment concentration in active
layer

Monitoring Output: Q, Qb, A, WSE, v, geometry, C, b (=mean
bottom level), energy_line (EL), Fr, h (=mean flow depth)
Restart files: Hydrodynamics, bedload, suspended load
Volume files: Variation of water volume, variation of sediment
volume, suspended sediment volume, transport capacity volume

adv’ Qsdiff

5.1.2 Submodule BASEplane

5.1.2.1 Numerics

Spatial Discretization
Time Integration
Riemann Solvers

Finite Volumes
explicit Euler
exact, HLL, HLLC

5.1.2.2 Geometry

Cell/Grid Type Triangular, quadrilateral, hybrid

Mobile bed Fixed bed consideration, bed armor consideration, uniform
distribution of deposition and erosion over wet elements

Input Formats Grid-file *.2dm (SMS, QGIS)

Moving bed User enforced vertical movement of selected nodes

5.1.2.3 Hydrodynamics

Model
Conservative Variables
Source Terms

Friction

Boundary Conditions

Initial Conditions

Shallow Water Equations

h, u-h, v-h

Friction, bed slope, local discharge source/sink, diffusive
fluxes (kinematic and turbulant viscosity)

Strickler (roughness kstr), Manning (roughness n), Chézy,
Darcy-Weissbach, Log. friction law, Yalin, Bezzola

Wall, inlet (hydrograph), outlet (weir, gate, zero gradient,
h-Q relation, zHydrograph), inner boundaries (inner weir,
inner gate)

Dry, user defined condition (based on material index),
continuing old simulation
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5.1.2.4 Sediment Transport: Bed load

Model

Transport Formula
Direction

Boundary Conditions

Active Layer
External source Terms

Hirano-Exner equation, sorting equation for sediment
mixtures

MPM, MPM-multi, power law, MPM-H, Parker,
Rickenmann, Smart-Jaeggi, Wu, Van Rijn, Wilcock and
Crowe, Engelund and Hansen, Ashida and Michiue

lateral bed slope effect (Ikeda), curvature effect (Engelund)
Wall, inlet (hydrograph, transport capacity), outlet (outflow
= inflow), inner boundaries (open, weir)

Constant, variable thickness

Local source/sink, dredge source

5.1.2.5 Sediment transport : Suspended load

Transport Equation
Discretization
Exchange Terms
Source Terms

Advection-Diffusion Equation
Upwind-Scheme

Van Rijn of Zyserman et al./Lin
Local source/sink

5.1.2.6 Sediment transport : Gravitational induced transport

Approach Geometrical modelling based on critical failure angles
Features Unstructured mesh, single and multiple grain classes

5.1.2.7 Output Variables/Formats

e Variables

General Information

Bed load

Grain mixtures

Input file, element data (water depth, velocities, bed shear
stress, etc), node data (bed elevation, etc), balances
Element data (theta_ critical, etc.), node data (bedload,
delta_ z, etc.)

Grain size distribution for selected elements

o Format

Standard output
Monitoring Output
Time History
Additional Formats
Restart file

SMS Format and ASCII tables

String discharge, Boundaries, Balances, Debug-output
Time history of selected elements, nodes or edges
Tecplot, Shape (GIS), AVS-UCD, VTK (Paraview)
Binary format (CGNS), hydraulic computation, bed load
computation, suspended load computation
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5.1.3 Submodule BASEsub

5.1.3.1 Nwumerics

Spatial Discretization LBM (Lattice-Boltzmann Method)
Time Integration explicit Euler

5.1.3.2 Geometry

Cell/Grid Types Structured mesh, cubic cells
Input Formats Self-generated block mesh, parts can be de-activated

5.1.3.3 Hydrodynamics

Model 3-D Richards equations, Saturation-formulation, mixed
Saturation-Pressure formulation

Primary Variables Effective water saturation, Pore-water pressure

Source Terms Water source (infiltration)

Constitutive Models, Van Genuchten-Mualem, Brooks-Corey, kf-conductivity

Material properties value of soil

Boundary Conditions Bounce-back boundary, Pressure boundary, Effective water
saturation boundary, Seepage boundary

Initial Conditions Constant values: Pores-water pressure, effective water

saturation Hydrostatic pressure distribution Hot-start
from old simulation file

5.1.3.4 Output Variables/Formats
o Variables:

— Primary variables: Effective water saturation, pore-water pressure

— Secondary variables: Darcy velocities

General Information Cut-plane or cul-lines through 3-D mesh, seepage line

o Format
Standard output ASCII (Gnuplot)
Additional Formats Tecplot, SMS/QGIS
Restart file Binary file containing values of probability distribution

functions
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5.2 Features of module BASEHPC

5.2.1 Hydrodynamics

Riemann Solver
o HLLC, with hydrostatic reconstruction based on modified states (Duran et al., 2013).
Hydraulic Initial Conditions

e Dry
« Continue

o Region defined (regiondef) for water surface elevation or water depth, u and v

Parameters

« CFL
Minimum water depth

Fluid density

Maximum time step
Boundary Conditions

e WALL : inviscid, default
o STANDARD (in parenthesis user-required data):

— INFLOW: uniform (discharge; slope), froude (discharge, froude number),
hq_relation (H-Q relation), zhydrograph (water surface elevation, inflowPossible)

— OUTFLOW: uniform (slope), zero gradient (-), weir (weir height, constant
or dynamic poleni factor), hq_relation (H-Q relation), dynamic wall (collapse
time), zhydrograph (water surface elevation, inflowPossible)

o INTERNAL: dynamic wall (collapse time), internal wall (-), hq relation (H-Q
relation)

o LINKED: hq relation (H-Q relation), 2 way hq_relation (2 H-Q relations, time lag,
water surface elevation upstream and downstream), weir (weir height, constant or
dynamic poleni factor), zhydrograph (water surface elevation)

Inflow boundary conditions for INTERNAL and LINKED boundaries: - no_ momentum: no
momentum flux over the boundary. - froude_downstream: momentum flux calculated based
on Froude number in the elements of the downstream nodestring. - froude: momentum
flux calculated based on the Froude number specified via the parameter froude number. -
uniform: momentum flux calculated based on uniform flow conditions for the slope specified
via the parameter slope.

Friction
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e Type: implicit Runge-Kutta 2nd order integration
e Closure types:

— Manning
— Strickler
— Chezy

— Bezzola

All require a default (or index defined) friction value.

Turbulence

e Parameters:

— Turbulence start time
— On/off switch for diffusion of turbulent species (tke, epsilon)
— Relaxation parameter for turbulent diffusion

— On/off switch for friction generated turbulence
¢ Closure model for Reynolds stress:

— Constant viscosity (default)
— k-epsilon model

— Mixing length model

Initial conditions:

— Zero, i.e. no turbulence (default)
— Uniform values for tke and epsilon
— Region defined values for tke and epsilon

— Continue
o Boundary conditions (k-epsilon model)

— STANDARD: k_eps_in, zero_ gradient_ out
» Source:

— Type: k_eps (force k-epsilon values directly)

— Sink behaviours: exact (as prescribed), available (as prescribed or less), infinity
(as much as possible)

Flood

e Flood tracking of water front arrival time, maximum water depth, maximum flow
velocity, maximum specific discharge, maximum bed shear stress (tracking time step)

Source (water volume)
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o Type: total (as discharge, m3/s), distributed (as rain, mm/h)

¢ Sink behaviors:

— Exact (as prescribed)
— Available (as prescribed or less)

— Infinity (as much as possible)

5.2.2 Morphodynamics
5.2.2.1 Bed load transport
o HLL-type Approximate Riemann Solver (Soares-Frazao and Zech, 2011)

Parameters

e Morphodynamic start time
e Sediment porosity

e Sediment density
Initial conditions

e Mesh file

e Continue
Incipient motion

o van Rijn (1989) and Chen et al. (2010)

e Angle of repose
Closure formula

o MPM (coefficient = 8, exponent = 15, critical threshold = 0.047)

o MPM-like (coefficient, exponent, critical threshold are adaptable)

o GRASS-like (coefficient, exponent, critical threshold are adaptable)
e Engelund and Hansen

o Smart and Jaeggi (1983)

Direction

o Lateral bed slope effect (e.g. Tkeda, 1982, p. Talmon1995)

e Curvature effect

Bedload boundary conditions
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e WALL: inviscid, default
e STANDARD:

— INFLOW: equilibrium (reference_bed__elevation), sedimentograph (sediment__ discharge),
transport capacity (boudary_ factor)

— OUTFLOW: equilibrium (reference bed _elevation)
— Weighting scheme for transport capacity and sedimentograph: geometrical

(default), wetted area, conveyance

o LINKED: equilibrium (reference_bed_ elevation at upstream boundary)
Bed material

¢ Grain class
o Fixed bed

Gravitational Transport

o Critical angle for wet/dry material
e update time step
e maximum settling velocity

e minimum bed elevation change
Source (sediment volume)

o Type: total (as discharge, m3/s)

e Sink behaviors:

— Exact (as prescribed)
— Available (as prescribed or less)

— Infinity (as much as possible)

5.2.2.2 Supended load transport

Parameters

e Relaxation parameter
o Diffusivity coefficient (isotropic, longitudinal/transversal)
o Turbulent diffusivity coefficient (isotropic, longitudinal/transversal)

Scaling (beta) factor for the suspended source terms

Settling Velocity

e Closure model for the grain settling velocity:
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— Van Rijn
— Wu and Wang
— Zhang

o Shape factor parameter (
Shear partition

e Skin friction parameter for suspended load computations

e Default value or region defined
Erosion rate

e Closure model for the erosion rate:

— Van Rijn

— Zyserman and Fredsoe

o Critical shields parameter (both)
Deposition rate

e Closure model for the deposition rate:
— Lin
— Xu

o Critical shields parameter (Xu)
Initial conditions

o Zero, i.e. no suspended load concentration (default)
e Uniform intial concentration
e Region defined values for concentration

e Continue
Boundary conditions

e STANDARD:
— INFLOW: concentration_in, discharge in, discharge in_ warea
— OUTFLOW: zero_ gradient_ out

Source (suspended sediment volume)

o Type: total (as discharge, m3/s) or concentration (-)

e Sink behaviors:

— Exact (as prescribed)
— Available (as prescribed or less)

— Infinity (as much as possible)
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5.2.3 Tracers

Parameters

o Tracer start time
o Number of tracers (max. 5)
o Molecular diffusivity coefficient (isotropic, longitudinal /transversal)

o Turbulent diffusivity coefficient (isotropic, longitudinal/transversal)
Initial conditions

e Zero, i.e. no tracer concentration (default)
e Uniform intial concentration
e Region defined values for concentration

e Continue
Boundary conditions

o STANDARD:
— INFLOW: concentration__in, discharge in, discharge in_ warea
— OUTFLOW: zero_ gradient_ out
Source (tracer volume)
o Type: total (as discharge, m3/s) or concentration (-)
o Sink behaviors:

— Exact (as prescribed)
— Available (as prescribed or less)

— Infinity (as much as possible)

5.2.4 Vegetation

Parameters:

o Flow resistance modification (Strickler approach)

e Shear stress partitioning

o Critical Shields parameter modification (with MPM formula)
o Vegetation uprooting

o Plant burial

Initial conditions:
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o Continue

o Region defined (regiondef)
Output variables:

o Aboveground biomass [-]
o Belowground biomass [-]

» Rooting depth [m]

5.2.5 Output Variables Summary

The output are generated on the mesh elements (cell centered) or at nodestrings and are
stored in a binary file format (.h5).

The output type available are summarized in Table 5.22.

Table 5.22 Output types and description.

Output

Description

Cell-centered
water surface

water__depth
bottom__elevation
friction__chezy

delta_z

spec__discharge
flow__velocity
turb_k
turb__reynolds
flow__velocity
flow curvature

flow radius

theta

theta_ critical

Water surface elevation [m)]

Water depth [m]

Bottom elevation [m]

Dimensionless squared chezy friction coefficient [-]

Change in bottom elevation of during the course of the
simulation [m]

Specific hydraulic discharge (g, q,) [m?/s]
Flow velocity (ug, uy) [m/s]

Turbulent kinetic energy (k) [m?/s?]
Turbulent Reynolds stresses [Nm/m?]

Flow velocity (ug, uy) [m/s]

Flow curvature (inverse of flow radius) [m~!]

Flow radius [m]

Non-dimensional effective bed shear stress for bedload
transport [-]

Non-dimensional critical bed shear stress [-]
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Output

Description

trsp__capacity

trsp__capacity__abs

suspended__conc

suspended__theta

bed__gradient

flood__tracking

tracerl-5

aboveground__biomass
belowground__biomass
rooting depth

Nodestring
ns__hyd_ discharge

ns_ mor__discharge

Bedload transport capacity (g, gby) [m?/s] as
compact volume, no porosity

Bedload transport capacity magnitude g, [m?/s] as
compact volume, no porosity

Suspended sediment concentration [-]

Non-dimensional effective bed shear stress for
suspended sediment transport [-]

Local bed gradient (0z/0x, 0z/0y) [-]
Water front arrival time [s]

Max. water depth [m]

Max. flow velocity [m/s]

Max. specific discharge [m?/s]

Max. bed shear stress [Pal
Concentration of tracer specie 1 [-]
Concentration of tracer specie 5 [-]
Above ground biomass of vegetation [-]

Above ground biomass of vegetation [-]

Rooting depth of vegetation [m]

Hydraulic output variables on the Nodestrings

Morphologic output variables on the Nodestrings
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1

Basic Simulation Environment

1.1 Introduction

The software system BASEMENT (BAsic-Simulation-EnvironMENT') provides a functional
environment for numerical simulation of river flows with sediment transport in alpine and
sub-alpine regions. The main focus of conception and development is the robustness of
the numerical models, the flexibility of the computational grid and the combination and
efficiency of the method of calculation (problem dependent equations, coupling of models,
parallelization).

BASEMENT version 4 consists of two main modules (Figure 1.1), namely BASEMD (MD
stands for Multi Domain) and BASEHPC (HPC stands for High Performance Computing,
based on the possibility to use GPGPUs). The BASEMD module contains the three
simulation submodules BASEchain (1D open-channel flow), BASEplane (2D open-channel
flow), BASEsub (3D subsurface flow) and allows for submodule coupling. Further, there is
the BASEextern submodule for simulation data exchange during runtime. The BASEHPC
module contains only the BASEplane submodule which has a simpler spatial discretization
but improved performance compared to BASEMD::BASEplane. The software provides
a unified simulation workflow and graphic user interface (GUI) for setting up numerical
models with the two modules. # Main Features

The three submodules of the BASEMD module offer a wide range of different
modelling features originating from more than 20 years of model development.
Both modules BASEMD and BASEHPC have a submdule BASEPLANE but the
BASEHPC::BASEPLANE submodule is tuned for performance using GPGPUs. The two
main modules contain all the features of the two previous versions 2.8.2 (BASEMD) and
3.2 (BASEHPC). Table 1.1 gives an overview of the various features of both modules.

Table 1.1 List of BASEMENT main features

Feature BASEMD BASEHPC
1-D model v
2-D model v v
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Feature BASEMD BASEHPC

Hydrodynamics v v
Morphodynamics:

- Bed load

- Suspended load
Tracer advection
External sub-domain
Model coupling (multi
domain)

Controller

Subsurface flow
Vegetation

SMP hardware
GPU/HPC support

ANEN

v
v
v

ANEN

ESENENEN
ENENEN

1.2 General Use

1.2.1 Problem Description

In connection with watercourses and river scapes, increasingly complex problems have to
be addressed. The assessment of flood risk, the more frequent planning of river restoration
projects or the study of naturally shaped watercourses implicate the examination of larger
regions - also outside of the actual waterway - and a more manifold shape of the channels.
The simple formulas for the calculation of flow used in the past showed in several cases to
be insufficient to obtain the desired information. The extent of the considered areas makes
the application of hydraulic models in a laboratory - usually employed for difficult cases
- impossible or too expensive. So, the numerical simulation of flow is in many cases the
most obvious solution. However, existing programs have still some weak points. Some are
limited in their capabilities (e.g. only steady flow and no sediment transport) or may lack in
user support caused in incompleteness of documentation or training of users. Furthermore,
inherent numerical problems request certain expertise to be overcome. In addition, the
preparation of the input data and the processing of the results to a shape, which facilitates
the interpretation, are often very laborious.

The aim of the software system BASEMENT, in terms of its free availability and its
accompanying scholar programs, is to enable a broader range of people to skilfully process
river modelling projects in a justifiable amount of time.

1.2.2 Product Delineation and Employment Domains
1.2.2.1 Product Delineation

BASEMENT is a river engineering tool, which supports the engineer in the solution of
tasks in the domain of river area modelling. The program permits reliable computations
based on state of the art numerical tools, constant onward development and successive
realisation of case studies.
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/ BASEMENT \

/ BASEMD BASEHPC \
(multi-domain) (high-perf. comp.)
BASEchain
[ BASEplane ] [ BASEplane }
[ BASEsub ]
[ BASEextern )

| ——— -

Figure 1.1 Overview of BASEMENT modules

Unlike currently used programs for the simulation of a specific flow behaviour, BASEMENT
intends the arrangement of many different problem types with one single tool to gain an
integrated understanding for the initial position, the solution process and its results.

1.2.2.2 Employment Domains

The aim of BASEMENT is to permit the solution of as many problems as possible in the
domain of river engineering, especially in cases for which the traditional dimensioning tools
are insufficient and studies including physical hydraulic models are not possible or too
expensive. Typical employment domains are:

e Several problems related with the sediment transport of water courses, for instance
the future development of deltas and alluvial fans, the long term evolution of the
bottom of channels, or the aggradation of storage spaces and the consequences of
their scavenging;

e River engineering enterprises, which imply the modification of the channel geometry,
as this can be the case for example for revitalisations or protection measures, where
the consequences of the interventions have to be evaluated;

o Identification and quantification of dangers for the development of risk maps or of
protection and emergency measures, considering the flow behaviour and sediment
deposition both inside and outside of the main channel, as well as erosion danger,
and consequences of debris flows and dam breaks.

e Ecohydraulic application, such as habitat modelling

version 4.0.2 VAW - ETH Zurich 7
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Pre-processing Post-processing

External data Input files Output files Result data

BASEMENT
Topography MyMesh.2dm
’ g a q —_— output.xdmf 0 L
" Numerical simulation iy _ Visualisation
Soil parameters 7

Figure 1.2 Overview of the modelling procedure with BASEMENT

1.3 Modelling Procedure

The modelling procedure involves three stages: the pre-processing, the simulation and
the post-processing (Figure 1.2). A project is usually based on a topographical region on
which one or more scenarios are studied by running appropriate numerical simulations.
Each scenario and all representative parameters with the required type of data should be
defined in advance. The pre-processing stage consists of gathering the necessary external
data in order to obtain the required input file format for the numerical simulation. The
simulation generates output files that can be visualized and modified by external softwares
(e.g. ParaView) in order to represent and interpret the results of the numerical simulation.
It is recommended to organize your files in different directories, considering static and
varying input data of the scenarios.

1.3.1 Pre-processing

Three main types of external data need to be provided for the numerical simulation:
topography, hydrology and sediment data. The pre-processing stage involves the conversion
of external data into appropriate input files that are used in the numerical simulation. The
topography of the investigated region has to be transformed into a computational mesh.
The topographical data types are manifold and may come from a cluster of point with
(x,y,2)-coordinates, cross sections, height contour lines or raster data like a digital elevation
model (DEM). Beside the computational mesh, hydrological and morphological data have
to be determined for the numerical simulation and therefore converted into series data,
constant or dynamic value (e.g. weir activation). The hydrology is characterized by inflow
discharge, friction, water level or local sources and sink. The soil parameters include the
mean grain size, the porosity, sediment density, the roughness, the angle of rest and the
sediment flow.

1.3.1.1 Topographical data

The numerical methods used in BASEMENT are based on a discretization of the domain
topography into river cross sections (for 1D model) or using an unstructured mesh consisting
of triangular elements (for 2D models). These elements are the control volumes (finite
volume of 1st order) for the computation of flow equations and the complex of these
elements forms the computational mesh. The procedure to setup computational meshes
for BASEMENT is introduced in Section 2.0.1.
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1.3.1.2 Hydrological data

The hydrology of the domain can be specified at boundary conditions in case of water
fluxes or over a defined region of the computational mesh if an external source (mass)
like rainfall, local source or sink is considered. The water flux can be implemented as
discharge (m?3/s), h-q relation or as water surface elevation and the external source can be
implemented as discharge or as rainfall precipitation (mm/h).

The type of data can be assigned as a single constant value (lake level, constant discharge,. . .)
or as a time series like a hydrograph or series variable (e.g. h-q relation) or as dynamic
in case of weir activation or dam collapse. In case of variable water flux (e.g. discharge
hydrograph or rating curve), the hydrological data is stored in a time series data file
(MyData.txt, see Figure 1.2). The simulation module will then interpolate the desired
values to the actual computational time. The source data is either defined as constant or
in a time series.

Initial hydraulic conditions can be defined as dry or defined by setting the values of the
water surface elevation (wse), the velocity in x direction (u) and y direction (v) over the
regions.

1.3.1.3 Sediment data

The river bed is characterized by a porosity and a mean grain size diameter (m) determined
from sediment or line samples. In BASEHPC, the simulation works only for uniform
sediments.

The sediment flow is defined as a specific bedload and/or suspended load flux, which is
averaged and evenly distributed over the stringdef length (sediment flow boundary). The
sediment boundaries are of type standard (external boundaries). The type of data for the
specific bed load flux is either set constant or defined in a time series as sedimentograph
[m3/s] or in a transport capacity formula, without porosity. For the suspended load
boundary fluxes, the suspended sediment concentration to be used at the boundary must
be specified as either a constant or time series. The reference bed elevation has to be
provided at inflow and outflow boundary conditions of type equilibrium.

1.3.1.4 Dissolved species data

The presence of dissolved species in the flow can be defined as either boundary conditions,
local sources or sinks and also as initial conditions. At present, the maximum number of
transported species is 5. The fluxes of each specie can be defined as discharges (m3/s) or,
alternatively, the concentration [-] of each specie can be set according to user specified
values.

Similarly to the hydrological and sediment data, the tracer discharges or target
concentrations can either be set as constant or defined as a time series. For the case of
fluxes prescribed as boundary discharges, these are distributed evenly along the boundary
length or weighted according to the wet area of the boundary section. In the case of
region-defined local sources, the total discharge is distributed evenly across the region’s
area. In the case of a prescribed target concentration at boundaries or sources this value is
uniformly applied to the entirety of the boundary length or region area, respectively.
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1.3.2 Simulation

The software system BASEMENT encompasses the numerical simulation, composed of
numerical subsystems, executables binary files and interfaces to the infrastructural software
like the pre- and post-processors. More details concerning the simulation workflow are
described in Section 3.

1.3.3 Postprocessing

1.3.3.1 Output Files

The BASEMD::BASEchain and BASEMD:BASEplane models provide different output
variables and formats. BASEchain results are in ASCII format in tabular form ready
to drag and drop to spread sheet software. BASEplane results are stored in a binary
HDF file format (.h5) to be converted to xdmf format using the result binary of the
simulation workflow. Available output variables and formats are summarized in the manual
“Introduction and Installation”, section Section ?7.

1.3.3.2 Result Visualization

The visualization of results is separated from the software system BASEMENT and can
be done with independent products using a well-defined common interface. The output
are available as an extensible data model format “results.xdmf” (see Figure 1.2) for the
cell centered outputs or in a text format (.csv) for the nodestring output. The software
ParaView and QGIS enables to visualize the results stored in “results.xdmf”.
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2

Grid Generation

2.0.1 General

Computational meshes must be generated to perform numerical simulations with the 1D
(BASEMD::BASEchain) or 2D (BASEMD::BASEplane or BASEHPC::BASEplane) models.
For BASEchain, the computational mesh consist of river cross sections. River cross section
geometry data can be imported from survey data, generated by tools or defined by hand (see
Section 2.1). For BASEplane, an unstructured mesh consisting of triangular elements must
be generated. For that purpose, BASEMENT provides the tool BASEmesh (Section 2.2)
but other grid generation software may work as well.

2.1 1D grid generation

2.1.1 The “BASEMENT 1D Grid File Editor”

The 1D grid file editor of BASEMENT is integrated into the GUI of version 4 (Tools-menu)
and can be used to create or adjust computational grids for BASEchain. If you have an
existing 1D grid from HEC-RAS or in GEWISS format, please refer to the conversion tools
provided on the BASEMENT website (basement.ethz.ch/download/tools). If you would
like to create a 1D grid from scratch, we suggest to use the tool BASEchange from the
BASEmesh package.

2.1.2 Edit Existing Geometry File

After opening a 1D grid file with the 1D Grid File Editor (see Figure 2.1), in the left part
of the window a list of all cross sections is shown where the cross sections can be seen and
selected. In the right part of the window a visualization of the whole subdomain with all
cross sections is drawn and new cross sections can be created with the Add Block option.
The subdomain view allows zooming and shifting of the display and the selection of a
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13 D:/BASEMENT_PROJEKTE/Coupling/V1/Aare1_topo_korrigiert_neutr.bmg - BASEMENT 1D grid file editor [M=[=]
Fie Tods
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Figure 2.1 Grid File Editor — Subdomain View

specific cross section by double clicking. If a cross section is selected then the view changes
to the cross section view.

The real (usually curved) shape of the stream can only be illustrated if all cross sections
are geo-referenced and if all corresponding data is set (the orientation__angle and the
left_point__global__coordinates must be set for each cross section). If these data are not
given than the cross sections are drawn along a straight line.

2.1.3 Create New of Edit Cross Section Data

If a specific cross section is selected or a new cross section is created, than a profile view of
the selected cross section is shown (see Figure 2.2). With this visualization of the profile
one can easily check for input errors in the geometrical definition of the cross section profile.
Furthermore, the most important cross section parameters are indicated visually with
different colours, like e.g. the definition of the main channel, the range of the soils, the
friction parameters, the cross section fixpoints, etc. Again, one can visually check if these
parameters are set up correctly and thus easily detect type errors. New input tags can be
added and the validation message box shows warnings or errors if some problematic inputs
have been made.

For details on how to set up a new cross section and for information about the various
cross section parameters see the 1D tutorial, hydrodynamics and sediment transport at
the river Thur.

2.1.4 Tools

BASEMENT supports several tools which support the user in creating and modifying the
1D grid file. In the following sections some information about the usage and the methods
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Figure 2.2 Grid File Editor — Cross Section View

of these tools are given. Please be aware that some of the offered tools are still in a
beta-status.

2.1.4.1 Edit Raw

Another way to edit a grid file is to edit the grid file in raw text mode. For this purpose
choose Tools on the menu bar and select Edit Raw. The Editor window will pop up as
shown in Figure 2.3. In the lower part of the window the Input is validated and possible
parse errors are indicated. For the sake of completeness it is mentioned here that the grid
file can still be built up and edited with a simple text editor.

2.1.4.2 Friction

With this tool (see Figure 2.4) the friction value of the main channel, the forelands and
the bottom can be assigned to a range of consecutive cross sections. The names of the first
and the last cross section of the range have to be given.

2.1.4.3 Remove Nodes

Cross sections often consist of a large number of nodes and slices which consumes significant
computational performance. If multiple nodes lie on a straight line within the cross section
there is redundant information present which can be removed without reducing the accuracy
of the computations. Therefore identifying and removing these redundant nodes is a frequent
and recommended task before running the simulations. BASEMENT offers a tool which
performs this task automatically without need for costly manual operations.
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Figure 2.3 Grid File Editor: Raw Edit Window
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Figure 2.4 Friction assignment

14 VAW - ETH Zurich version 4.0.2



BASEMENT System Manuals 2.1. 1D grid generation

E:: Matching tolerance @

Max deviation From line For node ko be remaoved:

o]

fb.os0 £

[ ()% l [ Cancel

Figure 2.5 Node remowval dialog for setting up the tolerance
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Figure 2.6 Schematic sketch of node removal

To access this tool open the Tools menu and click on the Remowve nodes option. The dialog
opens as shown in Figure 2.5:

In this dialog you can define the maximum tolerance by which a node may deviate from the
straight line of its two neighbours. If the node lies within this tolerance the node removal is
applied. If you set the tolerance to small values only nodes are removed which are almost
exactly situated on the line. If you increase the tolerance more nodes will be removed but
some more information about the cross section profile may get lost. Usually one should try
different tolerances until the best compromise between computational performance and
accuracy is found. Also, the algorithm can be applied multiple times.

The applied algorithm loops all nodes of the cross sections and checks if a node is situated
on a straight line between its two neighboured nodes (considering the given tolerance). If
this is the case the node is removed from the profile (see Figure 2.6). Nodes which are used
as fixpoint or which are explicitly referenced by a slice_index range are excluded from the
algorithm and cannot be removed automatically.

Guess Active Range

This tool provides a definition of the active range where it is not yet defined. For this
purpose the lowest point of the cross section is searched and then the highest points to the
left and the right of it (usually the dam crests) are set as limits of the active range. The
definition of the active range can always be changed manually by the user in the interface.
As an example on how the active range is set see Figure 2.7.

2.1.4.4 Guess Fixpoints

This tool provides the definition of some fix points, which are needed for a correct
interpolation of new cross sections between existing cross sections. So this should be
done before an interpolation is executed. The fix points are displayed in red. The points
which are automatically set as fix points are:

e The limits of soils
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Figure 2.7 In red the guessed fix points for cross section interpolation

e The limits of the main channel
e The limits of the active range

e The midpoint of the main channel.

It is recommended to check the points visually and add other important points, especially
on the break lines. For the interpolation all involved cross sections must have the same
number of fix points.

2.1.4.5 Interpolation

First of all, before an interpolation of 1-D cross sections can be performed some information
is needed about the spatial alignment of all cross sections in the x-y plane.

There are two main tags which determine the spatial orientation of the cross section which
are crucial for the interpolation algorithm. The orientation__angle provides the information
which is needed for the orientation of the cross sections. This is the angle between the
normal vector of the cross section and the vector in x-direction (1,0). Consequently,
in a fully straight channel in x-direction all cross sections would have the angle 0°. If
the orientation angle is not given it is set to this value. The other essential tag is the
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Figure 2.8 Curved alignment of the cross sections.

left_point__global__coordinates. This parameter sets the global (real world) x,y,z-coordinates
of the outer left point of the cross section. This parameter in combination with the
orientation angle delivers all needed information about the spatial configuration of the
cross section. If this coordinates are not given the value of distance_coord is used for x
and the elevation of the first point on the left for z. y is set to negative distance of the
first point on the left from the middle of the cross section. If both parameters are set
for all cross sections, one can see the curved alignment of the stream in the right-hand
visualization (see Figure 2.8).

The algorithm of the cross section interpolation is briefly sketched in the following. To
grasp the meaning of the different parameters it is helpful to understand the basics of this
interpolation algorithm.

This interpolation algorithm bases on the creation of spline curves (a spline is a special
polynomial function which is often used for smooth interpolations between given points).
For each fixpoint of the cross sections such a spline curve is determined which connects all
the corresponding fixpoints with each other in a smooth way. Therefore every cross section
must have the same number of fix points. Furthermore, the spline curves have the special
property that they are aligned orthogonal to each cross section profile.

After the spline curves have been calculated, the positions of the new interpolated cross
sections are determined in given intervals along the spline curves. As soon as these
positions are known, the cross sections are created orthogonal to the tangent direction of
the master spline. To determine the fixpoints of the new cross sections the intersections
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Figure 2.9 Setup dialog for the cross section interpolation

of this orthogonal cross section line with all spline curves (of the other fixpoints) are
calculated. Finally the new cross section points are determined in between the fixpoints in
a given transversal distance interval. The elevations of the cross section points are finally
determined using a weighting procedure between the elevations of the left and the right
cross section.

In Figure 2.9 the setup dialog for the interpolation is shown. The different parameters are
explained briefly in the following. By clicking on Interpolate the interpolation of the cross
sections finally starts if all data is available.

First of all the Range of the interpolation must be defined. This is done by specifying two
subsequent cross sections which are chosen from a list of all existing cross sections in the
drop down menus.

Another important parameter is the Longitudinal spacing which determines the resolution
of the interpolated grid. Enter the maximum distance between two interpolated cross
sections in [m]. If you choose a small value than many cross sections in small distances
will be generated, if you choose a large value only few cross sections in large distances will
be generated. The optimal choice depends on the type of simulation.

Furthermore, also the Transversal spacing can be specified. It determines the spacing of the
points in the newly generated cross section profile. There are two possible choices here two
determine the transversal spacing. You can either explicitly specify the maximum distance
in [m] using the first option. Alternatively, by using the second option, the distance is
chosen automatically from the left and right cross sections by the interpolation algorithm
(local segment spacing).

The alignment of the new cross sections in the x-y plane can be determined with two
different methods in the Interpolation Alignment section. The Fixpoint Spline Alignment
means that the cross sections are always oriented orthogonal to the master spline’s tangent
direction. Alternatively, by using the option Interpolate Angle the orientation of the new
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cross section is determined by interpolation of the orientation angles of the left and the
right cross sections. This latter option is recommended in strongly curved streams in order
to prevent overlapping cross sections.

Finally in the Spline controls section some parameters of the spline calculations can be
adapted to special needs. The Strength of spline orthogonality parameter determines if
the spline always must be completely orthogonal to the cross sections or not. In strongly
curved streams some relaxation from strict orthogonality (different from 1.0) may lead
to nicer shaped spline curves. Some variations and iterative testing with this parameter
may improve the interpolation result in such situations. Finally, also the fixpoint that
determines the master spline can be chosen. The master spline thereby is the spline which
determines the orientation of the interpolated cross sections.

Please note: In order to generate a 2D mesh from a given 1D mesh, this interpolation
option can be very helpful in combination with the Export DTM option.

2.1.4.6 Export DTM for BASEplane

This tool enables the user to convert a 1-D BASECHAIN_GEOMETRY (Figure 2.10) into
a digital terrain model (DTM) for further processing in SMS and BASEplane. The main
application for this tool is to be found in combination with the Interpolation tool (see
Section 2.1.4.5): In a first step the cross sections are interpolated with the Interpolation
tool in order to get a smooth river topography. In a next step the DTM is exported with
the Ezport DTM for BASEplane tool (on the menu bar choose Tools). The generated DTM
can be imported in SMS. Although the file is of .2dm type it can be easily converted into
scatter points (DTM) in SMS. Then it can be used for the interpolation of the elevation
information on any computational mesh.

Basically a computational mesh can be obtained directly from the Ezport DTM for
BASEplane tool, if the interpolated cross sections are chosen in a close and optimal
distance to each other. Nevertheless it is suggested to generate the mesh properly in SMS
and to consider the generated DTM just as a terrain model from which to get the elevation
information.

2.2 2D grid generation with BASEmesh QGIS plugin

In order to provide a free and open source solution for the creation of computational
meshes, the plugin BASEmesh for the open source geographic information (GIS) software
QGIS was developed. The plugin utilises Jonathan R. Shewchuk’s advanced mesh generator
Triangle (Shewchuk, 1996) as its meshing algorithm.

BASEmesh version 2.x is compatible with BASEMD and BASEHPC, but requires QGIS
version 3.10 or higher. For versions of BASEmesh compatible with QGIS v2.18 or versions
lower than v3.10, please refer to the compatibility section on the BASEmesh Website.

2.2.1 Installation

BASEmesh is available for installation through a custom plugin repository which is not
included in QGIS upon installation. The BASEmesh plugin repository must be added to
the QGIS plugin manager by the user prior to installation.
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To install BASEmesh, follow these steps:

1. Start QGIS

2. Load the QGIS plugin manager by choosing Manage and Install Plugins... in the
Plugins category of the QGIS toolbar

3. Select Settings from the left panel
4. Click on Add... and provide a descriptive name, e.g. ‘BASEmesh Plugin Repository’

5. Specify the repository address: https://people.ee.ethz.ch/~basement/qgis_ plugins/
qgis_ plugins.xml

6. Press OK to confirm; a new entry has been added to the list of plugin repositories
(make sure the Status reports as connected before continuing)

7. Select All from the left panel of the plugin manager and search for ‘BASEmesh’

8. Choose the BASEmesh plugin (if several are available, choose the one with the highest
version number) and press Install Plugin

9. Close the plugin manager. A new toolbar should have appeared and a BASEmesh
entry added to the Plugins category of the QGIS toolbar

2.2.2 Fundamentals

Computational meshes used with BASEplane (applies to BASEMD::BASEplane and
BASEHPC::BASEplane) are of the format “2dm” (see Aquaveo XMS Wiki). The plugin
BASEmesh for the free and open source geographic information system software Quantum
GIS (QGIS) provides automated routines for mesh generation in case of a small or large
meshes. The breaklines, the definition of boundaries and the generation of the quality
mesh are steps of the mesh generation process using BASEmesh.

2.2.2.1 Breaklines

Breaklines affect the quality mesh outcome by preventing the meshing of elements over
them during the meshing process. Breaklines enable to delineate the limits of the quality
mesh as well as relevant regions like buildings or zones of local mesh refinement. These
regions are characterized by marker points (Regiondefs) that allow the user to divide the
computational mesh into areas of common features for the numerical simulation, e.g setting
different initial friction values or definition of an external source over a specific region of
the mesh.

Breaklines are important and should be carefully defined with the consideration that the
computational mesh attributes a single elevation to the cell center. There is a risk of lost
geometrical accuracy at locations of distinct change of slope (e.g. levee crests or river side
walls) or where the cells are required to have a determined and fixed elevation (riverbed,
bank crest, etc.). In order to overcome this issue, areas of fixed or known elevation need to
be delimited by breaklines as regions to ensure that the right elevation is assigned to the
cell.
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2.2.2.2 Boundary Conditions

Boundary conditions control the water and sediment flow into and out of the domain.
Boundary conditions are defined on STRINGDEFS, i.e. on a selected sequence of successive
vertices (with direction) located either inside or at the boundary of the computational
mesh. The sequence of vertices along the stringdef gives the stringdef’s direction with a left
and right side. The upstream flow direction must be defined by the user during the setup
stage of the numerical simulation and has to be set according to the stringdef definition,
i.e. direction.

There exists three types of boundary conditions, the external (standard), internal and linked
boundaries. The external boundaries are defined on the domain boundary, while the internal
boundary is defined inside the domain. Linked boundary conditions connect two stringdefs
inside or on the boundary of the domain. More information about the type of boundaries
and their features can be found in the Reference Manual. The “upstream_ direction” is
determined by placing yourself on the first node of the stringdef and looking into the
direction of the second node of the nodestring. Then, determine whether “upstream” is on
your left or right side.

STRINGDEFs can be defined on nodestrings, which are listed at the end of the
computational mesh file “MyMesh.2dm”.

Please Note: In BASEHPC, the number of nodes per nodestring is limited to 40, i.e. larger
nodestrings must be split up.

2.2.2.3 Mesh Quality

The quality of the mesh is defined by the size and number of mesh elements that compose
the computational mesh. Regions of high interest need some mesh refinement to get higher
accuracy and regions of lower interest often have a coarser mesh. Two parameters are
characterizing the mesh quality: the maximum element area and the minimum element
angle.

The maximum element area is assigned to cluster of elements, i.e. specific region surrounded
by breaklines and can vary among the zones. The minimum element angle is a parameter
defined over the entire mesh. Smaller angles lead to less elements, while larger angles lead
to more elements.

2.2.3 Mesh generation workflow

The following section covers the basics of mesh generation using version 2.0 of the BASEmesh
plugin. For in-depth parameter explanations and advanced use-cases, refer to the BASEmesh
Manual and the Tutorial Introduction to BASEmesh.

Mesh generation in BASEmesh v2.x is performed in two steps. First, a 2D quality mesh is
generated using Triangle, which is then interpolated using one or more elevation sources.
Elevation sources are either existing meshes containing elevation data (TIN), or raster
data in the form of a digital elevation model (DEM). This interpolation can be performed
for the mesh nodes (BASEMENT v2.8, BASEMD), the mesh elements (BASEMENT
v3.x, BASEHPC), or both, which allows use of the same computational grid for both
environments.
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2.2.3.1 Quality mesh generation

The quality meshing utility provides a QGIS interface to the Triangle advanced mesh
generator. As Triangle is two-dimensional, the generated mesh will not contain any elevation
information.

The following constraints are available to control the mesh generation process:

e DBreak lines: A map layer containing lines or line strings representing distinct
interruptions of the surface slope (e.g. dyke crests, river side walls, ...) which
will be preserved in the computational mesh. Note that you do not have to include
break lines for node string definitions (see String definitions description below).

e Dividing constraints: An integer layer attribute used to split a break line before
meshing. This is useful when using inner boundaries in BASEMENT, as the number
of mesh elements at the upstream and downstream interface must be equal.

o Constrained points: Additional points to enforce during triangulation, such as a
known measurement point.

o Minimum angle constraint: The minimum angle enforced for any mesh elements
generated. This heavily affects the element count of the resulting mesh.

e Maximum area constraint: A global maximum area for any mesh elements generated.
This will be overridden by any region-specific area constraints defined (see below).

In addition to the global mesh quality constraints, additional constraints may be defined
for individual mesh regions. A region is any closed loop of break lines, the constraints are
then applied by placing a point marker within a region.

These markers may specify up to three flags:

e Hole marker: Regions marked as holes will be carved out of the resulting mesh. This
flag is mutually exclusive with the other flags.

e MATID: Specify the material ID for any mesh elements generated within this region.

e Mazimum area: This allows overriding the global maximum area constraint for mesh
elements in this region.

In BASEMENT an ordered list of neighbouring node IDs is called a string definition (aka
StringDef) or node string. In BASEmesh v2.x, the quality meshing process can be used to
define the StringDefs of break lines. They are defined through line strings in a separate
map layer and will be preserved in the resulting mesh as break lines. The following outputs
can be generated related to StringDefs:

e String definitions layer: A map layer containing lines defining the node strings.

e String definition ID field: The unique name attribute of a given string definition.
Required for node string identification.

e Include in 2DM node strings: If checked, the node strings will be written into the
2DM mesh file using NS tags. Required for BASEMENT v3.x.
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o Write to sidecar file: If checked, the node strings will be written into a separate text
file. Require for BASEMD.

Note that BASEHPC does not allow more than 200 nodes per node string; split your string
definition lines if your meshing parameters generate meshes exceeding this limit.

2.2.3.2 Elevation mesh generation

The elevation meshing utility generates mesh geometries in the SMS 2DM format from
existing 3D input geometries. It is provided to allow generation of TIN elevation data from
geometries and is not necessary if you already have raster (DEM) elevation data for your
quality mesh.

You can use the BASEmesh/Converters/Convert legacy layer utilities in the QGIS
processing toolbox to create 3D geometries from 2D geometries with elevation attributes
as used in previous versions of BASEmesh. Only layers containing elevation information
will be displayed for this step.

Key parameters for the elevation meshing utility:

e Line segments: A map layer containing 3D lines or line strings constraining the
generated output geometry.

e Fized points: A map layer containing 3D points used to further constrain the
triangulation.

o Keep convex hull: If selected, the convex hull of the input data is kept and used as
the mesh boundary.

o Shrink to segments: If selected, only closed areas enclosed by break lines are included
in the generated mesh.

Note that in BASEmesh v2.x, there is no more differentiation between the mesh domain
(aka. mesh boundary polygon) and the mesh break lines layer. For behaviour similar to
previous versions of BASEmesh, merge the mesh boundary polygon lines into the break
lines layer and select the Shrink to segments option as your mesh domain.

2.2.3.3 Mesh interpolation

The interpolation step converts the flat quality mesh generated by Triangle into a
suitable computational mesh for BASEMENT. For BASEMD, this means adding elevation
information to the mesh nodes, for BASEHPC, the elevation information is added for the
mesh elements instead. This interpolation is done from one or more interpolation sources,
i.e. elevation meshes (TIN) or raster data (DEM).

In basic mode, a single elevation source may be selected, though multiple elevation sources
are allowed in advanced mode - refer to the Interpolation utility’s help panel for details.

Be aware that the interpolation process can be time consuming for large meshes. While it
is possible to interpolate both the mesh nodes and elements, this will also double the time
required to complete the interpolation process.
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Simulation workflow

3.1 General

The simulation workflow of the software system BASEMENT (light grey rectangular
background on Figure 3.1) is composed of three parts: the pre-simulation, the simulation
and the post-simulation. Each part contains an executable (red rectangles) and a command
file (.json). The command files are in standardized file format of type JavaScript Object
Notation (.json) with an independent language and syntaxe. Binary files (green cylinders)
of HDF5 type (Hierarchical Data Format version 5, www.hdfgroup.org) work like containers
that can store large amount of data and thus allow the division of the numerical simulation
in three parts. The input and output data files are located outside of the simulation
environment (Figure 3.1).

The pre-simulation consists on setting up the model for the simulation. The hydro- and
morphodynamic parameters are defined inside the command file model.json. The setup
executable combines the computational mesh (MyMesh.2dm), external required data
(MyData.txt) and the command file (model.json), validates the model and stores it inside
the binary setup.h5.

The simulation part runs the simulation on a selected backend type. It combines the

BASEMENT

pre-simulation simulation post-simulation

MyMesh.2dm
— —

o i |
=)

model.json simulation.json results.json

Figure 3.1 BASEMENT simulation workflow
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model (setup.hb) stored in the first container with the command file simulation.json, where
the simulation parameters are defined (e.g. execution time, output). The results of the
simulation are stored in the second container (results.h5).

The post-simulation part transforms the simulation result file into output data that can
be processed by the user. The type of output format (e.g xdmf) is specified inside the
command file results.json. The post-simulation process is based on python scripts.

3.2 Pre-Simulation

3.2.1 Command Files

The first command file model.json defines the parameters required to run a numerical
simulation on the generated computational mesh. In this command file, either the BASEMD
or the BASEHPC module must be selected.

The geometry block gives information on the computational mesh used for the 2D simulation.
The name of the computational mesh or its path have to be specified. If a computational
mesh of module BASEMD::BASEplane is used, an elevation interpolation method has to
be defined. If no interpolation method is specified, the default interpolation method “mean’
is selected. In the STRINGDEF block, the stringdefs must be listed by their name and the
upstream flow direction should be indicated as either left or right (see Section 2.2.2.2). The
in the REGIONDEF block, regions can be defined by listing a region name and assigning
cells to that region via the MatID from the .2dm mesh file. Currently, each MatID should
only be assigned to one region. Assigning an already assigned MatID to another region
will overwrite the assignment to the previous region.

)

The hydraulics block contains the information about the initial conditions (dry, continue,
region__defined), the parameters (CFL, minimum water depth,. .. ), the boundary conditions,
friction values, external sources and flood tracking. If the initial conditions are defined
via regions, dry initial conditions are assigned for cells which do not belong to any regions
from REGIONDEF or whose region is not specifically assigned initial conditions. The
boundary conditions are defined by giving the corresponding STRINGDEF name and the
required type (standard, linked or internal). The friction value of a cell is set to the default
friction value unless specified otherwise via regions. Regions can futher be used to specify
external sources. The flood tracking feature will track the maximum values of the water
depth, flow velocity, specific discharge, bed shear stress and the flood arrival time.

The morphology block contains all information for setting a morphological simulation
with uniform bedload transport. The bed material, the bedload transport formula, initial
conditions and parameters like porosity and sediment density are required. Standard
bedload boundary conditions characterize sediment inflow and outflow. The curvature
and lateral bed slope effects can be activated in order to influence the bedload transport
direction. Further, gravitational transport processes can be activated.

The command file model.json does not give any information about the duration of the
simulation or the type of output. These are implemented in the next command files.
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3.2.2 Model Setup

The setup executable gathers the different input files and generates the run file for the
simulation stored in binary format (setup.h5). It validates the model before starting the
simulation.

3.3 Simulation

3.3.1 Command File

The command file simulation.json contains information about the simulation time, the type
of output (see Table ?7) and optionally the minimum and maximum time step allowed.
The user can define the start time, the output timestep and the end of the numerical
simulation. The water surface, the water depth, the flow velocity or the change in bed
elevation are examples of specific output that can be defined inside the command file. The
output is generally defined on the mesh elements except for the hydraulic and sediment
discharge, calculated at flow boundaries (nodestrings).

The command file simulation.json is coupled to the setup file stored inside the first container
(setup.hb) in order to run the numerical simulation on a selected backend type. The results
are stored as “results.h5” inside the second container.

3.3.2 Model Backend

The backend type can be selected between central processor unit (CPU), graphics processor
unit (GPU) or a combination of GPU and CPU. The CPU provides sequential or
multi-threading (OpenMP) backends. The backend types that support the numerical
simulation are:

e seq: sequential execution on the CPU
e omp: multi-threading using OpenMP technology
e cuda: GPU
e cudaC: GPU with some kernels running sequentially on the CPU
o cudaO: GPU with some kernels running in parallel (OpenMP) on the CPU
All the backends execute the numerical simulations in double precision (default) and can

be changed to single precision. For simulation running on CPU, the number of cores has
to be given as argument.

3.4 Post-Simulation

The post-simulation converts the simulation results stored in the second container
(results.hb) into a defined output format. The name and the output format are specified
inside the command file results.json. At the moment, only the .xdmf file type is available
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(Figure 3.1). The output.xdmf file can be modified by the user using the software ParaView
to present the simulation results in a proper way.

A python script BMv3NodestringResulty.py is available for extracting the stringdefs results
(discharge) stored in the results.h5 binary and converts them in a text format (.csv). The

available outputs are listed and described in Table 3.1.

Table 3.1 Output of the post-processing python script BMuv3NodestringResulty.py

Output Description
Mean wse mean water surface elevation [m]
Discharge total normal water discharge Q [m?3/s]

Wetted area

Mean bottom elevation
Reference elevation
Wetted geometric length

Total water volume stored in cells

Total cells conveyance

Morphological flux

Bedload transport

total wetted area of the edges belonging to the
NS [m?]

mean bed elevation of wetted edges [m]
reference elevation (talweg) [m]
wetted geometric length [m]

total water volume stored in the cells belonging
to the NS

total conveyance of the cells belonging to the
NS

total normal morphological flux [m3/s] as
compact volume, no porosity (output)

total bed load transport capacity [m3/s| as

compact volume, no porosity

3.5 Re-Run Simulation

The concept of rerun is to execute the same setup file (setup.hb) by fetching the initial
conditions from the result file (results.h5) without parsing the command file model.json.
It allows to continue a simulation from given results, thus obtaining a longer simulation
without starting from the beginning. Other parameters can be modified like setting different
output time step or adding/removing an output type. The rerun is activated by setting
a start time larger than zero and the initial conditions are taken from the result file
(results.hb) that should be copied inside the setup file.
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Figure 3.2 BASEMENT simulation workflow with restart and re-run processes

3.6 Restart Simulation

Restarting a simulation (Figure 3.2) means to modify the parameters of the command
file model.json, while fetching initial conditions from an existing result file (results.h5). It
allows, for example to run two different simulations one after the other, e.g. by adding bed
load transport after a purely hydraulic simulation that reached steady state.

The block containing the initial conditions (model.json) is set as continue and the existing
result file name with the time at which the new simulation start is specified inside the
command file. The command file simulation.json indicates the desired end of the simulation
and the output time step. The starting time is still required and should be set to 0.0.
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4

Graphical User Interface (GUI)

4.1 General

The BASEMENT graphical user interface assists the user with model configuration,
numerical simulation and result export. For this purpose, the application provides a
convenient way to edit the JSON configuration files and to select and run the backend
executables.

4.2 First Steps

Once started, the BASEMENT user interface application displays the welcome screen (see
Figure 4.1). Notice that all the tabs except for ‘BASEMENT” are deactivated. The first
and most important step when using the application is to select the scenario directory.
This directory will contain all the configuration and output files that the application reads
and writes. To select a scenario directory, click the button with the “Open” icon and select
a folder using the folder selection dialog.

4.2.1 Scenario Directory

A scenario directory can only be opened by a single instance of the application at a time.
A temporary ‘scenario_ directory.lock’ file is created in the scenario directory to enforce
this constraint. This file signals that the directory is locked until the application is closed.
If the scenario directory does not exist (this is checked regularly by the application) then
an error icon is displayed in the scenario directory text field.

4.2.2 Load and Save

The JSON configuration files stored in a directory are loaded when it is selected as a new
scenario directory. All currently unsaved changes are discarded after the user accepts the
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Figure 4.1 Welcome Screen

corresponding warning. To save the three JSON configuration files for setup, simulation,
and results into the current scenario directory click the button with the “Save” icon.

The tab ‘Setup’ is activated and selected as soon as a valid scenario directory has been
chosen.

4.3 Setup

The setup screen (Figure 4.2) is designed for scenario parameter definition. The main
part, the JSON editor, contains three columns: ‘Parameter’, ‘Value’, and ‘Validation’. The
name of a JSON item (a parameter or a group of parameters) is displayed in the column
‘Parameter’, its value is displayed in the column ‘Value’ and the corresponding validation
messages are shown in the ‘Validation’ column. Note that the button ‘Write’ is deactivated
as long as the validation fails due to invalid parameters. Initially, only the item ‘Setup’ is
present.

4.3.1 Adding and Deleting Items

To add a subitem to a parameter group (i.e. a JSON array or a JSON array), right-click on
the item to open a context menu as shown in Figure 4.3. Select the item that you want to
add for JSON objects or click the generic ‘Add item’ for JSON arrays. Once selected, the
new subitem and all required sub-subitems are created automatically with default values
(if available). Press Ctrl+Shift+A to expand all parameter groups quickly.

To delete a JSON item, use the context menu and select ‘Delete item’. Deleting parameter
groups deletes the group and all contained items (after displaying a warning).
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4.3.2 Help and Parameter Values

If you want to see the help for a parameter, mouse-over the parameter name and a
tooltip with a parameter description appears. Double-clicking a parameter value opens
a type-specific editor. In particular, you can click the “Open” icon to select a file for
parameters that expect a file name (see Figure 4.4).

4.3.3 Run BASEMENT Setup

Click the ‘Write’ button to write the JSON file and to run the setup executable in the
background when you are done with configuring the scenario parameters (the names of
the written files are displayed next to this button). A closable console tab is opened. This
tab contains two views: ‘Console Output’ and ‘Error Output’. The first view contains
information about the status from the running BASEMENT setup process. The second
view, ‘Error Output’, contains error messages from this process. If everything went well,
all the files are successfully written and the ‘Simulation’ tab is activated.

4.4 Simulation

The simulation screen (Figure 4.5) is enabled if the file ‘setup.h5’ exists in the scenario
directory. Use this screen to edit and review the parameters required to run the numerical
simulation. The JSON editor works just like the editor in ‘Setup’, but of course the
available parameters are different and only the item ‘Simulation’ is present initially.
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4.4.1 Selecting the Simulation Backend

The simulation screen also provides a way to select the simulation executable and command
line flags: Choose the number of CPU cores that shall be used for the simulation, whether
you want to compute on the GPU and the precision of the simulation using the controls
on the lower end of the screen. Clearly, the number of CPU cores can only be set for
multithreaded simulation backends.

4.4.2 Run Simulation

When all the parameters are defined and valid, click the button ‘Run’ to launch the
numerical simulation. Again, this will save the JSON configuration file and start the
simulation backend in the background (the names of the files that are written are displayed
next to the button). Track the progress of the simulation using the progress bar or click
‘Abort’ to abort. If everything went well, all the files are successfully written and the
‘Results’ tab is activated.

4.5 Results

The results tab (Figure 4.6) is enabled if the file ‘results.h5’ exists in the scenario directory.
It can be used to define the export parameters. Again, the JSON editor works just like the
editor in ‘Setup’. Initially, only the item ‘Results’ is present.

When all the parameters are defined and valid, click the button ‘Export’ to save the JSON
configuration file and generate the output. If everything went well, the exported file (and an
auxiliary results file in the case of export to ‘xdmf’) is successfully written to the scenario
directory and is available for post-processing.
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5

Run the program

5.1 Graphical user interface (GUI)

The installation and executing of the BASEMENT software is described in the part Setup
and First Start of the “Introduction and Installation” of this manual. Further details
concerning the GUI of BASEMENT are explained in Section 4.1.

5.2 Batch mode under Linux

Executing a simulation with BASEMENT normally opens the graphical user interface
(GUI) and requires some input from the user, e.g. to select the model data and to confirm
warnings generated by the program at the start and during run-time. But BASEMENT
can optionally be started without any graphical interaction and without user input. This
feature is especially useful if one or several models shall be run automatically via batch
or script file. Be aware that executing in batch mode requires special attention, since
significant warnings may be suppressed without being noticed! It is recommended to study
the generated ‘log-file’ after the simulation to check the program output for warnings which
may have been generated during run time.

Executing in batch mode can be specified at the program start of BASEMENT using
command line arguments. The execution of BASEMENT is split in three steps, the setup,
the simulation and the results having their own backend and parameters.

5.2.1 Setup

The setup parameters of the numerical model are defined in the json file (“model.json”).
The setup is executed from the command prompt (console) using the following line:

$ BMv4_setup model.json -o setup.hb

37



5.2. Batch mode under Linuz BASEMENT System Manuals

The arguments of the setup can be obtained in the command prompt (console) with the
help flag ‘-h’. Table 5.1 shows the setup arguments.

$ BMv4_setup -h

Table 5.1 Command line flags and arguments for the setup. Some flags are restricted to
model definitions making use of the BASEHPC module.

Setup flag Definition and arguments

-h , —help display help information

-v , —version displays version information

-0 , —output path to HDF5 output file

-1, log level of debug messages [BASEHPC]
-n , —nthreads number of threads [BASEHPC]

5.2.2 Simulation

The execution of the simulation is executed from the command prompt (console) using the
following line:

$ BMv4_simulation simulation.json setup.hb5 -o results.hb

Different option for running the simulation are available via command line flags, while
some flags, such as the backend type, are only available for simulations with the module
BASEHPC. The following backends are available for simulations with the module
BASEHPC:

e seq
e omp
e cuda
e cudaC
e cudaO

The backend “omp” stands for parallel execution with OpenMP and the number of thread
should be specified. The backend “cuda” stands for GPU simulation. The backend “cudaC”
executes the simulation using a coupled GPU and sequential processor and finally “cudaQ”
uses a coupled GPU and parallel processor. Simulations with the BASEMD module are
always executed with the “omp” backend and the selected number of threads.

The various backends available for the BASEHPC module can also be run with single
precision.

Please note: Using single precision can lead to less accurate results!

The command line arguments of the simulation executable are shown in Table 5.2.
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Table 5.2 Command line flags and arguments for the simulation

Setup flag Definition and arguments

-h , —help display help information

-v , —version displays version information

-p , —progress print simulation progress

-0 , —output path path to HDF5 output file

-b , ~backend name the computational backend to use [BASEHPC]
-s , —single-precision use single-precision arithmetic [BASEHPC]

-n , —nthreads number number of threads (int)

-1, —log level level of debug messages [BASEHPC]

5.2.3 Results

The last backend converts the simulation results into XDMF format. This executable must
only be applied for simulations with the BASEHPC module, or for the BASEMD module
involving a BASEplane domain. The result file (“results.json”) is executed as follow:

$ BMv4_results results.json results.hb -o results.xdmf

The command line arguments for the output generation are listed in Table 5.3

Table 5.3 Command line flags and arguments for the results

Setup flag Definition and arguments

-h , —help display help information

-V , —version displays version information

-0 , —output path to HDF5 output file

-1, —log level of debug messages [BASEHPC]
-n , —nthreads number of threads (int)

The command line argument can be supported in any order.

Note that the ‘xdmf’ output file format contains a reference to the simulation results instead
of copying the data. Also, an auxiliary results file (named ‘output_aux.h5’ if the output
name is ‘output’) is generated when exporting this file format. This has the advantage of
using less storage space, but it also means that the three files (i.e. the simulation results
file, the auxiliary results file, and the generated output file) are required to display the
results. When opening such an output file, the file with the simulation results will be read
from the path specified using the ‘—results’ command line parameter. Therefore provide
a relative path to the simulation results file if you want to be able to move these files to
different locations together.

Of particular interest is the possibility to run BASEMENT in the batch mode without the
GUI to be started. Under Linux this can be done with a shell script. In a shell script, the
three steps as well as several simulations can be run consecutively (for example over the
weekend). To generate a shell script just create an empty text file and replace the ending
“txt’ by ‘sh’ In this file several command lines can be defined as for example:

# Project 1
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BMv4_setup /home/MyUser/Project_1/model.json \
--output /home/MyUser/Project_1/setup.hb

BMv4_simulation /home/MyUser/Project_1/simulation.json \
/home/MyUser/Project_1/setup.h5 \
--output /home/MyUser/Project_1/results.hb \
--backend omp --nthreads 4

BMv4_results /home/MyUser/Project_1/results.json \
/home/MyUser/Project_1/results.h5 \
-0 /home/MyUser/Project_1/mySim_output

# Project 2
BMv4_setup /home/MyUser/Project_2/model.json \
--output /home/MyUser/Project_2/setup.hb

BMv4_simulation /home/MyUser/Project_2/simulation.json \
/home/MyUser/Project_2/setup.hb \
--output /home/MyUser/Project_2/results.h5 \
--backend omp --nthreads 4

BMv4_results /home/MyUser/Project_2/results.json \
/home/MyUser/Project_2/results.h5 \
--output /home/MyUser/Project_2/results.xdmf

To make the shell script executable open to console in the same directory of the shell script
and run

chmod +x myShellScript.sh
Then run the shell script in the console with

./myShellScript.sh

5.3 Batch mode under Windows

Running BASEMENT 4.x in with a graphical user interface under Microsoft Windows
can be done with the same work flow as described in Section 5.2. The syntax of the
PowerShell is slightly different from that of the console. Further, the different backends of
the BASEMENT software package have to be called with the full path of the installation
folder. Note: Folder paths with whitespaces must be written in quotation marks (“%).

For example in the case you installed BASEMENT 4.x in under the path “C:\Program
Files\BASEMENT 4.0.2” and your simulation scenario is stored on drive “F:\” in the
folder “Project__1”, then you should run the simulation with the following three commands:

C:\"Program Files\BASEMENT 4.0.2"\bin\BMv4_setup.exe °
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F:\Project_1\model. json
-0 F:\Project_1\setup.hb

C:\"Program Files\BASEMENT 4.0.2"\bin\BMv4_simulation.exe ~
F:\Project_1\simulation.json °
F:\Project_1\setup.h5 °
—--output F:\Project_1\results.h5 --backend omp --nthreats 4

C:\"Program Files\BASEMENT 4.0.2"\bin\BMv4_results.exe
F:\Project_1\results.json °
F:\Project_1\results.hb5 °
—--output F:\Project_1\results.xdmf

Of particular interest is the possibility to run BASEMENT in the batch mode without
the GUI to be started. Under Microsoft Windows this can be done with a batch file. In a
batch file, the three steps of the simulation workflow as well as several simulations can be
run consecutively (for example over the weekend). To generate a batch file file just create
an empty text file and replace the ending “txt’ by ‘bat’ In this file several command lines
can be defined as for example:

C:\"Program Files\BASEMENT 4.0.2"\bin\BMv4_setup.exe °
F:\Project_1\model.json °
-o F:\Project_1\setup.hb

C:\"Program Files\BASEMENT 4.0.2"\bin\BMv4_simulation.exe
F:\Project_1\simulation.json °
F:\Project_1\setup.hb
—--output F:\Project_1\results.h5 --backend omp --nthreats 4

C:\"Program Files\BASEMENT 4.0.2"\bin\BMv4_results.exe
F:\Project_1\results.json °
F:\Project_1\results.hb5 °
—--output F:\Project_1\results.xdmf

C:\"Program Files\BASEMENT 4.0.2"\bin\BMv4_setup.exe ~
F:\Project_2\model.json °
-0 F:\Project_2\setup.hb

C:\"Program Files\BASEMENT 4.0.2"\bin\BMv4_simulation.exe °
F:\Project_2\simulation. json ~
F:\Project_2\setup.h5 °
--output F:\Project_2\results.h5 --backend omp --nthreats 4

C:\"Program Files\BASEMENT 4.0.2"\bin\BMv4_results.exe
F:\Project_2\results. json
F:\Project_2\results.hb5 °
—--output F:\Project_2\results.xdmf

Then run the batch file by double clicking on it.
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6

Differences between modules

BASEMD and BASEHPC

The specific differences between the BASEMD and BASEHPC modules regarding the grid
generation, the workflow, the model setup, the simulation and result configuration, are
listed in this chapter by tables. Further, the differences are illustrated by a case study.

6.1 General

The specific differences between the BASEMD and BASEHPC modules regarding the grid
generation, the workflow, the model setup, the simulation and result configuration, are
listed in this chapter by tables. Further, the differences are illustrated by a case study. It
it worth to remark that, given the differences summarized later, the numerical solutions of
BASEMD and BASEHPC are not identical, even when conducted on the same domain.
Nevertheless, both version are tested for robusteness, accuracy and convergence.

6.2 Grid topology and generation

Table 6.1 Main differences regarding the computational mesh

BASEMD BASEHPC

Triangular and quadrilateral cells Triangular cells

Dual mesh (cell vertex and cell Cell centered mesh

centered)

Variable bottom elevation over the Constant bottom elevation over the cell
cell
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BASEMD

BASEHPC

Computational mesh in 2dm format
(SMS), including material indices
(stringdefs defined separately in
*.bmc file)

Domain differentiation with
element_ ids

Computational mesh in 2dm format (SMS),
including material indices and stringdefs

Domain differentiation with regiondef

Table 6.2 Main differences regarding the grid generation with BASEmesh

BASEMD

BASEHPC

Single procedure to generate a .2dm
file with BASEmesh

Elevation information stored per
mesh node (node z-coordinate)

Stringdefs can be saved in separate
* bme file for further usage

Manual editing of mesh in Qgis

View of the mesh in 3D

Single procedure to generate a .2dm file with
BASEmesh

Elevation information stored per cell

Stringdefs must be included at the end of the
.2dm file

Not available

View of the mesh in 2D

6.3 Workflow

Table 6.3 Major changes in workflow

BASEMD BASEHPC
Configuration files one command file with three command files with
arbitrary name: *.bmc fixed name: model.json,
simulation.json and
results.json
Data storage results stored in a specified setup and result stored in
format HDF5 container (.h5)
Rerun modify *.bmc file and run modify simulation.json
simulation and run simulation
Restart modify *.bmc and select restart modify model.json and
file select restart file (\h5)
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6.4. Setup

BASEMD BASEHPC
Executables one executable (basement.exe) separate executables for
for CPU & SMP computing GUI, setup, results and for
each simulation backend,
e.g. for CPU, SMP and
GPU
6.4 Setup

Table 6.4 Main changes regarding model setup

BASEMD BASEHPC

Command file type run.bme model.json

Physical properties gravity gravity
viscosity -
rho fluid -

Geometry mesh file mesh file
stringdef stringdef
movable bed -
index_ table regiondef
- interpolation

Table 6.5 Main changes in the hydraulics block of the domain BASEplane

BASEMD BASEHPC
Parameters:
Riemann Solver exact, HLL and HLLC HLLC
Fluid density no (physical properties block) yes
Max time step no (timestep block) yes
CFL no (timestep block) yes

Dynamic depth
solver

water depth from left and
right side of the cell edge and
from center of the right and
left cells

water depth from center of the
right and left cells

version 4.0.2
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BASEMD BASEHPC
Safe mode no yes
Friction
Type Manning Manning
Strickler Strickler
Chezy Chezy
Yalin -
Darcy-Weissbach -
Bezzola Bezzola
Wall friction yes no
Grain size friction yes no
Boundary
Type - Standard
hydrograph uniform__in
uniform_out
- Standard
zhydrograph zhydrograph
Linked

zero__gradient
weir

gate

HQ_ relation

coupling

wall

zhydrograph_ linked,
zhydrograph_ linked_ kinE

zero__gradient_ out
weir__out_ constant,
weir__out__dynamic
Linked

weir linked constant,
weir_linked_ dynamic

Standard
hqgrelation_ out

Linked
2way__hqrelation_ linked,
hqgrelation_ linked
Internal:

wall internal

46
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BASEMD

BASEHPC

File type

Boundary inside the
computational
domain

Turbulence model

External source
Type

Sink behavior

Initial
Type

Flood tracking

hydrograph, weir, gate,
hqgrelation

Inner boundary (weir, gate
and hqrelation)

yes

source discharge

negative source discharge
values

dry
continue
index_table

no

wall internal
hqgrelation__internal

discharge, weir elevation,
hqgrelation, wse

Internal boundary:

wall, dynamic wall and h-Q
relation

Linked boundary:

weir, h-Q relation

yes

total and distributed

exact, available, infinity

dry

continue
region__defined

yes

Table 6.6 Main changes in the morphology block of the domain BASEplane

BASEMD BASEHPC
Parameter
Active layer yes (control_volume) no
Porosity porosity sediment__porosity
Density density sediment__density
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BASEMD BASEHPC

Starting time - (bedload) morphodynamic_ start

morph_ cycle yes no

morphological no yes

factor

time scaling no with morphological factor

Create new layers  yes no

Grid perturbation  distortion -

(random)

Bedmaterial
Grain class

Layer

Fix bed elevation

Bedload

Bedload transport

Closure formula

Single or multi grain classes

Multiple layers

.2dm mesh or node list

Simple upwind scheme

mpim
engelundhansen
mpmh
power__law
mpm__multi
wilcockcrowe
ashidamichiue
parker
rickenmann

Single grain class

Single layer

.2dm mesh or over region (index)

HLL-type Approximate Riemann
Solver (Soares-Frazao and Zech,
2011)

MPM
MPM-like (adaptable)
Engelund and Hansen

Grass-like (adaptable)
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BASEMD BASEHPC
smartjaeggi smartjaeggi
smartjaeggi  multi -
wu -
vanrijn -
Boundary
- Inflow - Standard
sediment__discharge sedimentograph
- sedimentograph_ warea
- sedimentograph_ conveyance
10Up equilibrium__in
transport__capacity transport__capacity
- transport__capacity_ warea
- transport__capacity__conveyance
- Outflow IODown equilibrium__out
Parameters upwind factor -
cell average bedload flux cell average bedload flux (default)
Direction lateral _bed_ slope LATERAL SLOPE

Inner boundary

Incipient motion

Gravitational

transport

Source
Type

curvature effect static
curvature__effect_ dynamic

weir, open

angle_of repose
local__slope_ vanrijn
local_slope_ chen

yes

sediment__discharge
dredge

CURVATURE

Internal:
equilibrium__ linked

repose__angle
van_ rijn
chen et al

yes

sediment__discharge
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Table 6.7 Introduction of the tracers block in the domain BASEplane

BASEMD BASEHPC
Parameters:
Number of species no num_ tracers (max. 5)
Starting time no tracers_ start
Boundary
Type no Standard
discharge__in
discharge in_ warea
concentration_ in
zero__gradient_ out
External source
Type no total and concentration
Sink behavior no exact, available, infinity
Initial
Type no Z€ero
uniform
continue

region__defined

6.5 Simulation

Table 6.8 Main changes regarding simulation parameters

BASEMD

BASEHPC

Command file type

Simulation time

Timestep

run.bme

start _time
total run time
output_ time_ step
restart_ time_ step
console_time step
reference time

initial_time_ step
minimum_ time_ step

simulation.json

start
end
out

init
minimum
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6.5. Simulation

BASEMD BASEHPC
Simulation outputs wse water__surface

depth water__depth

velocity flow__velocity

abs_ velocity

abs _momentum

z element

7z _node

friction

deltaz

tau

specific_ discharge
concentration

susp_ load

susp_ net_ deposition_ rate
susp__grain__conc
susp__deltaz
susp__total__pickup
susp__total__deposition
susp_ grain_ pickup
susp__grain_ deposition
theta_ critical
grain__size
grain__bedload
bedload_ vec
saturation
sediment__sum

pore__pressure

external__source_ discharge
radius_curvature
radius__curvature_abs

flow__velocity__abs

bottom__elevation
friction_ chezy
delta_z
spec__discharge

suspended__conc
delta_z

suspended__theta
theta_ critical

bed_ gradient
theta
trsp__capacity
trsp__capacity__abs
flow_radius
flow__curvature
flood__ tracking
ns__hyd_ discharge
ns_ mor__discharge

turb _k
turb_ reynolds
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BASEMD BASEHPC
momentum -

water table -
biomass -
carrying cap -
source__ friction -

source wall friction -
source__internal friction -
source_bed -
balance_discharge fluxes -
balance _momentum_fluxes - - tracerl
- tracer2

- tracer3

- tracer4
- tracerd

6.6 Results

Table 6.9 Main changes regarding the results parameters

BASEMD

BASEHPC

Command file type
Format

Output Type

run.bme

ascii, sms, tecplot, shape, vtk

node centered
element_centered
BASEviz

node_ history
element__history
stringdef history
edge_ history
boundary_ history
balance

avs_ucd
sediment_ grid

results.json

xdmf

element_centered

nodestring

nodestring

6.7 Case example

6.7.1 Description

This section provides helpful hints for the users already familiarised with BASEMENT.
For beginners, please have a look at the User Manual and the Tutorials first. The objective
of this test case is to illustrate the main differences between BASEMD::BASEplane and
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0 50 100 150 200 250 300 350 400 450 500 m

Figure 6.1 Quality mesh used for the case example with breaklines (red)

BASEHPC::BASEplane. A hydraulic simulation of a simple straight trapezoidal channel
illustrates the changes and differences between the two versions. The geometry of the
channel is specified in Table 6.10.

Table 6.10 Geometry of trapezoidal channel

Type Value Unit
Length 500 m
Bed width 20 m
Bank slope 1/3 -
Bank height 4 m
Bank crest width 2 m
Bed slope 0.2 %
Flood plain width 10 m

6.7.2 Computational mesh
The topology of the computational mesh used for BASEHPC::BASEplane is different than
for BASEMD::BASEplane, see Tables 6.1 and 6.2. This section describes the differences

between the two mesh types and provides a guideline on how to import a v2.x (or
BASEMD::BASEplane) mesh into BASEMENT version 4.

6.7.2.1 Quality mesh

Table 6.11 Quality mesh attributes

Type Value

Number of cells 9418

Number of vertices 4862

Minimum triangle angle 30

Cell maximum area 10

Number of breaklines 8

Regiondefs 3 (channel bed, banks and floodplains)

The quality mesh contains all the mesh attributes defined by the user, i.e. cell size, breaklines,
regiondefs, minimum triangle angle and maximum cell area, but has no elevation information.
The quality mesh of the simple straight trapezoidal channel (Figure 6.1) is identical for
both versions, BASEMD and BASEHPC and its attributes are listed in Table 6.11. The
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— Breakline

Computational mesh

Elevation model

Quality mesh

a) b)

Figure 6.2 Schematic sketch of the elevation interpolation methods with breaklines (red):
a) BASEMD b) BASEHPC

procedure to generate a quality mesh with QGIS using the BASEmesh plugin is explain in
the Tutorial of BASEMENT v2.8 documentation.

6.7.2.2 Computational mesh

The elevation information can be provided by cross sections, height contour lines, raster
data or elevation functions. The computational mesh is generated by interpolating the
elevation data at specific points of the quality mesh.

The main difference between the computational mesh of BASEHPC and BASEMD lies
in the process of attributing the elevation information to the mesh cells. A small surface
area (yellow rectangle, Figure 6.1) is schematically reproduced on Figure 6.2 in order to
illustrate the two approaches used to create the computational mesh.

In BASEMD, the topographic elevation is attributed to the cell vertices (Figure 6.2 a). The
quality mesh defines the location on the elevation model at which the elevation information
will be assigned to create the computational mesh. It results in a continuous interpolation
of the topography between the vertices, displaying a variable elevation over the cell. In
contrast, for BASEHPC, the elevation information is assigned to the coordinate of the cell
center, resulting in a constant elevation over the cell surface (Figure 6.2 b).

Breaklines are used to shape the mesh by separating the domain into specific zones (river
bed, banks and floodplains) of similar feature (e.g. friction, cell mesh density,...). The
edges of cells adjacent to the breakline lie on the breakline. In BASEMD, the elevation
information of the breakline is exactly similar to that of the vertices along it, which allows
to represent clear changes in slope as for example between the bed and the bank. This is
not the case in version 3.x, as the elevation information is not assigned to vertices anymore
but to the coordinate of the cell center. Therefore, the definition of breaklines deserves
some particular attention in BASEHPC, where two or more breaklines need to be defined
in order to obtain cells at desired elevation (e.g. the elevation at the bank crest has to be
garanteed by two breaklines).
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Figure 6.3 Computational grid BASEMD with breaklines (view from downstream)
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Figure 6.4 Computational grid BASEHPC with breaklines (view from downstream,)
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MESH2D #created automatically via meshModel tool
NUM_MATERIALS PER ELEM 1

E3T 1 1155 861 1154 2

E3T 2 137 3166 2145 3

ND 3510 401.701104 0.719666 0.803402
ND 3511 292.228530 35.734722 2.584457
NS 3 6 34 65 123 654 -7 Stringdef_name

Figure 6.5 Lines to add manually to the 2dm mesh file (orange)

The computational mesh of the trapezoidal channel for the simulation with BASEMD is
represented on Figure 6.3 and the computational mesh for the simulation with BASEHPC
on Figure 6.4. The flow direction is from top to bottom.

6.7.2.3 Import of a 2.x to a compatible 4.x computational mesh

The computational mesh of BASEHPC::BASEplane (version 4) can be obtained using a
computational mesh of BASEMENT version 2.x. The import of a 2.x mesh to a mesh
compatible with BASEMENT version 4.x consists of defining a unique elevation value to
each cell from the elevation information of the 2.x mesh vertices.

First of all, the computational mesh version 2.x has to be composed of triangular elements.
The QGIS plugin BASEmesh is used to generate a computational mesh for BASEMENT
version 2.x, the tutorial is provided in the Tutorial of BASEMENT v2.8 documentation.
The computational mesh is saved in a .2dm file and the stringdefs list is saved in a
separate .txt file. In order to use the computational mesh version 2.x for simulations with
BASEHPC::BASEplane (version 4), the .2dm mesh file has to be modified:

1. Add manually the line NUM_MATERIALS PER_FELEM 1 after the 1st line of the
2dm file and copy the stringdefs (list of nodes or nodestring) saved in the separate
text file to the end of the 2dm file (see example Figure 6.5). The “Stringdef name”
must be replaced accordingly. Please Note: The number of nodes per nodestring is
limited to 40. Larger nodestrings must be split up.

2. Inside the model.json file (model setup, see Section 6.7.3), give the name of
the modified .2dm mesh file in the GEOMETRY block and choose between the
interpolation methods:

e Mean: the average elevation of the three cell vertices is calculated

e Median: the median elevation of the three cell vertices is calculated

e Maximum: the maximum elevation value of the cell vertices is allocated to the cell.
e Minimum: the minimum elevation value of the cell vertices is allocated to the cell.

o Weighted: same as for the mean interpolation method, it calculates the average
elevation of the three vertices after applying a weight factor that accounts for the cell
geometry (triangle). The mean and weighted interpolation methods give the same
results in case of equilateral triangle.
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Figure 6.6 Comparison of interpolation methods with the mesh of BASEMD::BASEplane
on a cross section at x= 150 m of the trapezoidal channel with breaklines

The interpolation method defines how the elevation information stored on the nodes of
the computational mesh version 2.x is interpolated in order to generate a computational
mesh compatible with BASEHPC::BASEplane (version 4). The choice of the interpolation
method and its relevance in the numerical simulation is let to the user.

The result of the different interpolation methods is displayed in Figure 6.6, where a
cross section of the trapezoidal mesh illustrates the local differences between the mesh
of BASEMD::BASEplane and the different interpolated meshes used in simulations with
BASEHPC::BASEplane.

Moreover, Figure 6.7 represents the same cross section on the trapezoidal mesh for the
same mesh resolution but with only 2 breaklines defined on each side of the bank crest.
The change in slope at the levee bottom and crest is less distinct compared to Figure 6.6
and most of the interpolation methods can’t preserve the bank elevation. In the case
of a numerical simulation where the exact elevation of the bank is required (e.g. to
calculate the bordfull discharge), the definition of breaklines ensures the conservation of
the bank elevation, independently from the chosen interpolation methods. Otherwise, the
interpolation methods “maximum” and “median” can be appropriate in the situation with
only one breakline defined at the crest.

The regions delimited by breaklines e.g. the levees or the river bed, can be assigned to
different interpolation methods over the computational mesh. Figure 6.8 illustrates the
same cross section but for the trapezoidal mesh with a coarser mesh resolution and with
breaklines. In this example, the bank side facing the river bed could be defined as “mean’
while the other sides (facing the floodplain) could be defined as “maximum”.

i
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Figure 6.7 Comparison of interpolation methods with the mesh of BASEMD::BASEplane
on a cross section at t= 150 m of the trapezoidal channel with only one breakline defined
at the bank crest
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Figure 6.8 Comparison of interpolation methods with the mesh of BASEMD::BASEplane
on a cross section at x= 150 m of the trapezoidal channel with breaklines and for a coarser
mesh resolution
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6.7.3 Setup and simulation

The simulations were performed for all the interpolation methods using BASEMENT
version 4. A simple hydraulic simulation starting from dry initial conditions and with a
progressive discharge from zero to the bankfull discharge (water depth around 4 m) was
running for 20000 seconds. The output data was recorded every 2000 seconds for which
the steady state condition was ensured. The Strickler friction type is used with a value of
30. Standard boundaries are used with the inflow boundary of type ‘uniform_in’ and the
outflow boundary defined as ‘uniform_ out’ The numerical simulation is performed with
the HLLC Riemann solver.

Different files are needed to setup the numerical simulation of BASEMENT version 3:

o Computational mesh (2dm), including stringdef specification
o Configuration files (model.json, simulation.json and results.json)

o Boundary condition data (.txt)

Three configuration files, model.json, simulation.json and results.json replace the command
file (.bmc) of BASEMENT version 2.x. See the User Manual for more information about
their attributes. As decribed in Section 6.7.2.3, the specification of stringsdefs, i.e. the list
of nodes is included in the computational mesh (.2dm) in BASEHPC::BASEplane (version
4).

6.7.4 Results and discussion

In BASEMENT version 4.x, the output data are generated either on cells (cell centered) or
at the boundaries (stringdefs). Various results are available (see Table 6.9 and Table 6.8).

6.7.4.1 Hydraulic results

The result of the simulations with BASEMENT version 4 for different interpolation
methods are compared in a stage discharge rating curve (Figure 6.9). The mesh features
are summarized in Tables 6.10 and 6.11.

The bankfull water depth is 4 m and is represented by the dashed horizontal line. The
bankfull discharge represents the capacity maximum of the channel before water overflows
the channel banks. The smaller channel capacity is reached with the interpolation type
“maximum” and the maximum capacity with the interpolation type “minimum”.

6.7.4.2 Boundary conditions

In BASEHPC::BASEplane, the inflow data is averaged over the boundary length and the
mean value is uniformly distributed over the cell edges. This assumption simplifies the
boundary conditions compared to BASEMD::BASEplane. Figure 6.10 and Figure 6.11
show two simplified representation of the averaged discharge value distribution on
the element edges of the inflow boundary cross section for BASEMD::BASEplane and
BASEMD::BASEplane respectively.
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Figure 6.9 Comparison of H-Q relations between the simulations of BASEMENT v3 for

different interpolation types on the trapezoidal channel at © = 150 m.
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Figure 6.10 Channel cross section and inflow boundary limit in BASEHPC::BASEplane
a) Inflow boundary limit set at levee’s highest point b) Reduced inflow boundary limit
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Figure 6.11 Channel cross section and inflow boundary limit in BASEMD::BASEplane
a) Inflow boundary limit set at levee’s highest point b) Reduced inflow boundary limit
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Figure 6.12 Planar view of the simulation results using BASEMENT wversion 4 of the
trapezoidal channel with breaklines and for two discharge stages. Inflow boundary (z= 0.0
m) defined between the top elevation of the levees (Figure 6.10, a), inducing a converging

flow from the levee towards the channel center and small fluxes towards the floodplains for
higher discharge Q= 200 m?/s

An inflow boundary defined between the top elevation of the two levees in BASEHPC
(red line in Figure 6.10, a) generates an undesired converging flow from the bank towards
the channel center (Q= 60 m3/s) and small flux towards the floodplains as represented
on Figure 6.12 for a discharge value Q= 200m?/s. An inflow boundary restricted to the
channel bed width (Figure 6.10, b) will locally increase the flow velocity at the inflow
boundary as the discharge increases. In this case, stable flow conditions are obtained after
a distance of 20-30 meters from the inflow boundary. Figure 6.13 illustrates the location of
high flow velocity by an area of low water level. The water depth at boundary conditions
(inflow and outflow) depends on the stringdef length, the friction value and the boundary
condition type (froude, uniform,...).

The boundary conditions in BASEMENT v4 are more sensitive to the domain geometry
and boundary parameters than those in BASEMENT v2.8, therefore, the resulting values
located near the boundary conditions should be interpreted with caution and enough space
should be provided to reach stable flow conditions. The stringdef length is limited to
a maximum of 40 nodes. In case of large computational mesh with fine resolution, the
boundaries shall be split into several smaller stringdef of equal length and consequently,
the discharge applied to the boundaries has to be adapted.

6.7.4.3 Discussion

This case example of the hydraulic simulation of a trapezoidal channel pointed out the
differences between BASEMD::BASEplane and BASEHPC::BASEplane for the topology
and the boundary setup. The use of a BASEMENT v2.x mesh into BASEMENT v4.x is
possible by interpolation but the simulation results may differ between the two versions
due to the new topology. The simulation with BASEMENT v4.x based on the topology
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Figure 6.13 Planar view of the simulation results using BASEHPC of the trapezoidal
channel with breaklines and for two discharge stages. Inflow boundary (x= 0.0m) restricted
to the channel bed (Figure 6.10, b), inducing an increase of the flow velocity.

of version 2.x must be calibrated and must be considered as a new model. Moreover, the
inflow boundary should be carefully defined in order to avoid unexpected flow behaviour
at the boundary. Finally, additional breaklines might be required in order to attribute a
precise elevation to the edges or to some parts of the mesh.
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7

Performance on Multi-Core

Processors and GPU

7.1 General

The performance of BASEMD and BASEHPC is assessed by comparing the execution time
of simulations based on a common test case. The circular dam break test case is introduced
here but explained in more detail in the “Test case” section of this documentation. The
circular dam break is a hydrodynamic simulation that reproduces the wave propagation
induced by the break of a circular dam located at the center of the computational mesh.
The reference solution of the circular dam break is given by Toro (2001). The simulation was
performed for BASEMD on multi-core processors (there is no GPU option for BASEMD),
i.e. using the CPU backend on 1, 2, 4, 8 and 12 cores. For BASEHPC the CPU backends
with up to 32 cores and the GPU backend using different GPU cards was used. The
backend types are listed and described in more detail in the section “Test case”. Besides,
five different mesh resolutions were defined for the circular dam break, with 10’000 cells
(10k), 50’000 cells (50k), 100’000 cells (100k), 500’000 cells (500k) and 1’000°000 cells
(1000k).

7.2 Scalability

The speedup of the simulations performed on CPU hardware is shown in Figure 7.1. The
speedup S of the respective version is calculated as the division of the sequential runtime
T by the runtime with a certain number of cores Ty. The black line represents the ideal
speedup according to the increasing number of threads. The speedup is a measure for the
parallelizability of the respective version and indicates how the computing time scales with
the number of used processor cores. A linear or ideal increase in speed S results for S = N.

For the smallest computational grid (10k), the speedup of both BASEMENT modules only
scale linearly up to approximately 4 threads before reaching a plateau (due to overhead).
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Figure 7.1 Speedup of the circular dam break test case performed on CPU for an
increasing number of threads and different mesh sizes

For BASEMD, the scalability does not change significantly for the larger mesh sizes and
hence, the performance does not increase significantly anymore when using more than 4
threads. In contrast, the speedup of BASEHPC scales almost linearly up to 16 threads for
the four larger meshes and up to 32 cores for the two largest meshes. Overall, BASEHPC
exhibits significantly improved scalability compared to BASEMD.

7.3 Computational Time

The execution time of all the simulations is shown in Figure 7.2. The execution time
increases with the computational mesh size for all backends. The execution times obtained
on the CPU hardware indicate the significantly improved performance of BASEHPC
compared BASEMD. This increase in performance by a factor of up to 13 is the results of
completely restructuring the software. The performance of BASEHPC can be improved
even further by the use of GPU hardware. For example, the runtime for the largest grid
(1000 k) on the Intel processor with 32 cores is 8.7 s, while with the RTX2080Ti graphics
card (single precision) only 3.6 s are required, which corresponds to a reduction of the
runtime by a factor of 2.4. It should be noted that the results of simulations with single and
double precision can vary greatly depending on the problem. When using GPUs, however,
the significantly better price/performance ratio should be emphasized. For example, the
GeForce GTX1080Ti card with double precision has about the same performance as the
Intel Xeon Gold 6154 processors when using 32 cores, but with a 6 times lower purchasing
price.
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Figure 7.2 Execution time of the circular dam break test case for different backends and
mesh sizes

version 4.0.2 VAW - ETH Zurich 65



7.8. Computational Time

BASEMENT System Manuals

66

VAW - ETH Zurich

version 4.0.2



8

Specific Features of BASEMD

8.1 General

This chapter details some specific features of the BASEMD module which are not available
for the BASEHPC module. The specific features of BASEMD include the coupling of
the various submodules and with external programs during runtime via BASEextern, the
automatic flow control using controllers, and the built-in runtime GUI tools BASEviz and
HID.

8.2 Model Coupling

8.2.1 Introduction

In addition to the simulation of single sub-domains using BASEchain (1-D) or BASEplane
(2-D), the software BASEMENT also provides the possibility to connect sub-domains
for combined numerical simulations. Such coupled simulations can range from simple
configurations up to simulations of river networks with integrated river junctions /
bifurcations or integrated 1-D/2-D modelling. In Figure 8.1 a river network of multiple
sub-domains with several coupling interfaces is illustrated. The coupling mechanisms
thereby allow to couple hydrodynamic simulations as well as morphological simulations
with sediment transport and suspended load.

Some typical applications of coupled simulations are:

e A step wise modeling approach to the overall problem using smaller parts of the
whole domain. This approach has the advantages of reduced complexity and reduced
execution and calibration times. Also extensions of existing and calibrated models
can be easily made with coupled simulations without the need to redesign the existing
models.

67



8.2. Model Coupling BASEMENT System Manuals

{am]

Legend:
Sub-domains:

1-D sub-domain
e H-H

(BASEchain)

— 2-D sub-domain

(BASEplane)

Coupling interfaces / boundaries:
[B®] inflow / outflow boundary
@ lway coupling
@ 2way coupling

\ @ junction / split /

-

Figure 8.1 River network with multiple BASEchain (1-D) and BASFEplane (2-D)
sub-domains and several coupling interfaces.

o Simulations with hydraulic structures (like weirs or gates) within the domain of
interest can be realized by using multiple sub-domains, which are coupled via these
hydraulic structures.

e Coupled simulations can be helpful for mixed-dimensional modeling approaches,
e.g. for cases where large scale 1-D simulations shall be combined with detailed
modeling of local areas in 2-D. Thereby, the advantage of efficient and robust
modeling in 1-D is combined with the capability to simulate 2-D flow characteristics.
Also, the required efforts for data acquisition and data preparation can be minimized
using mixed-dimensional modeling approaches.

8.2.2 Coupling Types
The implemented coupling types are briefly sketched below.

o Sequential, Riemann (1D)

Single sub-domains can be combined sequentially via coupling interfaces at the
upstream or downstream boundaries (Figure 8.2). This can also be done for
sub-domains with mixed dimensionalities (1-D / 2-D, 2-D / 1-D), see Figure 8.3.

These sequential coupling types can be used to combine sub-domains over their
boundary conditions or external sources. For example, a weir outflow boundary can
be combined with an input hydrograph of a downstream boundary.

Beside sequential couplings, also so called Riemann couplings can be used (at the
moment only 1D) which set a Riemann solver between the sub-domains and allow
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)
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Figure 8.2 1-D / 1-D coupling (left), 2-D / 2-D coupling (right)

Figure 8.3 1-D / 2-D coupling (left), 2-D / 1-D coupling (right)

flow in any direction. This coupling type requires special ‘connection’ boundaries at
the coupling interfaces.
o Junctions / Bifurcations / ConfluenceWSE (1D)

Coupling interfaces for river junctions or river bifurcations allow a simplified
modelling of conjunctions of river branches within a 1-D river network (Figure 8.4).

Beside these both coupling types also a confluence WSE coupling can be used which
tries to establish a common water surface elevation (WSE) at the confluence point
(at the moment only 1D). This coupling allows flow in any direction and requires
special ‘connection’ boundaries at the coupling interfaces.

& B

Figure 8.4 junction /bifurcation / confluence WSE (1-D)

o Lateral coupling.
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Figure 8.5 lateral coupling

For integrated 1-D and 2-D modelling, a 1-D sub-domain can be coupled laterally
with a 2-D sub-domain. The coupling takes place along the river channel via multiple
coupling interfaces which connect cross sections (1-D) with corresponding mesh
elements (2-D), see Figure 8.5.

8.2.3 Coupling Mechanisms

8.2.3.1 Explicit coupling of sub-domains

Coupling of sub-domains is implemented as an explicit coupling approach, which means
that data is exchanged explicitly between the sub-domains at certain time intervals. This
approach is simpler to implement than an implicit approach, especially regarding the
coupling of sub-domains with mixed dimensionalities. However, in comparison to an
implicit coupling approach, special care must be taken to achieve robust and stable
combined simulations.

8.2.3.2 One-way coupling and two-way coupling

A simple way to couple two sub-domains is to exchange data only in one direction from
upstream to downstream. Such a situation is termed as 1-way coupling from here on. It has
the advantage that the upstream sub-domain can run independently from the downstream
sub-domain and the flow variables are passed over at some time intervals to the downstream
sub-domain. But being a one-directional coupling, no information from downstream can
travel upstream. Therefore, this type of coupling is restricted to cases where no backwater
effects from downstream take place or such influences can be neglected.

In contrast, a two-way coupling enables mutual interactions between the sub-domains by
providing mutual data exchange. In two-way coupled sub-domains, backwater effects from
downstream can influence the upstream sub-domain. Instead of executing the sub-domains
sequentially from upstream to downstream direction, here the sub-domains are executed
simultaneously. The two-way coupling approach has the difficulty that no unique flow
variables are present at the coupling cross sections, as water levels from upstream and
downstream direction may differ for a given time. In principle, iterations between the
sub-domains are required and must be performed until the differences of the variables at
the coupling cross section do no longer change within subsequent iteration steps. Although
a rather small number of iterations has to be expected (as reported by Miglio et al. (2005)),
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these iterations lead to large additional computational efforts. Therefore these iterations are
not performed here. As the time steps in the explicit approach are usually very small, the
differences between the upstream and downstream variables are rather small and iterations
may be neglected without substantial loss of accuracy. But in cases of crucial and abrupt
changes in the flow variables, oscillations may result.

A combination of both concepts can be used in the coupled river simulation. One-way
coupled sub-domains are executed sequentially from upstream to downstream direction,
whereas two-way coupled sub-domains are treated as being a single sub-domain within the
execution sequence.

8.2.4 Definitions of Exchange Conditions
8.2.4.1 General remarks

Data can be exchanged between the sub-domains by coupling interfaces using boundary
conditions and source terms. The following table shows the exchange variables grouped by
the direction of the exchange.

Table 8.1 Possible exchange conditions between sub-domains.

direction of exchange  type of coupling exchange variables
in downstream boundary conditions & Q : discharge
direction sources Ob,e : bed load

C, : concentration

in upstream direction = boundary conditions & zs : water surface elevation
sources

In order to enable simple, flexible and efficient coupled simulations, some assumptions are
made here:

e It is assumed that flow directions at the coupling interfaces of the river network
are known a priori and do not change during the simulation (with the exception of
special coupling types, like the lateral coupling).

o The cross sections (1-D) or mesh elements (2-D) of the coupling interfaces should
ideally be located at the same or nearby locations and have the same geometries.
This is necessary to reduce possible errors around the coupling interfaces due to the
disregard flow taking place in between and to avoid discontinuities due to abrupt
changes in the geometries.

o It is assumed that the flow is orthogonal over the boundaries, i.e. the directional x-
and y flow components in 2-D are not exchanged separately.

e In 2-D coupling only summarized or averaged data are exchanged, instead of
exchanging data separately for each edge or element. This approach simplifies
the coupling setup since no restrictions are set regarding the geometries and number
of cells at the boundaries or sources.
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8.2.4.2 Exchange conditions for mixed-dimensional sub-domains

Exchange via boundary/sources:

Table 8.2 Fxchange conditions for mixed-dimensional coupling
(i=index of 2-D edge or 2-D element)

Nr of
Echange exchange
variable Exchange equations terms
Discharge 1D — 2D: qZZD = w; QP 1
(w;j=area/length weighting or conveyance weighting)
n
2D — 1D: Q'P = "¢?P
i
Water 1D — 2D: z?g? = zéD 1
surface n
2D — 1D: z}gD = %Zz%?
i
Bed load 1D — 2D: qiﬁi = wiqgg g=1..ng
(w;=area/length weighting)
n
. D _ 2D
2D — 1D: ¢ = quygﬂ.
7
Suspended  not available yet in 2D g=1..ng
load

8.2.4.3 Exchange conditions for river junctions in 1-D river networks

Within a river network locations are encountered where river branches flow together or
where a river bifurcates into several branches. The flow characteristics at such conjunctions
generally are multidimensional. Therefore the preferable modelling approach to achieve a
good accuracy is to simulate a 2-D sub-domain. But if such a situation shall be modelled
with 1-D sub-domains than special coupling concepts are required.

Two different approaches are implemented in BASEMENT (see Figure 8.6). These
approaches allow no more than three sub-domains being part of a junction. If a larger
numbers of river branches are to be modelled, they must be approximated by multiple
junctions, placed in small distances.

Following the first approach a junction can be regarded as region where three different
river branches meet and mutually exchange data (a). A control volume is defined to which
mass and momentum conservation principles can be applied. A simple approach is here
balancing discharges and assuming equal water surface elevations along the junction.
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inflow

(b) /

Figure 8.6 Modeling of a river junction with two different approaches (black arrows
indicate a confluence of river branches, red arrows a bifurcation): (a) = river junction
with 3 different river branches, (b) = junction as a lateral inflow of a tributary.

Table 8.3 FExchange conditions for river junctions

Nr. of
Exchange conditions equations
Discharge Qupl + Qup2 = Qdown 1
Bed load Qupl,bed,g + Qup?,bed,g = Qdown,bed,g gzl--ng
Suspension Qup1 Cup1,g + Qup2Cup2,g = QdownClown,g g=1..ng

The second approach is to regard the junction as a lateral inflow of a tributary into a river
at a specified location (b). The discharge (and sediment) is passed from the tributary to
the river as lateral inflow via source term. Additionally, the water level at the inflow cross
section can be passed in return to the tributary. Despite its simplicity this approach can
be suited well to simulate simple river junctions in 1-D.

8.2.4.4 Exchange conditions for river bifurcations in 1-D river networks

In case of modeling a river branch which bifurcates into two branches, the upstream
discharge (and sediment) must be distributed among the two downstream sub-domains.
The distribution factor ¢ among the downstream sub-domains has to be chosen according
the local conditions. The downstream water elevations of the two downstream sub-domains
are averaged and then passed in upstream direction.
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Table 8.4 Fxchange conditions for river bifurcations

Nr. of
Exchange conditions equations
Discharge Qup = ¢Qdoum1 + (1 - ¢)Qdown2 1
Bed load Qup,b,g = ¢Qdown1,b,g + (1 - ¢)Qdown2,b,g g=l..ng
Suspension Qung = ¢Qdownlcdown1,g + (1 - ¢>Qdown2,ngown2,g g=l..ng

8.2.4.5 Exchange conditions for combined 1-D and 2-D modelling

The combined 1-D river flow and 2-D floodplain modelling bases mainly on the approach
presented by Beffa (2002). A conceptual overview is given in Figure 8.7 which illustrates
river cross sections of the BASEchain sub-domain and the 2-D mesh of a floodplain modelled
with a BASEplane sub-domain.

The coupling interfaces between the sub-domains are implemented as one-way couplings via
source terms. As a consequence, only discharges are exchanged between the sub-domains.
The exchange between the sub-domains is calculated as weir flow over the dykes of the 1-D
cross section or as weir flow over the edges of 2-D sub-domain. The weir level is chosen
as the higher elevation of the dyke or the corresponding edge. As weir width in the weir
formula the length of the 2-D boundary edge is taken. Exchange of discharge is possible in
both directions, either from the river into the floodplains or backwards depending on the
water elevations in the 1-D cross section and the corresponding 2-D element.

To enable a flexible coupling approach it is possible to connect a 1-D cross section with
multiple 2-D elements (1:n-relation). For each 2-Element, in contrast, only one connection
to a 1-D cross section is possible (1:1-relation). The coupling interfaces are defined using
a list, from which the connections are automatically extracted and generated during a
pre-processing step.

Table 8.5 FExchange conditions for lateral coupling

Nr. of
Exchange conditions equations
2
Discharge 1D —=2D: Q=96 Mgbweim/2gh3/z if (251D > 2s.2D) 1

(side weir, 0= side weir reduction factor)

2 .
2D = 1D: Q = pZbuciry/2gh*? if (251D < 25.2)

(weir overfall over edge)

The 1-D dyke crest elevation, where the water overtops, as well as the 1-D water surface
elevation are interpolated between the cross section at the location of the 2-D edge. This
procedure shall increase the accuracy of the lateral exchange modeling. It is assumed
hereby, that the dyke-crest elevation and the water surface elevation vary linearly between

74 VAW - ETH Zurich version 4.0.2



BASEMENT System Manuals 8.2. Model Coupling

combined1-D channel and 2-Dfloodplain modelling ‘ conceptual overview
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Figure 8.7 Conceptual overview of combined 1-D river flow and 2-D floodplain modeling

two adjacent 1-D cross-sections.

8.2.4.6 Data exchange for morphological simulations with multiple grain
classes

In morphological, coupled simulations the possibility exists that sub-domains can have
differing grain compositions. The handling of data exchange for such cases is not trivial
and unclear. But such situations may arise in coupled large-scale simulations where grain
classes get finer along course of the river. A flexible approach is adopted here which allows
the usage of differing compositions as well as different numbers of grain classes of the
sub-domains.

For data exchange the bed loads of each grain class are mapped on the grain classes of the
receiving sub-domain. The mapping is achieved by three successive steps as illustrated in
Figure 8.8. The sediment mass balance is thereby fulfilled.

8.2.5 Synchronization Concept
8.2.5.1 General remarks on synchronization

For the coupling of sub-domains a synchronization mechanism must be implemented which
directs the execution of the sub-domains and controls the data exchanges at the appropriate
times. The type and complexity of the synchronization effort thereby generally depends on
the degree of spatial and temporal compatibility of the sub-domains. Especially in case
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Figure 8.8 Mapping of grain compositions from one sub-domain to another

of combined 1-D and 2-D simulations the spatial extends and time step sizes can vary
considerable.

Mainly two different coupling concepts are often encountered for the selection of the time
step sizes of the sub-domains.

o All sub-domains are executed in a synchronous manner with an equal time step size.
To guarantee stable execution the chosen time step size (“global time step”) is set
to the minimum time step size of all sub-domains, which is determined by stability
conditions (CFL criterion). But due to the fact that the sub-domain time step sizes
can vary considerable, such a restriction on the minimum time step size can lead to
inefficient small time step sizes resulting in large computational efforts.

e In contrast, all sub-domains can be executed asynchronous with different time step
sizes (“local time steps”), which are chosen according the sub-domain’s optimal
time step size. This approach does not suffer the computational inefficiency due
to small time step sizes. But generally more synchronization efforts are required
and data exchange between the sub-domains requires interpolations and can become
cumbersome especially for complex interfaces like junctions or bifurcations.

Here, another approach is selected, a local-time stepping approach, lying in between these
concepts and combining efficiency and simplicity.

8.2.5.2 “Local time stepping” approach

This approach bases on the method of local time stepping (LTS) as presented by Osher and
Sanders (1983) and Sanders (2008). But in contrast to these methods, LTS is applied here
to whole sub-domains instead of single grid elements. Different local time step sizes are
allowed for the sub-domains instead of using one global time step for all sub-domains. This
enables efficient computations by preventing very small time steps of single sub-domains to
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Figure 8.9 LTS-synchronization for 8 sub-domains with different time step sizes. The
sub-domain C with the smallest time step size determines the base time step. Sub-domains
A and B run for multiples of 4 and 2 of the base time step size.

dominate the time step sizes of the other sub-domains. But restrictions are set for the time
step sizes in a way to ensure that the sub-domains always reach common time levels. At
these common time levels data can be exchanged easily without the need for interpolations.

Hierarchical levels L are introduced and attributed to each sub-domain. These levels
categorize the sub-domains into groups of common time step sizes. These levels are thereby
chosen as power-of-two multiples of the base time step size Atpqse . This base time step
is selected as the minimum time step size of all coupled sub-domains. The attribution of
levels L to a sub-domain ¢ depends on the relation of its present time step size to the base
time step size and is determined as:

At;

ok < <Ml L, =2 k=0.n

base

where L; is the level attributed to the sub-domain i , k indicates the level and n is the
number of levels. Each sub-domain determines its own local time step size as its level L;
multiplied with the base time step size At; = L; Atpgse -

The execution of the sub-domains takes place in loops over level sequences. One loop
sequence of the LTS synchronization is sketched in Figure 8.9 for three sub-domains with
different time step sizes (Atyq > Atp > Atc ) and levels L;.

For example, in case that the maximum level of a sub-domain is 8, a level sequence of m =
[1,2,1,4,1,2,8 ] is executed, where m equals the present level of the loop. Each sub-domain
is executed only if its level L; is smaller or equal to the present level m. These sub-domains
are then advanced for a time step size of At; = L;Atpese - Data exchange between adjacent
sub-domains takes place only when the sub-domains have reached a common level. If
adjacent sub-domains have different time levels then the exchanged data must be stored
intermediately to guarantee conservation principles. The data is finally passed over when
the sub-domains reach a common time level. After the end of the loop of the level sequence,
all sub-domains have been executed at least once and have finally have reached a common
final time 0y = torg + NAtpgse - From this starting point the levels L; are assigned again
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to the sub-domains and the procedure is repeated.

The selection of the base time level is done at the beginning of each level loop. To account
for the possibility that the minimum time step could change during the loop iterations,
due to changed flow conditions, the base time level can be reduced by a factor F' < 1 for
stability reasons.

8.3 BASEextern - data exchange during runtime

8.3.1 Introduction

The term “external coupling” means the coupling between the program BASEMENT and
an external program. This may be e.g. a rainfall-run off model which delivers input data
for a river reach or it may be a standalone groundwater model which makes use of the
stream water elevations computed by BASEMENT. As described in the model coupling
section, one can also distinguish here between one-way coupling and two-way coupling.

One-way coupling

Two different scenarios can be distinguished here:

e An external Program may receive data which is sent by BASEMENT. Therefore the
external program must be defined as an external sub-domain in the command file.
In the OUTPUT block an output must be defined and connected with this external
sub-domain. While executing, BASEMENT sends data as soon as it is computed
using the output routines to the specified external sub-domain. The external program
must fetch the data using TCP /IP routines and must take care of the synchronization,
i.e. it must always wait until new data is available.

e Another scenario is to send input data to BASEMENT. Thereby the external program
again has to be defined as an external sub-domain in the coupling process and it
must be connected with other sub-domains using boundary conditions. Then, the
external program can send its data in XML format to BASEMENT using TCP/IP
routines. BASEMENT takes care of the synchronization within the coupling process
and always waits until new data is available before executing.

Two-way coupling

It is possible to couple an external program with BASEMENT with mutual data exchange.
Again, the external program must be defined as an external sub-domain in the coupling
process. Furthermore, the external program must implement a synchronization mechanism
in order to check if the needed data is available. Differing from previous versions,
BAEMENT now does NOT apply the local-time-stepping algorithm (LTS) to the external
coupling. Data exchange takes place, when either BASEMENT or the external program is
ahead in time.

For example:

e The external program is executed until it is ahead in time compared to BASEMENT.
Then it has to send its current time and input data to BASEMENT. Afterwards, it
waits and checks for incoming data over TCP/IP.
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Figure 8.10 Connection request from external program (client) to BASEMENT (server)

« BASEMENT waits until the external program is ahead in time. While waiting, it
checks for incoming data over TC/IP. If the incoming data shows that the external
program is ahead in time, then BASEMENT runs as long as its current time is behind
the time of the external program. Afterwards, if BASEMENT run-time exceeds
the current time of the external program, it sends its current time and data to the
external program.

Note

Please be aware that the external coupling approach is still in an experimental stage.
In addition, the usage of this coupling requires programming efforts and knowledge in
TCP/IP programing and XML parsing. External coupling may require the implementation
of special boundary conditions in the BASEMENT model. For example, coupling with a
groundwater model requires leakage boundaries for water exchange to be set. If you want
to make use of such a coupling type, you may contact the developer team regarding the
implementation of appropriate boundary conditions in the model.

8.3.1.1 Data exchange over TCP/IP

The data exchange between BASEMENT and the external program takes place using
TCP/IP communication. This has the advantages that it is generally faster than
communications via files and enables the coupling between different computers via intra-
or internet, even using different operating systems.

Create connection

The communication requires an IP-address and a port-number as identifier and takes place
using TCP-sockets. Usually BASEMENT runs as the server application and must be
started first. Then, it waits for an incoming connection request. After the incoming request,
a connection is established with the external program and the connection information is
sent to the external program (socket descriptor). In case of multiple external programs,
BASEMENT waits until all connections are established before it starts the computations.

Data packet

The data is wrapped in “data packets” using the common XML-format, whereby the data
values and several additional attributes must be specified. All communications between
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Figure 8.11 Sending and receiving data from socket stream (FIFO pipe)

the programs take place by sending data packets. Therefore, also additional information,
like e.g. the time, or the time step size, must be included in the data packet. It is also
possible to send or receive multiple data packets for different data types or boundaries.
The XML-tag has the following structure

<Data attributel="..." attribute2="...">...<\Data>

The data values within the XML tag can either be written as ascii or binary data. If ascii
format is used, a semicolon separates multiple data values from each other, e.g.

<Data>10.0;10.0;10.0</Data>

The following attributes can be set:

Attribute Values Obligatory

size number of data values Yes

time time of data values in sec Yes

type [Q,h,v,...] type of data Yes

encoding [ascii, binary] No (default=ascii)

byte_order [little_endian] No

boundary name of boundary condition of data values Only if data is sent to
BASEMENT

timestep current time step of model in sec Only for local time
stepping

Data communication

The data communication via sockets can be compared to data exchange via file-streams.
The data packets are inserted into a pipe and the other side of the connection reads the
contents after the FIFO concept (First In First Out). The receiving part of the connection
must parse the contents of the pipe and extract the data packets. The time attribute of the
data packets indicate the time level of the other program required for the synchronization.
If the time levels of the data packets are behind the program’s time or if no data is in the
pipe, than the program must wait and continuously check for incoming data.
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8.4 Flow Control in River Systems

8.4.1 Introduction

The flow characteristics of a river system are not only governed by the character of a
channel, the morphology and topography, but also by regulations for hydropower stations
and lakes. Such regulations commonly demand that a certain water level is maintained or
impose certain limits on the maximum discharge. The exertion of control structures has
commonly a significant direct impact on certain river sections or even on the whole river
system. The setting of the control structures over time cannot be defined in advance, but
depends on the reaction to a change of the whole river system.

The numerical simulation of regulations is very helpful to properly judge such river systems,
as it allows assessing and optimizing the effect of individual regulations of control structures
on the whole system. This is of great importance as efficient flood control demands an
optimal use of existing retention structures.

Therefore, the automatic steering of control structures has been added to BASEMENT,
covering 1-D and 2-D simulations as well. The chosen approach allows the simultaneous
combination of different controlled and manipulated variables. Controlled variables can be
either water surface elevations or discharges. Here not only fixed values can be defined,
but also series in time or values depending on the current flow in the river system. As
manipulated variable, settings of weir or gates and an abstract outflow hydrograph has
been implemented.

Within the present implementation, the determination of the control structure settings
have been strongly abstracted, which allow a very flexible integration of further controlling
algorithms in the future. As reference, a classical Proportional-Integral-Derivative (PID)
controller has been implemented. By combining various control and manipulated variables
within a single controller, BASEMENT now offers the possibility to simulate complex series
of weirs over coupled regions.

8.4.2 Concept of Flow Control

There are many cases where the behaviour of boundary conditions such as weirs or gates
depends on the actual state of the river system and cannot be described by a simple
time-dependent boundary setting. An example would be adjusting the weir height in order
to maintain a specific water level in front of the weir. This process is commonly denoted as
controlling. The basic controller has a controlled variable, such as water surface elevation,
which is desired to be kept at a certain level, i.e. its target value. The deviation from the
current value of the controlled variable and its target value, also denoted as error, is then
fed into the controller. The controller reads the deviation and calculates the new value for
its manipulated variable. An example for a manipulated variable would be a weir height.
The new value for the manipulated variable is then fed into the system, i.e. the hydraulic
simulation, which finally affects the controlled variable.

In Basement, the system is represented by the simulation, the controller is a mathematical
function f(.) , determining the values of the manipulated variables wu(t) from the values of
the monitored variables m(t). This can be expressed using the following mathematical
expression:
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Figure 8.12 Basic Control Cycle

Logically, there can be multiple monitored and manipulated variables.

8.4.2.1 Monitored Variable

A monitored variable is defined by

mz(t) = ’/i(t - Ti) — Vtarget,i

Here, v; can be either a water surface elevation, measured on a specific cross-section (1-D)
or element (2-D), or a water flow over a cross section (1-D) or a STRINGDEF (2-D).
Vtarget,i; describes the target value, or in case of a feed forward controller, the equilibrium
state. 7; is a delay time controlling when the information of the measured variable is fed
into the controller.

8.4.2.2 Manipulated Variable

A manipulated variable refers to a boundary condition and can be a weir height, a gate
level or an outflow (in case of 1-D hydrographs as downstream boundary).

8.4.3 Controller Types
8.4.3.1 PID-Controller
One possible approach to describe the mathematical function f(.) is a PID (proportional-

integral-derivative) controller. This type of controller relates a monitored variable to a
manipulated variable by three additive controller elements:

¢ d
U (t) = Kp77;jmj (t) + / K[yijmj (t/)dt/ + KDJ']' 7d m; (t)
—_——— 0 t
—_—

P—FElement

I—FElement D—FElement

Internally, the PID-controller is implemented in its differential form (i.e. the change of
is calculated in each time step). The three required variables are Kp, K; and Kp. The
correct definition of these variables is very crucial to the proper operation of the controller.
Which values should be used is highly dependent on the system and therefore requires
some care and experience.
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The P-element represents an adjustment proportional to the deviation and therefore only
limits the deviation, but does not bring the system back into the state where no deviation
exists. For this reason, the I-Element integrates the deviation and consequently, the system
can be forced into its equilibrium state. If the response of the I-Element is too strong
compared to the P-Element, the system oscillates. If the values of both P and I elements
are too small, the reaction of the system is very slow or even too weak to re-establish the
given targets. The D-Element depends on the change of the monitored variable and is used
to quickly adapt the manipulated variables in case of a fast change.

More on the determination of correct PID coefficients can be found in the article by Fah
and Kiithne (1987). Recommendations on how to choose the coefficients are given in the
integrated help of the software.

8.5 Built-In GUI Tools

In this section some built-in BUI tools are explained and information about the usage is
provided. Built-in GUI Tools will pop up if a certain tag is activated by the user.

8.5.1 Interactive Visualization during run time using BASEviz

BASEviz is a small and lightweight visualization tool which can be wused to
visualize simulation results during run time. To activate the visualization tool, a
SPECIAL _OUTPUT block of ‘BASEviz’ type must be created within the parent
OUTPUT block. Then the BASEviz window will appear automatically by starting the
simulation. The output can be visualized interactively using the mouse and keyboard keys
according to the legend shown in the BASEviz window (see Figure 8.13 and Figure 8.14).
The view can be changed and the displayed variables can be selected. This visualization
tool allows to easily check for a correct simulation setup and to stop a simulation run if
some evident problems arise. Furthermore, it is possible to dump the rendered images
from the visualization window in a JPEG image for a given time interval.

o BASEviz for 1-D simulations with BASEchain:

All 1-D cross sections with its multiple slices are plotted one after the other along
the x-axis. The water elevation is plotted within each cross section slice according to
its present value.

e BASEviz for 2-D simulations with BASEplane:

The unstructured 2-D mesh is plotted in combination with a contour plot of a
chosen output flow variable. Optionally, velocity vectors can be added to the data
visualization.

BASEviz is based on the visualization libraries of the Visualization ToolKit (VTK,http:
//www.vtk.org) which makes use of OpenGL for rendering.
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Figure 8.13 Visualization of BASEchain with BASEviz
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Figure 8.14 Visualization of BASEplain with BASEviz
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Figure 8.15 Interface for the manual control and monitoring of the selected variables.

8.5.2 Manual Controller Interface (HID)

In order to create a controller, a new CONTROLLER block is generated in the DOMAIN
block. The HID controller provides an interface for the manual operation (Figure 8.15).
The control window will pop up automatically after starting the simulation with the
start button. In the CONTROLLER block several manipulated variables and controlled
variables can be defined. The manipulated variables will appear on the left hand side of
the controller interface, whereas the monitored variables will show up on the right hand
side (Figure 8.15). In this example two manipulated variables (height of a weir and height
of a gate) and two monitored variables (discharge over the weir and through the gate)
are selected. With the cursor the slide can be moved within the predefined range of the
manipulated variable. Additionally the target value can be entered directly into the white
text box (Target). As the simulation proceeds the impact on the monitored variable is
visualized on the chart on the right hand side. Additionally the output and the impact of
your control measures can be visualised with BASEviz (Section 8.5.1).

version 4.0.2 VAW - ETH Zurich 85



8.5. Built-In GUI Tools

BASEMENT System Manuals

86

VAW - ETH Zurich

version 4.0.2



9

References

Beffa, C. (2002). Integration ein- und zweidimensionaler Modelle zur hydrodynamischen
Simulation von Gewiéssersystemen. Int. Symposium Moderne Methoden und Konzepte
im Wasserbau, ETH Ziirich.

Fih, R. and Kiihne, A. (1987). Numerische Simulation automatischer Stauregelungen bei
Laufwasserkraftwerken. (p. 93. Heft 5/6, Ed.) Wasser, Energie, Luft, 79(5/6): 93-98.

Miglio, E., Perotto, S. and Saleri, F. (2005). Model coupling techniques for free surface flow
problems: Part I. Nonlinear Analysis: Theory, Methods € Applications, 63: 1885—1896.

Sanders, B.F. (2008). Integration of a shallow water model with a local time step. Journal
of Hydraulic Research, 46(4): 466-475.

Soares-Frazao, S. and Zech, Y. (2011). HLLC scheme with novel wave-speed estimators
appropriate for two-dimensional shallow-water flow on erodible bed. International
Journal for Numerical Methods in Fluids, 66.

Toro, E.F. (2001). Shock-Capturing Methods for Free-Surface Shallow Flows. John Wiley,
Chichester, New York.

87






BASEMENT System Manuals

VAW - ETH Zurich version 4.0.2



BASIC SIMULATION ENVIRONMENT
FOR MODELLING OF ENVIRONMENTAL
FLOWS AND NATURAL HAZARDS

REFERENCE MANUAL BASEMD

VERSION 4.0.2
OCTOBER 2023




BASEMENT System Manuals

VAW - ETH Zurich version 4.0.2



Contents

1 Mathematical Models 5
1.1 Governing Flow Equations . . . . . . . . ... ... ... ... ... ... 5
1.1.1  Saint-Venant Equations . . . . .. .. ... ... ... ... .. ... 5
1.1.1.1  Introduction . . . . . .. .. ... ... 5

1.1.1.2  Conservative Form of SVE . . . . ... ... ... ... .. 5

1.1.1.3 Source Terms . . . . . . . . . . . ... .. ... ... ... 9

1.1.1.4 Closure Conditions . . . . . . . ... ... .. ....... 9

1.1.1.5 Boundary Conditions . . . . .. .. ... ... ... .... 11

1.1.2  Shallow Water Equations . . . . . . ... ... ... ... ...... 13
1.1.2.1 Introduction . . . . . .. ... ... 13

1.1.2.2  Closure Conditions . . . .. .. ... ... ... ...... 17

1.1.2.3 Conservative Form of SWE . . . . . . ... ... ... ... 18

1.1.24 Source Terms . . . . . . . . . . . .. ... ... ... 19

1.1.2.5 Boundary Conditions . . . . ... ... ... ... ..... 20

1.2 Sediment and Pollutant Transport . . . . . . ... .. ... ... .. .... 22
1.2.1 Fundamentals of Sediment Motion . . . . .. ... ... ... .... 22
1.2.1.1  Threshold Condition for Sediment Transport . . . . .. .. 22

1.2.1.2  Influence of Bed Forms on Bottom Shear Stress . . .. .. 23

1.2.1.3 Bed Armouring . . . . .. ... oo 24

1.2.1.4  Settling Velocities of Particles . . . . . .. ... ... ... 25

1.2.1.5 Bed load Propagation Velocity . . . . . ... .. ... ... 26

1.2.2  Suspended Sediment and Pollutant Transport . . . . . . . . ... .. 26
1.2.2.1  One Dimensional Advection-Diffusion-Equation. . . . . . . 26

1.2.2.2 Two Dimensional Advection-Diffusion-Equation . . . . . . 26

1.2.2.3 Source Terms . . . . . . . . . . . .. ... ... .. ... 27

1.2.3 Bed Load Transport . . . .. ... ... ... ... ... ..... 28
1.2.3.1  Omne Dimensional Bed Load Transport . . . . . ... .. .. 28

1.2.3.2 Two Dimensional Bed Load Transport . . . . . . .. .. .. 30

1.2.3.3 Sublayer Source Term . . . . . . ... .. ... ... ... 33

1.2.3.4  Closures for Bed Load Transport . . . . . . ... ... ... 34

1.2.35 Abrasionin 1D . . .. ... ... ... .. ... ... ... 41

1.2.3.6  Sediment Boundary Conditions . . . . . . . ... ... ... 41

1.2.4 Enforced Bed Movement . . . . . . . ... ... ... ......... 41
1.2.5 Random Bed Perturbation. . . . . . ... ... ... ... ... ... 42

1.3 Sub-surface low . . . . .. .. 42
1.3.1 Introduction . . . . .. . ... ... 42
1.3.2 Governing equations . . . . . . .. ... Lo 42
1.3.3 Constitutive relationships . . . . . ... .. ... ... ... 43

1.4 Morphodynamics and Vegetation . . . . . . . ... ... ... ... ... 44



Contents

BASEMENT System Manuals

1.4.1 Introduction . . . . .. .. . . . . ... ... 44

1.4.2 Mathematical model . . . . . . . . ... ... ... ... ..., 45
1.4.3 Vegetation dynamics . . . . . . . . .. ... 45
1.4.4 Feedback . . . . .. . . 46
1.4.4.1  Vegetation effects on hydro-morphodynamics . . . . . . .. 46

1.4.4.2 Hydro-morphodynamic effects on vegetation . .. .. ... 47

1.4.5 Range of the parameters used in previous works . . . .. .. .. .. 47
1.4.6 Reconstruction of the position of the mean water table . . . . . . . . 48

2 Numerics Kernel 51
2.1 General View . . . . . .. L 51
2.2 Methods for Solving the Flow Equations . . . . . ... .. .. ... ... .. 52
2.2.1 Fundamentals . . . . . . . . ... ... 52
2.2.1.1 Finite Volume Method . ... .. ... ... ........ 52

2.2.1.2 The Riemann Problem . . ... ... ............ 53

2.2.1.3 Exact Riemann Solvers . . .. ... ... ... ....... 55

2.2.1.4 Approximate Riemann Solvers . . . . ... ... ... ... 56

2.2.2  Saint-Venant Equations . . . . . .. .. .. ... .. 0oL 59
2.22.1 Discretisation . . . . .. ... oo L 59

2.2.2.2 Discrete Form of Equations . . . . . . ... ... ... ... 59

2.2.2.3 Discretisation of Source Terms . . . . . ... .. ... ... 60

2.2.2.4 Discretisation of Boundary conditions . . . . ... ... .. 66

2.2.2.5 Solution Procedure . . .. ... ... ... .. ....... 73

2.2.3 Shallow Water Equations . . . . .. ... ... ... ......... 7
2.2.3.1 Discrete Form of Equations . . . . . . ... ... ... ... 7

2.2.3.2 Discretisation of Source Terms . . . . . . . ... ... ... 79

2.2.3.3  Conservative property (C-Property) . . . . ... ... ... 88

2.2.3.4 Discretisation of Boundary Conditions . . . . . . . ... .. 89

2.2.3.5 Solution Procedure . . .. .. ... .. ... ... ... 98

2.3 Solution of Sediment Transport Equations . . . . . . ... ... ... .... 99
2.3.1 Vertical Discretisation . . . . . . .. ... ... ... .. 99
2.3.1.1 General . .. ..o 99

2.3.1.2  Determination of Mixing Layer Thickness . . . . . . . . .. 99

2.3.2  One Dimensional Sediment Transport . . . .. .. ... ... .... 103
2.3.2.1 Spatial Discretisation . . ... ... ... ... ....... 103

2.3.2.2 Discrete Form of Equations . . . . . . ... ... ... ... 106

2.3.2.3 Discretisation of Source Terms . . . . . . ... ... .... 115

2.3.2.4 Solution Procedure . . .. .. ... ... ... ... ... 118

2.3.3 Two Dimensional Sediment Transport . . . .. ... ... ... ... 118
2.3.3.1 Spatial Discretisation . . . .. .. ... ... ... ..... 118

2.3.3.2 Discrete Form of Equations . . . . . . .. ... ... .... 119

2.3.3.3 Discretisation of Source Terms . . . . . ... . ... .... 126

2.3.3.4 Gravitational Transport . . . . . . . . ... ... ... ... 128

2.3.3.5  Management of Soil Layers . . . . ... ... ... ... .. 131

2.3.3.6  Solution Procedure . . .. ... ... ... ... ...... 132

2.4 Time Discretisation and Stability Issues . . . . . . .. ... ... ... ... 132
2.4.1 Explicit Schemes . . . . . . ... ... ... 132
2.4.1.1 Euler First Order . . . . ... ... .. ... ........ 132

2.4.2 Determination of Time Step Size . . . . . . . . .. .. ... .. ... 133

VAW - ETH Zurich version 4.0.2



BASEMENT System Manuals Contents

2.4.3

2.4.2.1 Hydrodynamic . . . .. .. .. ... L 133
2.4.2.2 Bedload Transport . . . . . . . . .. .. ... ... ... .. 134
2.4.2.3 Suspension Transport . . . .. ... ... ... ....... 134
Implicit Scheme . . . .. .. .. oo 134
2.4.3.1 Introduction . . . . .. ... ... oL 134
2.4.3.2 Time Discretisation . . . ... .. ... ... ... ... 134
2433 Solution . . . . . ... 136
2434 Integral Terms . . . . . .. ... .. ... ... ... ... 137

2.4.3.5  General Description of the Derivatives for the Matrix A . . 139
2.4.3.6 Determination of the Derivatives with Upwind Flux

Determination . . . . . . ... ... oL 141
2.4.3.7 Determination of the Derivatives with Roe Flux
Determination . . . . . . ... ... L 143
2.4.3.8 Derivatives of the fluxes for an inner Weir . . . . . . . . .. 146
2.5 Numerical Solution of Sub-surface Flow . . . . ... ... ... ....... 147
2.5.1 Introduction . . . . . . . ... ... 147
2.5.2 Lattice-Boltzmann Method . . . . . . . ... ... ... ....... 148
2.5.3 Solution procedure . . . . . . . ... ... 149
2.5.3.1 Advectionstep . . . .. .. .. ... 149
2.5.3.2 Collisionstep . . . . . . .. .. 150
2.5.3.3 Update of macroscopic variables . . . . ... ... ..... 150
2.5.4 Equilibrium functions . . . . ... ... Lo oo o 150
2.5.5 Boundary and initial conditions . . . . . ... .. ... 151
3 References 153
version 4.0.2 VAW - ETH Zurich 3



Contents BASEMENT System Manuals

4 VAW - ETH Zurich version 4.0.2



1

Mathematical Models

1.1 Governing Flow Equations

1.1.1 Saint-Venant Equations
1.1.1.1 Introduction

The BASEchain module is based on the Saint Venant Equations (SVE) for unsteady one
dimensional flow. The validity of these equations implies the following conditions and
assumptions:

o Hydrostatic distribution of pressure: this is fulfilled if the streamline curvatures are
small and the vertical accelerations are negligible

e Uniform velocity over the cross section and horizontal water surface across the section

e Small slope of the channel bottom, so that the cosine of the angle of the bottom with
the horizontal can be assumed to be 1

o Steady-state resistance laws are applicable for unsteady flow.

The flow conditions at a channel cross section can be defined by two flow variables.
Therefore, two of the three conservation laws are needed to analyze a flow situation. If the

flow variables are not continuous, these must be the mass and the momentum conservation
laws (Cunge et al., 1980).

1.1.1.2 Conservative Form of SVE

1.1.1.2.1 Mass Conservation

For the control volume illustrated in Figure 1.1, the conservation of mass is formulated
assuming the mass density p is constant (incompressible flow). This leads basically to a
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conservation of Volume. The temporal change in Volume equals the difference between
inflowing and outflowing Volume (eq. 1.1).
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where:

A [m?  wetted cross section area
Q [m?/s] discharge
qi [m?/s] lateral discharge per meter of length (specific discharge)
V. [m3  volume
x  [m] distance
t [s] time

Applying Leibnitz’s rule and integrating with the mean value theorem

To To

d 0A 0A

E/Adx: —tdx:—(:cg—xl)
T T

0 ot
and then dividing by (x2 - x1) and making use of Qout = Qin = 0Q , we obtain the
(g — x1) ox
differential form of the continuity equation:
0A  0Q
L ZE =0 1.2
ot + oy (1.2)

1.1.1.2.2 Momentum Conservation

Newton’s second law of motion says: The change in momentum equals to the Sum of all
external Forces. The momentum is defined as
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where:
p [kgm/s] momentum
m  [kg] mass
u [m/s] velocity
a [m/s?]  acceleration
F [N] force

Making use of the Reynolds transport theorem (Chaudhry, 1993) and referring to the
control volume in Figure 1.1 one obtains a conservative formulation for the left part of the
momentum equation

x2

d d
d—]; = ZF = 5/upA dx + ugpAoug — u1pAiur — ugpq(x2 — x1) (1.3)
a1
where:
Uy [m/s] velocity in x direction (direction of flow) of lateral sources

p  [kg/m?3 mass density

Further simplification is achieved by applying Leibnitz’s rule and writing Q = Awu and
Q/A = u resulting in:

2
o 2 2
ZFZ/p;f dﬂf+p% ity m—uquz(wz—ﬂfl) (1.4)
1
Ve, 0Q
Applying the mean value theorem /pa do = E(wg —x1)p
1

and dividing both sides by p(z2 — 1) and by using
@ v (e
A o) (w2o—x1) Oz \ A

leads to the following formulation:
F 0 0 2
XF a0 (%) -

plzg—xy) Ot oz \ A

Q2
A

out

(1.5)

For the determination of Z F all external forces acting on the control volume have to be
considered. These are:

« the pressure force upstream and downstream of the control volume: Fy = —pgAihy
and Fy = pgAshy (hydrostatic pressure is p = pgh , the force is then F' = pA)

T2
o the weight of water (gravitational force) in x-direction: F3 = pg / ASp dz

1

T2
e and the frictional force: Fy = pg/ASf dx

1
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where
Sp -] bottom slope
Sy [-] friction slope

g |[m/s?] gravity

All these forces are now put into the sum of eq. 1.5. For the pressure forces, we get directly
a differential form as

F AoTor — paAiha _
2F_ pghoha—pghin _ 0
p(xe — 1) p(xe — 1) Ox

For the gravitational force and the friction force, the mean value theorem is applied:

o
/A(SB —Sy)de = A(Sp — Sp) (w2 — 1)
x1

This results in the following momentum equation:

0 0 2 9,
8—? + 5 (i) — Qe = —g5-(Ah) + gA(Sp — Sy) (1.6)

There is still an unknown A on the right hand side which should possibly be eliminated.
Based upon geometrical considerations and using the Leibniz rule, the pressure Term can
be expressed as the following not obvious relation. This can be proven mathematically
even under the consideration that changes in the channel width are not negligible.

0, — Oh
—9g—(Ah) = —gA— 1.
g3 (AT) = —gA (1.7)

Now, the unknown water depth h can be eliminated using the transformation

oh 0Ozg Ozp Ozs
h=zs—2zp and —=—"—-—=—"2+45
5B oxr  Ox ox ox B
Inserting this into eq. 1.7, resp. eq. 1.6 leads to a formulation of the momentum equation
where we have a term with the gradient of the water surface elevation zg combining the
pressure forces and the gravitational force. Note that the bottom slope Sp vanished.

0Q 0 [Q? 0zg
b AT i A2 AS, — = 1.
8t+8x<A oAy ToASr —aue =0 (1:8)
If only the cross sectional area where the water actually flows (and therefore contributes to
the momentum balance) shall be used, and by introducing a factor § accounting for the
velocity distribution in the cross section (Cunge et al. (1980)), eq. 1.9 is obtained:

0z

) + gAredaij + gArede — qug = 0 (19)

0Q o[,
&+m@mw
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where A,.q [m?] is the reduced area, i.e. the part of the cross section area where water
flows.

If Strickler values are used to define the friction

B7/3
A Z kstr /
5= ) (1.10)
(Z kstrz 15/3 )
If the equivalent roughness height is used
A Z k2 hZb;
8= 3 (1.11)
(ki)
1.1.1.3 Source Terms
With the given formulation of the flow equation there are 4 source terms:
For the continuity equation:
e The lateral in- or outflow ¢
For the momentum equation:
e The bed slope
0zg
W =gA— (1.12)
ox
e The bottom friction:
Fr =gA..qSy (1.13)
e The influence of lateral in- or outflow:
Qg (1.14)

However, in BASEchain, the influence of the lateral inflow on the momentum equation
is neglected. Exceptions are the sideweir, coupling_sideweir and bottom outflow source
terms, where the influence of the lateral outflow on the momentum equation can be taken
into account.

1.1.1.4 Closure Conditions

1.1.1.4.1 Determination of Friction Slope

The relation between the friction slope Sy and the bottom shear stress is:
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%B — gRS; (1.15)

As the unit of 75/p is the square of a velocity, a shear stress velocity can be defined as:

w0y = ﬁ (1.16)

The velocity in the channel is proportional to the shear flow velocity and thus:

u=cyp\/gRSy (1.17)

where ¢y is the dimensionless Chézy coefficient. It is defined as ¢y = C/,/g , where C is
the Chézy coefficient [m'/2/s).

If w is replaced by Q/A:

% = csy/gRSy (1.18)
results, with
QQ|
Sr = 1.19
f gAQC?cR ( )
Introducing the conveyance K :
K= Q. = Acyv/ Ry (1.20)
V5s
QlQ|
Sy = e (1.21)

The dimensionless friction coefficient ¢y can be determined based on a power-law approach
using Manning-Strickler friction coefficient ks, or based on log-law approach using
equivalent sand roughness ks of Nikuradse.

Power Friction Law

The power friction law according to Manning-Strickler is widely used in practice. Therfore
channel roughness is defined using Strickler’s kg or Manning’s n. For conversion a simple
relation holds:

1
kstr = -

The dimensionless friction coefficient c; is calculated as

kstrR1/6
C = -
NV
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Logarithmic Friction Laws
The following approaches are implemented to determine the coefficient cy:

Chézy:

R
¢p = 5.751log (12k) (1.23)
Yalin:
1 R
=-In(11— 1.24
s = tn(117) (1.24)
Bezzola:

This approach uses the roughness sublayer yr as relevant roughness height. Usually for
rivers yr =~ 1.0dyg is a good approximation. This approach takes small relative roughness
heights into account Bezzola (2002).

cr=25,/1- %R In (10.95), for yR >9
R R

cr =125 f In (10.9f), for yR <2 (1.25)
\ yr R R

¢ = 1.5, for — <0.5

Darcy-Weissbach:

B R 17
cr=ylF with f= o (123) (1.26)
K

s

In the case where friction is determined based on the bed composition of the mobile bed,
friction can be determined based on the local characteristic grain size dgo:

fact
kstr = Ao default value of factor = 21.1 (1.27)

Vdgo
or
ks = factor - dgg default value of factor = 3 (1.28)

The default values of the factors above correspond to a natural river bed with well graded
bed material and exposed coarse components.

1.1.1.5 Boundary Conditions

At the upper and lower end of the channel it is necessary to know the influence of the
region outside on the flow within the computational domain. The influenced area depends
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on the propagation velocity of a perturbation. The propagation velocity in standing water
is

c=+/gh (1.29)

If a one dimensional flow is considered this propagation takes place in two directions:
upstream (—c) and downstream (+c). These velocities must then be added to the flow
velocities in the channel, giving the upstream (C_) and downstream (C4.) characteristics:

dx

dx
= — = 1.31
Cy i u+c (1.31)

With these functions it is possible to determine which region is influenced by a perturbation
and which region influences a given point after a given time.

In particular it can be said that if ¢ < u the information will not be able to spread in
upstream direction, thus the condition in a point cannot influence any upstream point, and
a point cannot receive any information from downstream. This is the case for a supercritical
flow.

In contrast, if ¢ > u, which is the case for sub-critical flow, the information spreads in both
directions, upstream and downstream. This fact substantiates the necessity and usefulness
of information at the boundaries. As there are two equations to solve, two variables are
needed for the solution.

If the flow conditions are sub-critical, the flow is influenced from downstream. Thus at
the inflow boundary one condition can be taken from the flow region itself and only one
additional boundary condition is needed. At the outflow boundary, the flow is influenced
from outside and so one boundary condition is needed.

If the flow is supercritical, no information arrives from downstream. Therefore, two
boundary conditions are needed at the inflow end. In contrast, as it cannot influence the
flow within the computational domain, it is not useful to have a boundary condition at the
downstream end.

Table 1.1 Number of needed boundary conditions

Flow type Inflow Outflow
Sub critical flow (Fr <1) 1 1
Supercritical flow (Fr >1) 2 0

At the inflow boundary the given value is usually Q). If the flow is supercritical the second
variable A is determined by a flow resistance law (slope is needed!).

At the outflow boundary there are several possibilities to provide the necessary information
at the boundary:

e determine an out flowing discharge by a weir or a gate;

e set the water surface elevation as a function of time;
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o set the water surface elevation as a function of the discharge (rating curve).

1.1.2 Shallow Water Equations
1.1.2.1 Introduction

Mathematical models of the so-called shallow water type govern a wide variety of physical
phenomena. For reasons of simplicity, the shallow water equations will from here on be
abbreviated as SWE. An important class of problems of practical interest involves water
flows with a free surface under the influence of gravity. It includes:

e Tides in oceans
¢ Flood waves in rivers

e Dam break waves
The validity of the SWE implies the following conditions and assumptions:

e Hydrostatic distribution of pressure: this is fulfilled if the vertical accelerations are
negligible.

e Small slope of the channel bottom, so that the cosine of the angle between the bottom
and the horizontal can be assumed to be 1.

e Steady-state resistance laws are applicable for unsteady flow.

A key assumption made in derivation of the approximate shallow water theory concerns
the first aspect, the hydrostatic pressure distribution. Supposing that the vertical velocity
acceleration of water particles is negligible, a hydrostatic pressure distribution can be
assumed. This eventually allows for integration over the flow depth, which results in
a non-linear initial value problem, namely the shallow water equations. They form a
time-dependent two-dimensional system of non-linear partial differential equations of
hyperbolic type.

There are two approaches for the derivation of shallow water equations:

o Integrating the three-dimensional system of Navier-Stokes equations over flow depth

e Direct approach by considering a three-dimensional control volume

In the following the derivation of the depth integrated mass and momentum conservation
equations from the Reynolds-averaged 3-D Navier-Stokes equation is briefly presented.
Following boundary conditions are imposed:

1. At the top of water surface:

Kinematic boundary condition (this condition describes that no flow across the water
surface can take place):

_ Ozs 0zg 0zg
Wg = 5 + ug o + g 3y (1.32)
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Dynamic boundary condition:

T = (TSmTSy) and P = Pgum (133)

2. At the bottom of water body:

Kinematic boundary condition (this condition describes that no flow through the bed
surface can take place):

aZB 823
WB =UB (5~ T VB (&

1.34
Oz oy (1.34)

Derivation of mass conservation

The derivation makes use of Leibniz’s integration rule, which is used here to remove the
partial derivatives from the integral. It can be written generally as

BSED ) oy 1) 5 G 5 5
T,Y,z _ Y B z8
[ R = = [ faye) det flay ) G2 - flayzs) G
zp(z.y) z(z,y)

The 3-D Reynolds-averaged mass conservation equation is integrated over the flow depth
from the bed bottom zp to the water surface zg.

25
ou Ov OJw

2B

Applying Leibniz’s rule on the first term, the velocity gradient in x-direction, leads to

({)udz—a/udz—i-uB%—vsazs
Tz T ox ox

whereas up, ug and vg,vg are the velocities at the bottom and at the surface in x- and y-
directions respectively. The second term of eq. 1.35 is treated analogous.

The third term can be evaluated exactly by applying the fundamental theorem of calculus.
It results in the difference of the vertical velocity at the surface and the bottom:

8
a—wdz—ws—wg

2B

Assembling these terms, one can identify and eliminate the kinematic boundary conditions
as stated above.

B 0zp 0zg 0zg B

7 /udz—i— /vdz—i—uBa —i—vBa —wB—usa —Usa tws =
- 0z _ Oh
ot ot
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Evaluating the integrals over the depth as

zs

/udz:ﬂh

ZB

finally leads to the depth integrated formulation of mass conservation:

oh N d(uh) n o(uh)

ot ox oy =0

Derivation of momentum conservation

The Reynolds-averaged 3-D momentum equation in x-direction of the Navier-Stokes
equation is integrated over the depth

zs 9 z3
/[3U ou®  Quv 8uw1 & /{ 18p+13Tm }aTxy_’_}asz dz (1.36)

EJF%JF(?T/JF 0z _;% p Ox p Oy p Oy

ZB

whereas the momentum equation in y-direction can be treated in an analogous manner.

The first term, the time derivative of the x-velocity, is transformed with Leibniz’s rule and
integrated over the depth.

Zsaud_an O | Oz5 _Ouh  Da | Oz
ot T o ) VT B Ty TSy T T T Ty T T
ZB zZB

The Leibniz rule is also applied on the advective terms as follows:

zs zs zs zs
ou? 0 0zp Ozg Oouv 0 0zp
%dzza/ 2dZ+U2BE_U%E ) aiydzzaiy ’LL’UdZ‘i‘UB’UBi—
ZB zZB zZB zB
L
SUs 8y

And the fundamental theorem of calculus allows the evaluation of the fourth term on the
left hand side.

zs
ouw
——dz = usws — UBWR
0z

2B

All terms of the left hand side of eq. 1.36 now can be assembled, and again, the kinematic
boundary conditions are identified and can be eliminated. The left hand side is reduced to
three remaining terms.
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zs

uh—}——/u dz+—/uvdz+uB <aZB —i—uBazB +vBazB —wB>—
ot T T

0zg O0zg O0zg
us< ot + Usg O + vg oy +ws)

=0

With the assumption of a hydrostatic pressure distribution, the pressure term on the right
hand side can be evaluated. Furthermore, the water surface elevation is replaced by the
bottom elevation and the depth.

82’5 823 oh
/ =9h (a + a)

The depth integration of the first two shear stresses of the right hand side yields the depth
integrated viscous and turbulent stresses, which require additional closure conditions to be
evaluated.

zs zs - -
1 [ O07ps ds + 1 / OTyz ds — 107,.h n 107 4yh

P ox oy Z_; ox p Oy

ZB ZB
The third shear stress term can be integrated over the depth and introduces the bottom
and surface shear stresses at the domain boundaries, which again need additional closure

conditions. The surface shear stresses 7p,, e.g. due to wind flow over the water surface,
are neglected from here on.

OT2a 1
- —— dz = — T T
P 0z “ p(TS 75a)

2B

Putting the terms together one obtains

zs zs
ouh 0 2 0 oh ozp 1 1 0Tzzh 1 0Tzyh
—+ — dz + — d h— =—gh— — =Ty + — -

ot +6w/ i y/uv #tg Ox I o pTB * ox +p oy

ZB

The depth integrals of the advective terms still need to be solved. By dividing the
velocities in a mean velocity u and a deviation from the mean ', similar to the Reynolds
averaging procedure, the advective terms can be evaluated as follows. The depth integration
introduces new dispersion terms, which describe the effects of the non-uniformity of the
velocity distribution.

z8

0 / 5 outh  Ouv'h  Outh  10D..h
u® dz = + = +

u—u+u:>% ox oxr  Ox p Oz

ZB

In the end, after dividing the equations by the water depth, the depth integrated
x-momentum equation of the SWE is obtained in the following formulation:
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Ju _Ou _Ou oh  Ozp 1 1 O[W(Tgx + Daz)) 1 O[W(Tzy + Dyg)]
ot +u6x +U8y +98:U =~ Yo phTBI + ph ox + ph y

Shallow Water Equations

Conclusive, as shown before, the complete set of SWE is derived in the form:

Oh O(uh)  O(wh) _
et ar T oy = 0 (1.37)

ou _ou _oOu Oh  Ozp 1 1 O[M(Tzzx + Dzz)] 1 Olh(Tay + Dyz)]
a‘Fuax—i—Uafy—Fg%——g%—pthBx-i—pfh Oz +p7h 8y
(1.38)
05 00 o0 Oh sy 11 0[h(yt Dyl | 1 Ofh(ry +Dy)
ot ox oy Ay oy  ph ph ox ph oy
(1.39)

where:

h [m] water depth

g [m/s%  gravity acceleration

P [Pal) pressure

u [m/s]  depth averaged velocity in x direction

ugs [m/s]  velocity in x direction at water surface

up [m/s]  velocity in x direction at bottom (usually equal zero)

v [m/s]  depth averaged velocity in y direction

vg [m/s]  velocity in y direction at water surface

VB [m/s]  velocity in y direction at bottom (usually equal zero)

wg [m/s]  velocity in z direction at water surface

wp [m/s]  velocity in z direction at bottom (usually equal zero)

zZB [m] bottom elevation

zs [m] water surface elevation

TSx, TSy [N/m?] surface shear stress in x- and y direction (here neglected)
TBz, TBy [N/m?] bed shear stress in x- and y direction

Taws Toy> Tyzs Tyy [N/ m2] depth averaged viscous and turbulent stresses

Dy, Day, Dya, Dyy [N/ m?] momentum dispersion terms

For brevity, the over bars indicating depth averaged values will be dropped from here on.

1.1.2.2 Closure Conditions

1.1.2.2.1 Turbulence

The turbulent and viscous shear stresses can be quantified in accordance with the Boussinesq
eddy viscosity concept, which can be expressed as
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ou ov <8u 01}) (1.40)

Trz = 2pv% y Tyy = 2pva—y y Tay = PU
If the flow is dominated by the friction forces, the total viscosity is the sum of the eddy
viscosity (quantity due to turbulence modelling) and molecular viscosity (kinematic viscosity
of the fluid): v = vy + vp,.

Turbulent eddy viscosity may be dynamically calculated as vy = ku,h/6 with the friction
velocity u, = \/7B/p.

The molecular viscosity is a physical property of the fluid and is constant due to the
assumption of an isothermal fluid.

1.1.2.2.2 Bed Shear Stress

The bed shear stresses are related to the depth—averaged velocities by the quadratic friction
law

TBx =P~ 3~ i TBy =P (1.41)

in which |u| = vu? + v? is the magnitude of the velocity vector. The friction coefficient ¢
can be determined by any friction law.

1.1.2.2.3 Momentum Dispersion

The momentum dispersion terms account for the dispersion of momentum transport due
to the vertical non-uniformity of flow velocities.

At the moment the momentum dispersion terms are not explicitly modelled here. Usually,
in straight channels, these dispersive effects can be accounted for by adapting the turbulent
viscosity in the determination of the turbulent stresses (Wu, 2007).

1.1.2.3 Conservative Form of SWE

Various forms of SWE can be distinguished with their primitive variables. The proper choice
of these variables and the corresponding set of equations plays an extremely important role
in numerical modelling. It is well known that the conservative form is preferred over the
non-conservative one if strong changes or discontinuities in a solution are to be expected.
In flooding and dam break problems, this is usually the case.

Bechteler et al. (1993) showed that the equation sets in conservative form, with (h, uh, vh)
as independent and primitive variables produce best results. The conservative form can be
derived by multiplying the continuity equation with v and v and adding to momentum
equations in x and y direction respectively. This set of equations can be written in the
following form:

U, +V(F,G)+8=0 (1.42)

where U, F(U),G(U) and S are the vectors of conserved variables, fluxes in the x and y
directions and sources respectively, given by:
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h
U=|uh (1.43)

vh

uh vh
1 ou ov
2 2
F—|u h—l—igh —;h% . G = uufi—uh% . (1.44)
uvh — Vha—Z v2h + ighz — Vha—y

0

S = | gh(Sse — SBa) (1.45)

gh(Sfy — Spy)

where v is the total viscosity.

1.1.2.4 Source Terms

The eq. 1.45 has two source terms: the bed shear stress (75/p = ghSy) and the bed slope
term (ghSp). The viscous stresses in the flux of eq. 1.44 are also treated as flux term.

The bed shear stress is the most important physical parameter besides water depth and
velocity field of a hydro- and morphodynamic model. It causes the turbulence and is
responsible for sediment transport and has a non-linear effect of retarding the flow. When
the effect of turbulence grows, the effect of molecular viscosity becomes relatively smaller,
while viscous boundary layer near a solid boundary becomes thinner and may even appear
not to exist. It means that the bed stress (friction) is equal to the bed turbulent stress.

However, bed stress is usually estimated by using an empirical or semi-empirical formula
since the vertical distribution of velocity cannot be readily obtained.

In the one dimensional system of equations the term bed stress can be expressed as gRSy,
where Sy denotes the energy slope. Assuming that the frictional force in a two dimensional
unsteady open flow can be estimated by referring to the formulas for one dimensional flows
in open channel it can be written:

g, — 1.46
! gcfcR ( )

where u = velocity; c¢; = friction coefficient; R = hydraulic radius. It can be easily seen
that the above formula can be approximately generalized to the two dimensional system.
In one-dimensional flows it is not distinguished between bottom and lateral (side wall)
friction, while in two dimensional flows it is often taken a unit width channel (R = h). For
the two dimensional system the eq. 1.46 has the following forms

uvu? + v? vvVu2 + 0?2
; Spy = 2R (1.47)

S, =
f gc}R gcy

The coefficient c; can be calculated by different empirical approaches as in the one
dimensional system, e.g. using the Manning or Strickler coefficients. See Section 1.1.1.4 for
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further details on the determination of the friction coefficient ¢y . If the friction value is
calculated from the bed composition, the dgg diameter of the mixture is determined. In
case of single grain simulations the dgg diameter is estimated by dgo = 3 - dinmean-

The bed stress terms need additional closures equation (see Section 1.1.2.2.2) to be
determined. Bed slope terms represent the gravity forces

Spy=—0zp/0x ; Spy=—0zp/0y (1.48)

The viscous fluxes are treated as source terms (The superscript ‘d’ refers to the diffusion)

S _871?614_37(;61
4T Ton y

where the diffusive fluxes read

The total viscosity v is the sum of the kinematic viscosity and turbulent eddy viscosity.
The kinematic viscosity is a physical property of the fluid and is set to a constant value.

The turbulent eddy viscosity can either be set to a constant value or calculated dynamically
as Turbulent eddy viscosity may be dynamically calculated as v, = Ku,h/6 with the friction
velocity u, = \/7B/p.

1.1.2.5 Boundary Conditions

SWE provide a model to describe dynamic fluid processes of various natural phenomena and
find therefore widespread application in science and engineering. Solving SWE needs the
appropriate boundary conditions like any other partial differential equations. In particular,
the issue of which kind of boundary conditions are allowed is still not completely understood
(Agoshkov et al., 1994). However several sets of boundary conditions of physical interest
that are admissible from the mathematical viewpoint will be discussed here.

The physical boundaries can be divided into two sets: one closed (I'.), the other open (T',)
(Figure 1.2). The former generally expresses that no mass can flow through the boundary.
The latter is an imaginary fluid-fluid boundary and includes two different inflow and outflow

types.
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Figure 1.2 Computational Domain and Boundaries

1.1.2.5.1 Closed Boundary

The following relations are often described on the closed boundary, say I, :

ou
n = -7 = 1.49
pu-n =0 n 0 ( )
where
n [m] the normal (directed outward) unit vector on I,

u [m/s] velocity vector = (u,v)

1.1.2.5.2 Open Boundary

The number of boundaries of a partial differential equations system depends on the type
of the system. From the mathematical point of view, the SWE establish a quasi-linear
hyperbolic differential equations system. If the temporal derivatives vanish, the system is
elliptical for F,. < 1.0 and hyperbolical for F,. > 1.0 , where F,. is Froude number.

On the open boundary (T',) the two types inflow and outflow can be respectively
distinguished as follows:

Fin=(xelsu-n<0) (1.50)

Lot =(x €Tp;u-n>0) (1.51)

Based on the behaviour of the system of equations, the theoretical number of open boundary
conditions is listed in Table 1.2 (Agoshkov et al., 1994) (Beffa, 1994):

Table 1.2 The Correct Number of Boundary Conditions in SWE

Flow type Inflow Outflow
Sub critical flow (Fr <1) 2 1
Supercritical flow (Fr >1) 3 0
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However in practical application of boundary conditions, the number of the implemented
conditions is often higher or lower than the theoretical criteria (Nuji¢, 1998).

1.2 Sediment and Pollutant Transport

1.2.1 Fundamentals of Sediment Motion
1.2.1.1 Threshold Condition for Sediment Transport

1.2.1.1.1 Determination of the Critical Shear Stress

The critical shear stress 7p,, = 0¢(ps — p)gdy is the threshold for incipient motion of
grain class g where the critical Shields parameter 6., is a function of the shear Reynolds
number Re* (Shields, 1936). The critical Shields parameter 6., can be set to a constant
value, e.g. Meyer-Peter and Miiller (1948) proposed a constant Shields parameter of 0.047
for fully turbulent flow (Re* > 10%). Furthermore, 6., can be dynamically determined
from a transformed Shields diagram as a function of the dimensionless grain diameter D*
(0er = f(D*)) (Figure 1.3).

An approximation of the original Shields diagram was proposed by van Rijn (1984a):

O = 0.24(D*)"Y  for 1< D*<4
Ocr = 0.14(D*)~%64  for 4< D* <10

O = 0.04(D*)7%1  for 10 < D* <20 (1.52)
. = 0.013(D*)%29  for 20 < D* < 150
0. = 0.055 for D* > 150

where the dimensionless grain diameter D* is defined as

D — (W)l/gd (1.53)

Another explicit formulation of the Shields curve was proposed by Yalin and Silva (2001):

Oer = 0.13D* 79392 exp(—0.015D*) + 0.045 (1 — exp(—0.068D*)) (1.54)

1.2.1.1.2 Influence of Local Slope on Incipient Motion

The investigations on incipient motion by Shields were made for almost horizontal bed. In
the case of sloped bed in flow direction or transverse to it, the stability of grains can either
be reduced or increased due to gravity. One approach to consider the effects of local slopes
on the threshold for incipient motion is to correct the critical shear stresses for incipient
motion. Here kg and k, are correction factors for slope in flow direction and in transversal
direction and 7g,, shields is the critical shear stress for almost horizontal bed as derived by
Shields. The corrected critical shear stress then is determined as

TBer = KpkyTB., Shiclds (1.55)
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Figure 1.3 Transformed Shields diagram to determine critical Shields parameter

The correction factors are calculated as suggested by van Rijn (1989):

M if slope < 0
kg = - siny
M if slope > 0
sy (1.56)
tan?§
ky = { cosdy|1 — :LQ
an?~y

where [ is the angle between the horizontal and the bed in flow direction, § is the slope
angle transversal to the flow direction and ~ is the angle of repose of the sediment material.

Furthermore, Chen et al. (2010) proposed a correction k = kgk, as follows

TBer

k = =
TBer,Shields

9 0.5
o (T 1 tan® vy
- — -1
tan -y (COS (2 B) * (1+ tan? 3 4 tan? ) * (1 + tan? B + tan? 'y)) *

cos <72T — B)

1.2.1.2 Influence of Bed Forms on Bottom Shear Stress

(1.57)

In presence of bed forms, like ripples, sand dunes or gravel banks, additional friction losses
can occur due to complex flow conditions around these bed forms and the formation of
turbulent eddies. In such cases the dimensionless bottom shear stress 6 determined from
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the present flow conditions can differ from the effective dimensionless bottom shear stress
', which is relevant for the transport of the sediment particles. It is usually assumed that
the determination of the effective shear stress should be based upon the grain friction losses
only and should exclude additional form losses, to prevent too large sediment transport
rates. Therefore a reduction factor y is introduced for the determination of the effective
bottom shear stress 6’ from the bottom shear stress 6 as

/ / —
s 0 with { uw=1.0 (no bed forms) (1.58)

u < 1.0 (bed forms)

This reduction factor (also called “ripple factor”) can be given a constant value if the bed
forms are distributed uniformly over the simulation domain. After Jéggi this factor should
be set between 0.8 and 0.85. If there are no bed forms present one can consider that 6 = 6,
i.e. u=1.0. Generally can be said, the larger the form resistance, the smaller becomes the
reduction factor u.

Another approach is to calculate the reduction factor by introducing a reduced energy
slope J', compared to the energy slope J, due to the presence of the bed forms as done by
Meyer-Peter and Miiller. This approach is in particular suitable if ripples are present at
the river bed and finally leads to the following estimation of the reduction factor.

ksr 3/2

str

Here, k., corresponds to the definition of the Strickler coefficient for experiments with
Nikuradse-roughness (Jaggi, 1995) and can be calculated from the grain sizes using the d90
diameter as detailed in section Section 1.1.1.4. kg, is the calibrated Strickler coeflicient

used in the hydraulic calculations which includes the form friction effects.

1.2.1.3 Bed Armouring

In morphological simulations with fractional sediment transport the forming or destroying
of bed armouring layers can be simulated by modelling sorting effects without special
features.

But there are also some types of protection layers which need a special treatment, like
e.g. grass layers or geotextiles. Furthermore, for single grain simulations the bed material
sorting effects cannot be captured and therefore a special treatment is needed if effects of
bed armouring shall be considered.

The effects of such a protection layer can be considered using two methods:

o A critical shear stress 7., siqrt Of the protection layer can be specified, which must
be exceeded at least once before erosion of the substrate can take place. This
method is suited for simulations with one or multiple grain classes. Start of erosion:

TB > Ter,start

e Another approach is to define the d90 grain diameter of the bed armouring layer.
The dimensionless critical shear stress O, armour Of this bed armour is then estimated
as
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d90>2/3

Hcr armour — acr
I ( d

where dgg is the specified d90 grain diameter of the bed armour and d and 6., are the
diameter and critical shear stress of the substrate. But be aware that in case the bed
armour is eroded once, it cannot be built up again using this approach in single grain
computations.

If sediment has accumulated above the protection layer, the armouring condition is not
applied until this sediment is totally eroded.

1.2.1.4 Settling Velocities of Particles

The settling velocity w of sediment particles is an important parameter to determine which
particles are transported as bed load or as suspended load. Many different empirical or
semi-empirical relations for the determination of settling velocities in dependence of the
grain diameter have been suggested in literature.

Approach of van Rijn

The sink rate can be determined against the grain diameter after van Rijn (1984b).

—1)gd?
w:& for 0.001 <d<0.1 mm (1.60)
18v
1 01(s — 1)gd®
w:gj(\/l—l—(wl—l) for 01<d<1 mm (1.61)
v

w=11y/(s—1)gd for d>1 mm (1.62)

d is the diameter of the grain, v is the kinematic viscosity and s = pg/p the specific density.
Approach of Wu and Wang
A newer approach for the computation of the sink velocity is the one of Wu et al. (2000):

Mv | |1 4N o q]"
w=3 [\/4 + (3M2 (D*)3) - 2] (1.63)

where:

M = 53.5¢~ 0655
N =5.65¢~25%
n=0.7+0.9S,

Sy is the Corey shape factor, with a value for natural sediments of about 0.7 (0.3 - 0.9).
Approach of Zhang

The Zhang formula (Zhang, 1961) is based on many laboratory data and was developed for
naturally worn sediment particles. It can be used in a wide range of sediment sizes in the
laminar as well turbulent settling region (Wu, 2007).
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2
w = \/(13.95Z> +1.09(s — 1)gd — 13.95% (1.64)

1.2.1.5 Bed load Propagation Velocity

The propagation velocity of sediment material is an important parameter to characterize the
bed load transport in rivers. In some numerical approaches for morphological simulations
this velocity is a useful input parameter.

Several empirical investigations have been made to measure the velocity of bed load material
in experimental flumes. One recent approach for the determination of the propagation
velocity is the semi-empirical equation based on probability considerations by Zhilin Sun
and John Donahue (Sun and Donahue, 2000) as

up = 7.5(V0' — Cov/0er)\/ (s — 1)gd (1.65)

where 0’ is the dimensionless effective bottom shear stress and 6., is the critical Shields
parameter for incipient motion for a grain of diameter d. Furthermore, Cj is a coefficient
less than 1 and s is specific density of the bedload material. As can be seen, the propagation
velocity will increase if the difference of the actual shear stress and the criticial shear stress
enlarges as well as in the case of larger grain diameters.

1.2.2 Suspended Sediment and Pollutant Transport

1.2.2.1 One Dimensional Advection-Diffusion-Equation

For a channel with irregular cross section area A (Figure 1.1) the following
advection-diffusion equation for to the number of pollutant species or grain size
classes ng holds:

0(AC,) |, 9(QCy) _ 9 (AFOC ) —8g—Sly=0 for g=1,..,ng (1.66)

ot ox oz ox
: o 0A  0Q . o
Introducing the continuity equation o + = =0 in eq. 1.66 one becomes:
z

9(Cy)
ot

A

oCy) 0 (.0, ) i
+@Q or 92 (Afa )—Sg—Slg—O for g=1,...,ng (1.67)

1.2.2.2 Two Dimensional Advection-Diffusion-Equation

According to the number of pollutant species or grain size classes, ng advection-diffusion
equations for transport of the suspended material are provided as follows:

0 0 o0, 0 0Cy
&Cgh+8x<c hFa ) (9y<c hfay>—Sg—Sl9—O for g=1,...n
(1.68)
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where Cy is the concentration of each grain size class and I is the eddy diffusivity.

1.2.2.3 Source Terms
For both suspended sediment and pollutant transport there can be a local sediment or
pollutant source: Sl, given by a volume.

For suspended sediment transport an additional source term S, representing the exchange
with the bed has to be considered. This term appears also in the bed load equations if
they are applied in combination with suspended load.

This term is calculated by the difference between the deposition rate gz and the suspension
(entry) rate ge,.

Sy = e, — 44, (1.69)

The deposition rate is expressed as convection flux of the sink rate:

ng = wngg (1.70)

wy is the sink rate of grain class g and Cy, its concentration near the bed. According to a
suggestion of Bennett and Nordin (1977), the suspension entry is formulated in line with
the deposition rate employing empirical relations:

Qe, = wgﬁgceg (1.71)

The outcome of this is:

Sy = wy(ByCe, — Ca,) (1.72)
The sink rate wy can be determined against the grain diameter after one of the relations
given in Section 1.2.1.4

The reference concentration for the suspension entry can be calculated as follows after van
Rijn (1984b):

4y 1)
Ce, =0.015-* OO (1.73)

where:
T, 1is the dimensionless characteristic number for the bottom shear stress of grain class g.
a  is the reference height above the mean bed bottom.
Dy is the dimensionless diameter of grain class g.

Another approach is the one of Zyserman and Fredsge (1994):

331(0' — 0.045)17
o 0.331(¢" — 0.045) (L74)
¢ 140.72(6' — 0.045)17

with the dimensionless effective bottom shear stress
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0" = u/[(s — 1)gd] (1.75)

The reference concentration for the deposition rate is calculated after Lin (1984):

Ca, = (3.25 +0.551n <:’9 >) c, (1.76)

Ux

where:

Cy 1is the mean concentration over depth of suspended particles of grain class g,
uy  is the shear velocity,
k  the Von Karmann constant.

Another approach is the one of Minh Duc (1998):
(h —9)
h
/ (h —z 6 )w/“U*
— dz
z h—9
§

The erosion and deposition rates can also be computed using critical shear stresses, as does
Xu (1998).

Qe =

.
wsCy |1 — T < T8
qd = Te,S

0 T 2 Te,8

ps — p ghwsCy
Ps TkU

Te,S —

T}, is a calibration parameter which has been suggested to take a value of 0.0018 by Westrich
and Juraschek (1985). The reference concentration C, can be determined after van Rijn
(1984b) (eq. 1.73) or Zyserman and Fredsge (1994) (eq. 1.74). Alternatively, C, can be set
to the actual depth-averaged concentration Cj.

n
.
M —1 T > TeR
e = Te,E

0 T < Te.E

2

“er- M and n are calibration parameters.

With 7. g = pu

1.2.3 Bed Load Transport
1.2.3.1 One Dimensional Bed Load Transport

1.2.3.1.1 Component of the Bed Load Flux

The bed load flux for the one-dimensional case consists of one single component for each
grain size, namely the specific bed load flux in stream wise direction ¢g, .
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1.2.3.1.2 Evaluation of Bed Load Transport due to Stream Forces

In the one-dimensional case, the total specific bed load flux due to stream forces is evaluated
as follows:

aB, = Byas(&y) (1.77)

Details about the transport laws for evaluation of ¢g with or without the consideration of
the hiding factor £, can be found in Section 1.2.3.4.

1.2.3.1.3 Gravitational Slope Collapse in Longitudinal Direction

Gravitational induced failures in longitudinal direction are significant aspects concerning
erosion and transport modelling. This process may play an important role e.g. for delta
formation in estuaries. Such slope failure processes take place mostly discontinuous and
can deliver significant contributions to the total sum of transported material.

The modes of slope failures can differ largely (falls, topples, slides, etc.) and depend on the
soil material, the degree of soil compaction and the pore pressures within the soil matrix.
Here, a simplified, geometric approach is applied to be able to consider some aspects of
this purely gravitational induced transport.

This approach is based on the idea that a slope betweem two cross-sections is flattened if
its angle a becomes steeper than a given critical slope angle it -

0 if (Ol < ’Ycrit)

f(aa ’Ycr'it) if (a > IYCTZ't) (178)

4Bg,xgrav = {

The sliding material is moved from the cross-section with higher elevation to the lower
situated cross-section. Only one critical slope angle can be defined in this one-dimensional
approach.

1.2.3.1.4 Bed Material Sorting
For each fraction ¢ a mass conservation equation can be written, the so called “bed-material

sorting equation”:

dq
0

(1 —p)aat(ﬁg “hp) + ig +5g—8fg—slp, =0 for g=1,..ng (1.79)
where p = porosity of bed material (assumed to be constant), gg, = total bed load flux per
unit width, sf, = specific flux through the bottom of the active layer due to its movement
and slp, = source term per unit width to specify a local input or output of material
(e.g. rock fall, dredging). The term s, describes the exchange per unit width between the
sediment and the suspended material (see Section 1.2.2.3).

1.2.3.1.5 Global Mass Conservation

Finally, the global bed material conservation equation is obtained by adding up the masses
of all sediment material layers between the bed surface and a reference level for all fractions
(Exner-equation) directly resulting in the elevation change of the actual bed level:
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025 < (Oqg
(1—p)+z< I+ s —sng> =0 (1.80)
ot = ox g

1.2.3.2 Two Dimensional Bed Load Transport

1.2.3.2.1 Components of the Bed Load Flux

The specific bed load flux in x direction is composed of three parts (an analogous relation
exists in y direction):

dBy,x = 4Bg,zx + qBg,zlateral + 4Bg,zgrav (181)

where (quantities per unit width) ¢p, 2, = bed load transport due to flow in x direction,
4B, zlateral = lateral transport in x-direction (due to bed load transport in y direction on
sloped bed), gp g.zcury = transport due to curvature effect in x-direction, and qp, zgrav =
pure gravity induced transport (e.g. due to collapse of a side slope).

1.2.3.2.2 Evaluation of Equilibrium Bed Load Transport

In the two-dimensional case, bed load transport is evaluated as follows

qBg.xx = Beqn (gg) " €g (1.82)

The specific bed load discharge gp, of the g'" grain class has to be evaluated by a
suitable transport law. Approaches for the bed load discharge ¢p,({,) with or without the
consideration of a hiding factor £, are discussed in Section 1.2.3.4.

1.2.3.2.3 Bed Load Direction due to Lateral Bed Slope

Empirical bed load formulas were originally derived for situations where bed slope equals
flow direction. However, in case of lateral bed slope with respect to flow direction, bed
load direction differs from flow direction due to gravitational influence on the bed material,
e.g. moving sediment particle on riverbank. Therefore, bed load direction is corrected for
lateral bed slope based on the following approach (e.g. see Ikeda (1982); Talmon et al.
(1995)):

/ gl
TBer R
tangy, = —N; | —=2 | §- 7, (1.83)
B

where: ¢, = bed load direction with respect to the flow vector ¢, N; = lateral transport
factor (1.2 < N; < 2.4), v = lateral transport exponent (default v = 0.5), § = bed slope
(positive uphill, negative downhill), 7, = is the unit vector perpendicular to ¢ pointing
in downhill direction (§- 7, < 0) , 75 = dimensionless bed shear stress, and Tém.g =
dimensionless critical shear stress of the individual grain class.

30 VAW - ETH Zurich version 4.0.2



BASEMENT System Manuals 1.2. Sediment and Pollutant Transport

Figure 1.4 Effect of spiral motion in river bend on bed shear stress T, with deviation
angle from main flow direction py,, adapted from Blanckaert (2011)

1.2.3.2.4 Bed Load Direction due to Curvature Effect

Due to the presence of geometrical curvatures in rivers, the bed load direction may deviate
from the depth averaged flow direction. Due to the three dimensional spiral flow motion,
the bed load direction tends to point towards the inner side of the curve (Figure 1.4). This
curvature effect is taken into account according to an approach proposed by Engelund
(1974) , where the deviation angle ¢ (positive counterclockwise and vice versa) from the
main flow direction is determined as

h
tan ¢ = No— (1.84)
R
where h denotes the water depth, IV, denotes a curvature factor, and R denotes the radius
of the river bend (positive for curvature in counterclockwise direction and vice versa).

Note that the curvature factor N, mainly depends on bed roughness. Therefore, N, ~ 7
for natural streams (Engelund, 1974), and values up N, =~ 11 for laboratory channels
(Rozovskii, 1957).

1.2.3.2.5 Gravitational Bank Collapse

Gravitational induced riverbank or sidewall failures are significant aspects concerning
erosion and transport modelling. Such processes may play an important role in many
situations, such as meandering streams, river widenings or failures of erodible embankment
structures due to overtopping waters. Such slope failure processes take place mostly
discontinuous and can deliver significant contributions to the total sum of transported
material.

The modes of slope failures can differ largely (falls, topples, slides, etc.) and depend on the
soil material, the degree of soil compaction and the pore pressures within the soil matrix.
Here, a simplified, geometric approach is applied to be able to consider some aspects of
this purely gravitational induced transport.

This approach is based on the idea that a slope is flattened if its angle o becomes steeper
than a given critical slope angle Vit -
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Figure 1.5 Definition sketch of overall control volume (red) of bed material sorting
equation

. 0 if (Oé < 'Ycrit)
qu@gTaU - { f(Oé, Vcrit) lf (O[ > Vcrit) (185)

The sliding material is moved from the sediment element with higher elevation to the lower
situated element. Three characteristic critical slope angles are defined in this approach to
have some flexibility in modelling the complex geotechnical aspects. The critical angles
can be characterized as:

« critical angle for dry or partially saturated bank material which may greatly exceed
the material’s angle of repose (up to nearly vertical walls) due to negative pore
pressures,

o critical angle for fully saturated and over flown material which is in the range of the
material’s angle of repose and

e a critical angle for deposited, not-compacted material.

A more physically based geotechnical approach, which takes into account more geotechnical
considerations, is planned to be implemented in the future.

1.2.3.2.6 Bed Material Sorting

The change of volume of a grain class g is balanced over the bed load control volume Vj
and the underneath layer volume Vgyp, , as it is illustrated in Figure 1.5.

Depending on the bedload in- and outflows, the composition of the grain fractions in the
bedload control volume can change. Futhermore three source terms are distinguished:

+ External sediment sources or sinks can be specified (S1).
o An exchange of sediment with the water column can take place (5).

e The movement of the bedload control volume bottom Zg can lead to changes of the
grain compositions within the bedload control volume and the underneath soil layer
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(Sfg)- (This is a special kind of source term, because it does not change the overall
grain volume within the control volume indicated in Figure 1.5. It is not related with
a physical movement of particles.)

For each grain class ¢ a mass conservation equation can be written, the so called
“bed-material sorting equation”, which is used to determine the grain fractions 3, at the
new time level

ov a(ﬁg ) hm)

— 8(63ubg : (ZF - zsub))
P —-p 0By _m) n =

change of grain volume in bedload control volume change of grain volume in layer 1=sfq

_ _aQBg,ac . 6QBg,y s+ SlB
Oz oy L7

fluxes over boundary

source terms

Rearranging this sorting equation leads to following formulation which is used from here on

+ a(JBg,:p + ang,y

pe dy + 89— 8fg —slp, =0 for g=1,...ng

(1.86)

(1) (B )

where h,,, = thickness of bedload control volume, p = porosity of bed material (assumed
to be constant), (¢B,.z»4B,,y) = components of total bed load flux per unit width, sf, =
flux through the bottom of the bedload control volume due to its movement and slp, =
source term to specify a local input or output of material (e.g. rock fall, dredging).

1.2.3.2.7 Global Mass Conservation

The global bed material conservation equation, which is often called Exner-equation, is
obtained by adding up the masses of all sediment material layers between the bed surface
and a reference level. This is done for all grain fractions and directly results in the elevation
change of the actual bed level zp:

025 <A (0qB,x  O4B,y
(l—p)+2( oty +sg—sl3):0 (1.87)
ot — \ Oz oy g

1.2.3.3 Sublayer Source Term

The bottom elevation of the bed load control volume zp is identical to the top level of the
underneath layer. If zp moves up, sediment flows into this underneath layer and leads to
changes in its grain compositions. The exchange of sediment particles between the bed
load control volume and the underlying layer is expressed by the source term:

sy = ~(1 = D)o (21— Zoun) s, (1.8
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1.2.3.4 Closures for Bed Load Transport

In the following a variety of bed load transport formulas are listed which are implemented
to calculate the transport capacity. For practical purposes usually a calibration of the used
formula is needed and several parameters can be adjusted by the user.

1.2.3.4.1 Meyer-Peter and Miiller (MPM & MPM-Multi)

The bed load transport formula of Meyer-Peter and Miiller (Meyer-Peter and Miiller, 1948)
can be written as follows:

qB, = /(s — 1)gd} (05 — Ocrg)™ (1.89)

Herein, « denotes the bed load factor (orginally o = 8), m the bed load exponent (orginally
m = 1.5), g, is the specific bed load transport rate of grain class g, 8, is the effective
dimensionless shear stress for grain class g, 0.4 is the critical dimensionless shear stress
for grain class g , dg4 is the diameter of the grain class g, s = ps/p and g stands for the
gravitational acceleration. Note that by adjusting « to 4.93 and m to 1.6, the bed load
formula can be adapted accoring to Wong and Parker (2006).

Meyer-Peter and Miiller observed in their experiments that the fist grains moved already
for 6., = 0.03. But as their experiments took place with steady conditions they used a
value for which already 50% of the grains where moving. They proposed the value of 0.047.

However for very unsteady conditions one should use values for which the grains really
start to move (Fah, 1997) like the values given by the shields diagram.

The formula of Meyer-Peter and Miiller is applicable in particular for coarse sand and
gravel with grain diameters above 1 mm (Malcherek, 2001).

The original bed load transport formula is intended for single grain simulations. But an
extension of the MPM-Formula for fractional transport is implemented in the program and
called MPM-Multi. It uses the hiding function &, proposed by Ashida and Michiue (1971):

[ [og (19)/1og (19d,/d)]?  dy/dm > 0.4
b = { 0.843d,/d, dy/d < 0.4 (1.90)

dg is the grain size diameter of grain class g and d,, the mean diameter of the grain mixture.
The dimensionless critical shear stress of grain class becomes:

ecr,g = 9cr,ref§g7 (191)

where 0., s usually is assigned to a fix value (e.g. Ocp ey = 0.047) or the critical Shields
paramter of the mean grain size.

1.2.3.4.2 Ashida and Michiue

The bed load formula for non-uniform sediments according to Ashida and Michiue (Ashida
and Michiue, 1971) reads

dB, = 17 (8 - 1)90@ (eg - ggecr,ref)(\/% Y, ggecr,TEf) (192)

34 VAW - ETH Zurich version 4.0.2




BASEMENT System Manuals 1.2. Sediment and Pollutant Transport

where gp, is the specific bed load transport rate of grain class g, 0, is the dimensionless
shear stress for grain class g, 0c,cf is the reference critical dimensionless shear stress
(Ashida and Michiue (1971) proposed O ey = 0.05), dg4 is the diameter of the grain class
g, s = ps/p, g is the gravitational acceleration, and &, is the hiding function according to
eq. 1.90.

1.2.3.4.3 Parker

Parker extended his empirical substrate-based bed load relation for gravel mixtures Parker
et al. (1982), which was developed solely with reference to field data and suitable for near
equilibrium mobile bed conditions, into a surfaced-based relation. The new relation is
proper for non-equilibrium processes.

Based on the fact that the rough equality of bed load and substrate size distribution is
attained by means of selective transport of surface material and the surface material is the
source for bed load, Parker has developed the new relation based on the surface material.
An important assumption in deriving the new relation is suspension cut-off size. Parker
supposes that during flow conditions at which significant amounts of gravel are moved, it
is commonly (but not universally) found that the sand moves essentially in suspension (1
to 6 mm). There for Parker has excluded sand from his analysis. In his free access Excel
file, he has explicitly emphasised that the formula is valid only for the size larger than 2
mm. Regarding to the Oak Creek data, the original relation predicted 13% of the bed load
as sand. For consistency it has to be corrected for the exclusion of sand and finer material.

Rgqui

W3 = 0.00218 G[§swosgo] 5 W5 = 570V °F (1.93)
where:
di —0.0951 T;g . 8 .
s = <dg> ;P50 = s L T, = JRod, ; Trego = 0.0386

T o TR [In(di/dg)]? _ Y Filn(dy)
aromi L R BRI ol I

& is a “reduced” hiding function and differs from the one of Einstein. The Einstein hiding
factor adjusts the mobility of each grain d; in a mixture relative to the value that would
be realized if the bed were covered with uniform material of size d;. The new function
adjusts the mobility of each grain di relative to the dsg or d, , where d, denotes the surface
geometric mean size.

Although the above formulation does not contain a critical shear stress, the reference shear
stress 7,7,o makes up for it, in that transport rates are exceedingly small for 77, < 77 ¢.

Regarding to the fact that parker’s relation is based on field data and field data are often
in case of low flow rates, the relation calculates low bed load rates (Marti, 2006).

If this transport formula is used in combination with a local slope correction of the reference
shear stress (see Section 1.2.1.1.2) attention must be paid that 7.7, may not become too

small or even zero. Since this value is in the denominator of the transport formula, such
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situations may lead to numerical instabilities. To avoid these problems a minimum value is
enforced:

*,Min * )

* . .
7-7“590 - mm(T rsg0

rsg0 >

1.2.3.4.4 Wilcock and Crowe

Wilcock and Crowe developed a sediment transport model for sand/gravel mixtures
(Wilcock, 2003), similar to Parker’s model (G. Parker, 1990), and it was developed with
a large experimental results dataset. It reference fractional transport rates to the size
distribution of the bed surface, rather than the subsurface, making the model explicit
and capable of predicting transient conditions. The hiding function incorporated in the
model resolves discrepancies obvserved among earlier hiding functions implemented in
other transport models, such as the Oak Creek and the Cambridge ones (A.J. Parker G.;
Sutherland, 1990). Wilcock and Crowe model (Wilcock, 2003) uses the full grain size
distribution of the bed surface, including sand, incorporating a non-linear effect of sand
content on gravel transport rate.

. _ « Ry
We=G(¢i) ; Wy = (5/p)F; (1.94)
where:
0.002 ¢} ¢; < 1.35
4.5
G (9;) = .894
(@) =19 14 <1—0;£> ¢; > 1.3
and:
' T;srg dg ’ serg pRgdg

0.67
T e = 0.021 + 0.015exp(—20Fs) ; b=

ssrg

d;
1+ exp(l.5 ——)
dg

The non-linear effect of sand content Fs on gravel transport is taken into account in 75, ..
Wilcock and Crowe (Wilcock, 2003) have shown that increasing sand content in the bed
active layer of a gravel-bed stream increases the surface gravel mobility. This effect is
captured in their relationship between 77, (a surrogate for a critical Shields number) and
the fraction sand in the active layer Fs. Note that 7, , decreases as F; increases, causing
an increase of ¢; and in turn of the fraction bedload gp;.

1.2.3.4.5 Hunziker (MPM-H)

Hunziker (1995) proposed a bed load formula for fractional bed load transport of graded
sediment:

4Bg = 559[59(9217713 - ecdms)]3/2 (3 - 1)gd?ns (1'95)
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where ¢/, denotes the Shields parameter of the mean grain size of the surface bed material
dpms according to eq. 1.96, &, denotes the hiding function applied on the excess shear stress

(eélms - ecdms ) .

g, — T (1.96)
dms = Pw (3 - 1) dms '

Note that due to the correction of the excess shear stress (%ms — Ocdms ), the transport
formula is based on the concept of “equal mobility”, i.e. all grain classes start to move at
same flow condition. The critical Shields parameter 0.4,s of the mean grain size diameter
is determined according to

dmo ) 0.33

‘90 ms — 006 -
! (dms

(1.97)

where 6., denotes the critical Shields parameter for incipient motion for uniform bed
material. Two sediment layers are distinguished: the upper mixing layer which is in
interaction with the flow and a subsurface layer below. Here, d,,,s denotes the mean grain
size diameter of surface bed material and d,,, denotes the mean grain size diameter of
subsurface bed material. This relation (d,s/dm,) can be approximated as a function of
the Shields parameter of the mean grain size of the surface bed material as

d
dms =0.01630, 1% + 0.6 (1.98)

dms
mo

Finally, the hiding function is determined as

&g = <dcfjs>a (1.99)

where « is an empirical parameter depending on the Shields parameter (see also Hunziker
and Jaeggi (2002)) according to eq. 1.100, which is limited to a range between —0.4 and
2.0.

a=0.0110,1°-0.3 (1.100)

dms

1.2.3.4.6 Rickenmann

Experiments for bed load transport in gravel beds were performed at VAW ETH Zurich for
bed slopes of 0.0004-0.023 by Meyer-Peter and Miiller (1948) and for bed slopes of 0.03-0.2
by Smart and Jaeggi (1983) and by Rickenmann (1990). Rickenmann (1991) developed
the following bed load transport formula for the entire slope range using 252 of these
experiments.

0.2
dp =3.1 (22) 0050 — 0, )Frit(s —1)79° (1.101)
qp = ®p((s — 1)gd3)°? (1.102)
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¢’ is the dimensionless shear stress, 0. the dimensionless shear stress at the beginning of
bed load transport, s = ps/p the sediment density coefficient, F'r the Froude number and
dm the mean grain size.

1.2.3.4.7 Smart and Jaggi (for single grain and multiple grain classes)

Experiments for bed load transport in gravel beds were performed at VAW ETH Zurich for
bed slopes of 0.0004-0.023 by Meyer-Peter and Miiller (1948) and for bed slopes of 0.03-0.2
by Smart and Jaeggi (1983) and by Rickenmann (1990). Smart and Jaggi developed a bed
load transport formula for steep channels using their own experimental results and the
results of Meyer-Peter and Miiller.

4 (dgo
qB =

0.2
0.6
o 1.1
3) J P Ru(J — Jg) (1.103)

where s is the sediment density coefficient (s = ps/p), R is the hydraulic radius, u is
the velocity, J is the slope and J., is the critical slope for the initiation of the bed load
transport, which is calculated as

Ocr(s — 1)dy,

Jcr =
R

(1.104)
where 0., is the critical shields parameter (for the initiation of motion) and d,, is the mean
grain size. In order to account for the gravitational influence of the local bed slope Smart
and Jaeggi (1983) proposed the following reduction of the critical shields parameter:

J
Oer = Our Re tan J)) (1 — 1.105
_Ref(cos(arctan J)) < tand}) ( )

where J is the local bed slope, ¥ the angle of repose and 0., gy the critical reference
shields parameter for the medium grain size defined by the user (Smart and Jaeggi (1983)
propose a value of 0.05).

The Smart & Jéggi transport formula is extended to multiple grain classes by applying the
original equation to the individual grain classes according to the following approach:

4B,g = — = () J RU(J - Jcrg) (1'106)
’ s—1 \dsg ’

Compared to the original eq. 1.103 the transport rate for each grain class ¢p; is calculated
with the critical slope J.. 4 for the initiation of motion of the grain class ¢ according to

chg(s — 1)dl

Jcr,g = R

where 0., 4 is the critical shields parameter for grain class g, dy is the diameter of the grain
class g.

With the term a = (dgp/ d30)0'2 the original equation intends to account for the influence of
the grain class distribution. According to Smart and Jaeggi (1983) this term is in the range
of 1.06 < o < 1.53. If this term is to be neglected Smart and Jaeggi (1983) recommend
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substituting a = 1.05. The influence of the grain class distribution is considered in the
hiding and exposure approach according to Ashida and Michue (Ashida and Michiue, 1971;
Parker, 2008) in eq. 1.107 and eq. 1.108.

d,\ ! d
0.85 (g) for —£ <04

dm ) dm
= on (1 (1.107)
LZ) for Ccll—g > 0.4
1 199> m
o < O
ecr,g = <g‘90r (1108)

The critical shields parameter 6., is calculated according to eq. 1.105.

1.2.3.4.8 Wu

Wu et al. (2000) developed a transport formula for graded bed materials based on a new
approach for the hiding and exposure mechanism of non-uniform transport. The hiding
and exposure factor is assumed to be a function of the hidden and exposed probabilities,
which are stochastically related to the size and gradation of bed materials. Based on this
concept, formulas to calculate the critical shear stress of incipient motion and the fractional
bed-load transport have been established. Different laboratory and field data sets were
used for these derivations.

The probabilities of grains d, hidden and exposed by grains d; is obtained from

ng dz ng dg
idg — ) expg — i 1.109
Phid, gﬁdg—i—di Peap, ;Bdg—i—di ( )

The critical dimensionless shields parameter for each grain class g can be calculated with
the hiding and exposure factor 7y and the shields parameter of the mean grain size 0., as

m
Or, = Ocr,, (1)”’”9) (1.110)
Phid,

Mg

The transport capacity now can be determined with Wu’s formula in dimensionless form as

o 2.2
®p, = 0.0053 [ - 1] (1.111)

Crg

Finally the bed load transport rates calculates for each grain fraction as

@, = Bg\/(s — 1)gd} @p, (1.112)

As results of their data analysis the authors recommend to set m = —0.6 and 6., = 0.03
to obtain best results.
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If this transport formula is used in combination with a local slope correction of the critical
shear stress (see Section 1.2.1.1.2) attention must be paid that 6., may not become too
small or even zero. Since this critical dimensionless shear stress is in the denominator of
the transport formula, such situations may lead to numerical instabilities. To avoid these
problems a minimum value for 6., is enforced.

_ . min
Ocr, = min(05"", Ocr,)

1.2.3.4.9 Van Rijn

van Rijn (1984a) developed a bed load formula for grain sizes between 0.2 and 2 mm
according to eq. 1.113.

1.572.1

(1.113)

Here D* is the dimensionless grain diameter according to eq. 1.53 and T is the
non-dimensional excess bed shear stress or the transport stage number, defined as

T = (ty/tser)? — 1 (1.114)

where u, is the effective bed shear velocity determined as

ue = u\/g/Cj, (1.115)

with C}/z =18 log (4h/d90)

Usxer 18 the critical bed shear velocity, u is the mean flow velocity, h is the water depth, dsg
and dgg are characteristic grain diameters of the bed material.

1.2.3.4.10 Engelund and Hansen

Engelund and Hansen (1972) proposed a bed load transport formula for uniform bed
material

gz = 0.05,/(s — 1)g c36°°d}® (1.116)

where dy denotes the mean fall diameter of the bed material and 6 the Shields parameter.
Note that this rather simple bed load formula does not consider critical Shields parameter.

1.2.3.4.11 Power Law

The power law bed load formula is a very simple approach. Therfore, no critical shear
stress is taken into account and bed load transport only depends on the flow velocity wu.

q = au’ (1.117)

Coefficient a and exponent b are used as calibration parameter.
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1.2.3.5 Abrasion in 1D

The reduction of the grain diameters by mechanical stress can be described by the approach
of Sternberg (1875). It postulates, that the mass loss dM of a grain, which is transported
over a distance of dz, is proportional to the achieved work M - g - dx. If the equation
(—=dM = c¢- M - dz) is integrated over the distance from zy to = (where the mass of the
grain at xo is My) one obtains the relation for the reduction of the mass of the grain:

M (z) = Myec@=0) (1.118)

The abrasion coeflicient of Sternberg c is determined empirically.

1.2.3.6 Sediment Boundary Conditions

The necessity of hydraulic boundary conditions for SWE and Saint-Venant equation were
explained in Section 1.1.1.5 and Section 1.1.2.5 respectively. In case of bed load transport,
boundary conditions are also needed to solve the bed load transport formula and calculate
the transport capacity. Boundary conditions are defined upstream and downstream of the
channel (i.e. at the inflow and outflow cross section). If no boundary condition is defined,
a wall is assumed at the boundary and sediment transport will not occur.

1.2.3.6.1 Upstream boundary condition

The bed load input type is given by the upstream boundary condition. Three types of
upstream boundary condition are available:

o sediment_ discharge: based on a sediment hydrograph describing the bed load inflow
at an upstream boundary in time.

o transport_ capacity: based on a given mixture, the sediment inflow is calculated for
every element by calculating the equilibrium transport capacity. In this case, it is
required that the sediment inflow is defined on edges and an inflow hydrograph (set
as hydraulic boundary condition) has to be defined.

e IOUp: this upstream boundary condition grants a constant bed level at the inflow.
The same amount of sediment leaving the first computational cell in flow direction
enters the cell from the upstream bound.

1.2.3.6.2 Downstream boundary condition

The IODown is the only downstream boundary condition available for sediment transport.
It corresponds to the definition of IOup, where all sediment entering the last computational
cell will leave the cell over the downstream boundary.

1.2.4 Enforced Bed Movement

In case the effect of bed movements on hydraulic variables want to be investigated, we
can enforce grid nodes to move vertically with time. The movements are user defined,
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thus they are not coupled to any morphological calculations. These changes in the nodal
elevation can be regarded as enforced erosion or aggradation.

The elevation update of the moving nodes is done right after the calculation of the hydraulic
variables. The water depth and flow velocities are not touched, i.e. no change in the mass
or impulse balance. Moving node(s) simply leads to a changed water surface in the next
time step.

Wl = et (1.119)

1.2.5 Random Bed Perturbation

Random bed perturbation can be applied to the bed topography during morphological
simulations. Therefore, bed elevation is perturbed by

d=2"1+e (1.120)

where zé_l denotes the bed elevation from the previous time step and ¢ is the perturbation
offset. Bed perturbation is applied on all cells using randomly —e, +¢, or zero.

1.3 Sub-surface flow

1.3.1 Introduction

Seepage analysis is an important part of geotechnical engineering and is, for example,
required for design and stability evaluations of earth embankment structures. Solving the
Richard’s equation accounts for the flow in the saturated zone as well as in the unsaturated
zone and allows for an accurate modelling of water infiltration into the soil.

FEmpirical constitutive models consisting of a retention curve and a relative hydraulic
conductivity function allow for approximating the multi-phase flow in the unsaturated zone
with a single partial differential equation. Thereby the assumption is made that the air
phase is always continuous and at atmospheric pressure, which is often said to be accurate
enough for most practical applications (Lam et al., 1987).

1.3.2 Governing equations

The Richard’s equation is a non-linear partial differential equation, which can be formulated
in form of an advection-diffusion equation. The soil moisture content 6 [-] in the equation
is defined as the effective water saturation § = (0yp — 0r)/(0s — 0r) , with 6y = water
content, #r = residual water content and fg = saturated water content (=porosity). The
other main variable is the pore pressure of the water within the embankment body which
is described in a pressure head formulation as h = p/(pg) [L].

The 3-D Richard’s equation is applied in a moisture formulation for 6 as primary variable
as
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% — V(KVz)—V(D8) = Q
(1.121)
oh
D=KZ;

It is implemented also in a mixed moisture and pressure head formulation for 8 and h as

N (kY2 - V(DY) = Q
ot (1.122)
D=K

where D is a diffusivity and K is the soil conductivity which is calculated as K = k.(0)ky ,
being the product of the dimensionless relative conductivity &, [-] and the hydraulic soil
conductivity kg [L/T].

These formulations of the Richard’s equation are made dimensionless for the computations
using the cell size Az as length scale and Az/At as velocity scale, leading to a “mesh
speed” of ¢=1 in the model.

1.3.3 Constitutive relationships

Empirical closures for the retention curve h = f(6) and the relative permeability function
k, = f(0) are required to close Richard’s equation. The retention function in soil sciences
describes how much water is retained in the soil by the capillary pressure and can be seen as a
description of the pore distributions of the soil. The relative conductivity function describes
the water mobility within the unsaturated zone depending on the moisture contents. It
equals 1.0 in the saturated zone and reduces to smaller values in the unsaturated zone,
mainly due to longer flow paths. Two different empirical relationships are employed here,
the approach after Brooks and Corey (1964) and Mualem (1976) (BCM) and a modified
version of the van Genuchten (1980) and Mualem model (VGM).

For the BCM model the following relations are used

h(#) = h6~1/A

kr = (h/hg)~(A+2) (1.123)
% — _hisgfl/)\fl
99~ A

with A [-] being a soil parameter.

For the modified VGM model the functions and derivate are as follows
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1—m0/8\>
k. =0 (Mml/ﬁ> (1.124)

oh 1—mo-t/m-1 (ﬁ)m
ce_ -7 (e
00 Bma I5; 0

with s(z) = 1 — 2"/ and m = 1 — 1/n. The empirical constants o [1/L] and n [-] describe
the soil properties. The modified Version of the VGM model is used instead of the original
VGM model in order to prevent infinite slopes Oh/00 at the transition to the saturated
zone.

Following Ginzburg, the primary variable 6 is used for the unsaturated zone as well as for
the saturated zone. Therefore the retention curve h(6) , which is defined for the unsaturated
zone only, is extrapolated linearly into the saturated zone as

h(@):(e—ng’; thy 6>1-0 (1.125)
0=1

with 0h/06 being the gradient of the retention curve at the transition to the saturated
zone (f = 1.0) and hg [L] being the air entry pressure head, at which air can enter the
pores when the soil is drained (= measure of the largest pore sizes).

This approach has the advantage that no special treatment and no change of variables
regarding the saturated/unsaturated zones are necessary. However, it leads to an artificial
compressibility error in unsteady simulations. This error is neglected here, but can be
mitigated in principle using sub-iterations (Ginzburg et al., 2004).

1.4 Morphodynamics and Vegetation

1.4.1 Introduction

Vegetation, as main biotic component of riverine environments, has a key role on shaping
river morphology at a wide range of spatial and temporal scales. Above-ground biomass
(plant canopy) affects the flow field altering turbulence structure and hydraulic roughness,
while below-ground biomass (plant roots) modify sediment properties increasing the soil
cohesion. Morphodynamic processes in turn affect vegetation survival mainly by causing
burial and uprooting.

The hydrological regimes plays also an important role on the spatial distribution of
vegetation by controlling seed dispersal and ensuring water and nutrients for plant growth.
In riparian systems, the water table level usually represents the main source of water
determining, in combination with the fluvial disturbance, a strong control on plant species
distribution and composition on the elevation gradient. As a result, each species is
characterized by a specific range of elevations in which its optimal conditions are met. The
timescale at which vegetation reaches its equilibrium value may vary across environments
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Figure 1.6 Schematic illustration of the time frame concept used in the vegetation
module.

and among species, allowing for the co-existence of vegetation patterns with different
biomass densities.

1.4.2 Mathematical model

The mathematical model accounting for the main feedback between river morphodynamics
and vegetation and implemented in BASEMENT has been developed by a joint research
between the Laboratory of Hydraulics, Hydrology and Glaciology (VAW) at ETH Zurich
and the Department of Civil, Environmental and Mechanical Engineering at University of
Trento (Italy). Model and results are presented in Bertoldi et al. (2014). This approach is
built upon three main cornerstones that describe:

e the vegetation biomass dynamics depending on species-specific parameters;
e the feedback mechanisms between river morphodynamic processes and vegetation;

o the mean water table level (groundwater) computed by adopting a simple spatial
interpolation method.

1.4.3 Vegetation dynamics

In Figure 1.6, the blue line represents the water discharge through time and the dotted
brown line corresponds to the discharge at which the Shields parameter 6 reaches its critical
value 0., needed for the onset of sediment transport. Vegetation growth (%—f > 0) is
enabled only during the time frame T, where 6 < 6., while is inhibited during 7T;,, in
which sediment transport takes place (6 > 6.,). During T,,, if uprooting occurs, vegetation
biomass is assumed to instantaneously decrease to B = 0, otherwise it does not change

until the beginning of subsequent vegetation growth phase (7).

Vegetation is described with a dimensionless biomass density B in which both above-ground
and below-ground are lumped. Within each computational cell a value of B is defined with
respect to a reference dimensional value By,q. [kg m 2], representing its maximum carrying
capacity. Following Marani et al, we can define an equilibrium biomass B.,, normalized by
its maximum, as
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1
Beg = exp[Ai(z — z0)] + exp[—A2(z — 20)] (1.126)

in which z is the bed elevation, the parameters A\; and Ao define the rate at which vegetation
fitness diminishes away from it maximum, while zg represents the optimal elevation above
the mean water table level z,,. If A\; = X2, By represents a bell-shaped function with
its maximum at the elevation z, + zp, such as Bey(2y + 20) = Bmaz. Adopting different
values of the parameters A1, Ao and zg correspond to modeling different species or type of
vegetation that are adapted to grow in specific range of elevations. For instance, specialized
vegetation would have higher values of A o, while species with greater tolerance to drought
can be characterized by higher value of zy (more distant to the mean water level z,;).

Vegetation growth is governed by a logistic differential equation (non-linear ordinary
differential equation)

B B(t)

where o represents the vegetation grow rate [s~1]. The timescale of vegetation growth
is significantly higher when compared to the morphological timescale. The time needed
for a riparian species to reach its maximum expansion (i.e. B = By,q.), under optimal
conditions, ranges from years to decades, while the timescale at which bed level changes
occur, for example during a flood event, ranges from hours to days. In addition, rivers
often experience only a few events that causes riverbed changes during the year. To allow
for computationally feasible simulations while including all those timescales, vegetation
dynamics and morphodynamic processes have been decoupled. Vegetation growth is enabled
during the time frame (7)) in which morphological changes do not occur (e.g. during low
flow period), whereas it is inhibited during high flows, where sediment transport and
morphodynamic processes take place (time frame 7T;,, see Figure 1.6). Since during T,
riverbed does not change, we can significantly reduce computational time by decreasing T,
and increasing the grow rate of vegetation (o), without affecting hydro-morphodynamic
processes.

From a computational point of view, eq. 1.127 is integrated by using a classical Euler method
with an integration timestep that equals the timestep computed for morphodynamics.

1.4.4 Feedback

1.4.4.1 Vegetation effects on hydro-morphodynamics

Vegetation increases the hydraulic roughness depending on the abundance and type. By
adopting the Manning-Strickler approach for calculation of the friction factor ¢y, we assume

B

Ks =Ksg+ (K&g - Ks,v)T
max

(1.128)

where K [m1/3 s71] is the Strickler coefficient and K, and Kj, refer to the values
attributed to the grain and the vegetation, respectively. K, is a lumped variable
encompassing a variety of plant characteristics (e.g. stiffness, bending ability, crown
area and leaves density) and different plant life stages.
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The modifications of the flow field have a profound effect on sediment transport as well.
In vegetated flows the friction factor incorporates not only the friction located at the
bottom of the river but also the drag generated by the vegetation. Therefore we assume
that the shear stresses 7,, responsible for sediment transport, decreases as a function
of the grain-related roughness K ,. Although this approach can be generalized to any
transport formula, the model only accounts for the Meyer-Peter and Miiller formula (no
other formulas are allowed with vegetation module activated). In term of dimensionless
shear stress 6 (Shield parameter), it can be derived as

0 (K.p\

— == 1.129

o' (Ks,v ) ( )
where 6’ represents the effective dimensionless shear stress applied at the bottom of the

river. Notably, this strategy is similar to the correction factor applied to limit sediment
transport in case of bed forms with the Meyer-Peter and Miiller formula.

The presence of vegetation also changes the sediment properties, increasing the sediment
cohesion and reinforcing the soil matrix. This results in a reduction of the sediment mobility
and a consequent modification of the threshold for the onset of sediment transport (in case
of bed load). Similarly to the added roughness by the vegetation, this can be modeled as

B

ecr = 907’79 + (ecr,v - ecr,g)T
max

(1.130)
in which 6., represents the critical value of the Shields number that has to be exceeded
to have sediment transport. 0., is the value attributed in presence of vegetation, while
Ocr,g is the typical value for gravel. This effect is usually considered to be dependent on
the below-ground vegetation biomass, i.e. plant roots, and its characteristics. Here, we
assume that the biomass density B is representative of the overall plant biomass, with no
distinction between above-ground (plant canopy) and below-ground biomass.

1.4.4.2 Hydro-morphodynamic effects on vegetation

Hydro-morphological processes have a significant impact of vegetation distribution
determining plant removal by uprooting, which occurs when the resistance provided by the
plant roots equals the pull-out forces on the canopy. Recent studies suggest that plants are
able to increase their resistance to uprooting by growing large root systems. Therefore,
we assume that vegetation, during morphological phases (7,,), can be uprooted by flow
erosion when the bed level changes Az exceed a threshold value z,;,,. The latter represents
a lumped estimation of the rooting depth.

1.4.5 Range of the parameters used in previous works

Model parameters used in previous publications (Bertoldi et al. (2014), Li and Millar
(2011), Zen et al. (2016)) are reported in Table 1.3.
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Table 1.3 Vegetation Parameters

Parameter Range [min, max] References

A1 [m™ [0, 6] Bertoldi et al. (2014), Zen
et al. (2016)

A2 [m™1] (0.4, 100] Bertoldi et al. (2014), Zen
et al. (2016)

2o [m] [0.5, 1.25] Bertoldi et al. (2014), Zen
et al. (2016)

K, [m'/3s71] 9, 17] Bertoldi et al. (2014), Zen

et al. (2016),
Li and Millar (2011)
Ocrv [—] [0.055, 0.21] Bertoldi et al. (2014), Zen
et al. (2016),
Li and Millar (2011)

1.4.6 Reconstruction of the position of the mean water table

The key assumption used for the calculation of the position of the mean water table is
that the water table level z, instantaneously match the river water stage, which holds
for gravel bed substrates in proximity to the river. z,, is computed by using the Inverse
Distance Weighting method (IDW), a popular deterministic model adopted in spatial
interpolation. The basic assumption of the model is that the values of any given pair of
points are related to each other, but their similarities are inversely related to the distance
between their locations (Lu and Wong, 2008). IDW assumes that the unknown value of the
variable in location Sj = (x;,y;) can be estimated by the observed value at sample location
S; = (x;,y;). Here, the unknown variable is represented by the water table elevation in
dry cells, Z,,, while its observed value is the water surface elevation in submerged cells, z,,.
Formally, given the number of known locations N, the model reads

N
Zo(zj,yj) = Y aizu(Ti, vi) (1.131)
i=1

where the estimated value Z,(z;,y;) is a linear combination of the weights «; and the
known value zy(z;,y;). a; can be written as

d;]
ai = (1.132)
>_d;il
=1
with

N

dai=1 (1.133)

=1

in which d;; is the distance between S; and S; and « a parameter used to account for the
so-called distance-decay effect. IDW, in fact, assumes that the local influence of a know
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variable decreases with the distance (d;;), where greater weights «; are given to the points
closest to the location S;. As such, v measures the rate at which the weights decrease with
the distance. If v = 0, there is no decrease with the distance and the method results on a
mean of the known variables, while at higher values only the immediate surrounding points
from the location of the unknown variable affect the prediction.

Because of the decreasing similarities with the distance between any pair of points, to
speed calculation, we can exclude the more distant points from the location of the unknown
variable S;. This is obtained by specifying a radius  [m] centered in such location, within
which the algorithm searches the known values of the variable (z,,) for the interpolation.
In addition, the search can be also limited by a specific number of points surrounding the
prediction location (default = 3).
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Numerics Kernel

2.1 General View

There is great improvement in the development of numerical models for free surface flows
and sediment movement in the last decade. The presented number of publications about
these subjects proves this clearly. The SWE and the sediment flow equation are a nonlinear,
coupled partial differential equations system. A unique analytical solution is only possible
for idealised and simple conditions. For practical cases, it is required to implement the
numerical methods. A numerical solution arises from the discretisation of the equations.
There are different methods to discretize the equations such as:

o Finite difference............. (FD)
o Finite volume................ (FV)
o Finite element................ (FE)
o Characteristic Method. . . ... (CM)

It is normally distinguished between temporal and spatial discretisation of continuum
equations. The latter can be undertaken on different forms of grids such as Cartesian,
non-orthogonal, structured and unstructured, while the former is usually done by a FD
scheme in time direction, which can be explicit or implicit. The explicit method is usually
used for strong unsteady flows.

In FD methods the partial derivations of equations are approximated by using Taylor series.
This method is particularly appropriate for an equidistant Cartesian mesh. In FV methods;
the partial derivations of equations are not directly approximated like in FD methods.
Instead of that, the equations are integrated over a volume, which is defined by nodes of
grids on the mesh. The volume integral terms will be replaced by surface integrals using the
Gauss formula. These surface integrals define the convective and diffusive fluxes through
the surfaces. Due to the integration over the volume, the method is fully conservative.
This is an important property of FV methods. It is known that in order to simulate
discontinuous transition phenomena such as flood propagation, one must use conservative
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numerical methods. In fact, 40 years ago Lax and Wendroff proved mathematically that
conservative numerical methods, if convergent, do converge to the correct solution of the
equations. More recently, Hou and LeFloch proved a complementary theorem, which says
that if a non-conservative method is used, then the wrong solution will be computed, if
this contains a discontinuity such as a shock wave (Toro, 2001).

The FE methods originated from the structural analysis field as a result of many years of
research, mainly between 1940 and 1960. In this method the problem domain is ideally
subdivided into a collection of small regions, of finite dimensions, called finite elements.
The elements have either a triangular or a quadrilateral form (Figure 2.1) and can be
rectilinear or curved. After subdivision of the domain, the solution of discrete problem is
assumed to have a prescribed form. This representation of the solution is strongly linked
to the geometric division of sub domains and characterized by the prescribed nodal values
of the mesh. These prescribed nodal values must be determined in such way that the
partial differential equations are satisfied. The errors of the assumed prescribed solution
are computed over each element and then the error must be minimised over the whole
system. One way to do this is to multiply the error with some weighting function w(z,y),
integrate over the region and require that this weighted-average error is zero. The finite
volume method has been used in this study; therefore it is explained in more detailed.

In this chapter it will be reviewed how the governing equations comprising the SWE
and the bed-updating equation, can be numerically approximated with accuracy. The
first section studies the fundamentals of the applied methods, namely the finite volume
method and subsequently the hydro- and morphodynamic models are discussed. In section
on the hydrodynamic model, the numerical approximate formulation of the SWE, the
flux estimation based on the Riemann problem and solver and related problems such as
boundary conditions will be analyzed. In the section on morphodynamics, the numerical
determination of the bed shear stress and the numerical treatment of bed slope stability
will be discussed as well as numerical approximation of the bed-updating equation.

2.2 Methods for Solving the Flow Equations

2.2.1 Fundamentals
2.2.1.1 Finite Volume Method

The basic laws of fluid dynamics and sediment flow are conservation equations; they are
statements that express the conservation of mass, momentum and energy in a volume
enclosed by a surface. Conversion of these laws into partial differential equations requires
sufficient regularity of the solutions.

This condition of regularity cannot always undoubtedly be guaranteed. The case of occurring
of discontinuities is a situation where an accurate representation of the conservation laws
is important in a numerical method. In other words, it is extremely important that these
conservation equations are accurately represented in their integral form. The most natural
method to achieve this is obviously to discretize the integral form of the equations and
not the differential form. This is the basis of the finite volume (FV) method. Actually
the finite volume method is in fact in the classification of the weighted residual method
(FE) and hence it is conceptually different from the finite difference method. The weighted
function is chosen equal unity in the finite volume method.
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Figure 2.1 Triangular Finite Elements of a Two-Dimensional Domain

In this method, the flow field or domain is subdivided, as in the finite element method,
into a set of non-overlapping cells that cover the whole domain on which the equations are
applied. On each cell the conservation laws are applied to determine the flow variables in
some discrete points of the cells, called nodes, which are at typical locations of the cells
such as cell centres (cell centred mesh) or cell-vertices (cell vertex mesh) (Figure 2.2).

Obviously, there is basically considerable freedom in the choice of the cell shapes. They
can be triangular, quadrilateral etc. and generate a structured or an unstructured mesh.
Due to this unstructured form ability, very complex geometries can be handled with ease.
This is clearly an important advantage of the method. Additionally the solution on the
cell is not strongly linked to the geometric representation of the domain. This is another
important advantage of the finite volume method in contrast to the finite element method.

2.2.1.2 The Riemann Problem

Formally, the Riemann problem is defined as an initial-value problem (IVP):

fup vV oz<0 (2.1)
U(m’o)_{UR V x>0

Here eq. 1.36 and eq. 1.37 are considered for the x-split of SWE. The initial states Uy, ,
Up at the left or right side of an triangle edge

hr,
Up=|urhy
vrhy,

hgr
Ugr=|ugrhr
vrhr

are constant vectors and present conditions to the left of axes x = 0 and to the right = 0,
respectively (Figure 2.3).

There are four possible wave patterns that may occur in the solution of the Riemann
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D @

29@

Figure 2.2 Two-Dimensional Finite Volume Mesh: (a) Cell Centered mesh (b) Cell
Vertex mesh

Figure 2.3 Initial Data for Riemann Problem
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Figure 2.4 Possible Wave Patterns in the Solution of Riemann Problem

problem. These are depicted in Figure 2.4. In general, the left and right waves are
shocks and rarefactions, while the middle wave is always a shear wave. A shock is a
discontinuity that travels with Rankine-Hugoniot shock speed. A rarefaction is a smoothly
varying solution which is a function of the variable x/t only and exists if the eigenvalues
of J =0F(U)/0U are all real and the eigenvectors are complete. The water depth and
the normal velocity are both constant across the shear wave, while the tangential velocity
component changes discontinuously (see Toro (1997) for details about Riemann problem).

By solving the IVP of Riemann (eq. 2.1), the desired outward flux F(U) which is at the
origin of local axes x = 0 and the time ¢ = 0 can be obtained.

2.2.1.3 Exact Riemann Solvers

An algorithm, which solves the Riemann initial-value problem is called Riemann solver.
The idea of Riemann solver application in numerical methods was used for the first time
by Godunov (1959). He presented a shock-capturing method, which has the ability to
resolve strong wave interaction and flows including steep gradients such as bores and shear
waves. The so called Godunov type upwind methods originate from the work of Godunov.
These methods have become a mature technology in the aerospace industry and in scientific
disciplines, such as astrophysics. The Riemann solver application to SWE is more recent.
It was first attempted by Glaister (1988) as a pioneering attack on shallow water flow
problems in 1-D cases.

In the algorithm pioneered by Godunov, the initial data in each cell on either side of an
interface is presented by piecewise constant states with a discontinuity at the cell interface
(Figure 2.5). At the interface the Riemann problem is solved exactly. The exact solution
in each cell is then replaced by new piecewise constant approximation. Godunov’s method
is conservative and satisfies an entropy condition (Delis et al., 2000). The solution of
Godunov is an exact solution of Riemann problem; however, the exact solution is related
to a simplified problem since the initial data is approximated in each cell.

To compute numerical solutions by Godunov type methods, the exact Riemann solver or
approximate Riemann solver can be used. The choice between the exact and approximate
Riemann Solvers depends on:
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Figure 2.5 Piecewise constant data of Godunov upwind method

o Computational cost
e Simplicity and applicability

o Correctness

Correctness seems to be the overriding criterion; however the applicability can be also
very important. Toro argued that for the shallow water equations, the argument of
computational cost is not as strong as for the Euler equations. For the SWE approximate
Riemann solvers may lead to savings in computation time of the order of 20%, with respect
to the exact Riemann solvers (Toro, 2001). However, due to the iterative approach of
the exact Riemann solver on SWE, its implementation of this will be more complicated
if some extra equations, such as dispersion and turbulence equations, are solved together
with SWE. Since for these new equations new Riemann solvers are needed, which include
new iterative approaches, complications seem to be inevitable. Therefore, an approximate
solution which retains the relevant features of the exact solution is desirable. This led to
the implementation of approximate Riemann solvers which are non-iterative and therefore,
in general, more efficient than the exact solvers.

2.2.1.4 Approximate Riemann Solvers

Several researchers in aerodynamics have developed approximate Riemann solvers for the
Euler equations, such as Flux Difference Splitting (FDS) by Roe (1981), Flux Vector
Splitting (FVS) by van Leer (1982) and approximate Riemann Solver by Harten et al.
(1983); Osher and Solomon (1982). The first two approximate Riemann solvers have been
frequently used in aerodynamics as well as in hydrodynamics.

In addition to the exact Riemann solver, the HLL and HLLC approximate Riemann solvers
have been implemented in the code.

2.2.1.4.1 HLL Riemann Solver
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Figure 2.6 Principle of the HLL Riemann Solver. The analytical solution (left) is

replaced by an approrimate one with a constant state U, separated by waves with estimated
wave speeds (right)

The HLL (Harten, Lax and van Leer) approximate Riemann solver devised by Harten et
al. (1983) is used widely in shallow water models. It is a Godunov-type scheme based on
the two-wave assumption. This approach assumes estimates for the wave speeds of the left
and right waves. The solution of the Riemann problem between the two waves is thereby
approximated by a constant state as indicated in Figure 2.6. This two-wave assumption is
only strictly valid for the one dimensional case. When applied to two dimensional cases,
the intermediate waves are neglected in this approach.

The HLL solver is very efficient and robust for many inviscid applications such as SWE.

By applying the integral form of the conservation laws in appropriate control volumes the
HLL-flux is derived. The numerical flux over an edge is sampled between three different
cases separated by the left and right waves. The indices L and R stand for the left and
right states of the local Riemann problem.

FL Zf OSSL7
SpFp — S Fr+ SpSp(Ur—Uyp) .
Fijyjp=1{ FM =202 2L gR_gLL< r=Ur) if Sp <0< Sk, (2.2)
Fp if 0> Sg.

Furthermore, the left and right wave speed velocities are estimated as

St =wur —vghrqr ; Sk = ur + Vghrar (2.3)

where g (K = L, R) are

1

2
2 hi,

1 if Ty < hr.

dK =

The quantity h, is an estimate for the exact solution of the water depth in the star region
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obtained using the depth positivity condition. It reads as

1 1
hy = §(hL + hR) - Z(UR - UL)(hL — hR)/(\/ ghr, + \/ghR) (2.5)
In case of dry-bed conditions, the wave speed estimations are modified as follow:

SL:{uR—ngR if hp=0,
usualestimate if hp >0,

(2.6)
SR_{UL+2\/QTL if hp=0,

usualestimate if hpr > 0.

2.2.1.4.2 HLLC Riemann Solver

A modification and improvement of the HLL approximate solver was proposed by Toro
(1994). This so called HLLC approximate Riemann solver also accounts for the impact of
intermediate waves, such as shear waves and contact discontinuities, in two dimensional
problems. In addition to the estimates of left and right wave speeds, the HLLC solver also
requires an estimate for the speed of the middle wave. This middle wave than divides the
region between the left and right waves into two constant states.

The numerical flux over an edge is sampled regarding four different cases as

FL Zf OSSLJ
F,,=Fr+S,(Us,—Uypr) if Sp<0<8,,

Fir2=\ pop— Fp+ SpUn—Un) if S.<0<5p 27)
Fr if 0> Sg.
The states Uy, U «r are obtained, as proposed by Toro (1997), from the relations
1 1
SL—UL> <SR—UR>
U.,.=h Sl 3 Uwr=hr|—=——— |5 2.8
Nt = n=hn (P (28)

VL VR

Sr, Sy and Sg are the estimated wave speeds for the left, middle and right waves. Sy and
Sr are estimated according to eq. 2.3 or eq. 2.6 for the dry bed case. with h, given by
eq. 2.5.

The middle wave speed S, is calculated as proposed by Toro (1997) in a suitable way for
taking into account dry-bed problems as

_ Sphr(ur — Sr) — Srhr(ur — Sr)
hr(ug — Sgr) — hr(ur, — SL)
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Figure 2.7 Definition sketch

2.2.2 Saint-Venant Equations
2.2.2.1 Discretisation

The temporal discretisation is based on the explicit Euler schema, where the new values are
calculated considering only values from the precedent time step. The spatial Discretisation
of the Saint Venant equations is carried out by the finite volume method, where the
differential equations are integrated over the single elements.

It is assumed that values, which are known at the cross section location, are constant
within the element. Throughout this section it therefore can be stated that:

/ f(z) dv =~ f(z;)(wir — xir) = filz; (2.10)

ZiL

where x;g and x;7, are the positions of the edges at the east and the west side of element i,
as illustrated in Figure 2.7.

2.2.2.2 Discrete Form of Equations

2.2.2.2.1 Continuity Equation

The eq. 2.10 is integrated over the element:

ZTiR

/(%;1—{—222—(][) dz =0 (2.11)

TiL

The different parts of the equation are discretized as follows:

TiR
DA; DA; Al _ gt
i Nt Ay A S T A 2.12
5 dx 5 T At T ( )
TiL
mzRaQZ
/ o de = Q(zir) — Q(zir) = Pcir — Peir (2.13)

TiL
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TiR
q dz =~ QiR(xiR — .IZ) + qZ'L(:L‘Z' — CCl'L) (2.14)
TiL

®.;r and ®.;;, are the continuity fluxes calculated by the Riemann solver and ¢;g and ¢;1,
the lateral sources in the corresponding river segments.

For the explicit time discretisation the new value of A will be:

At At
t+1 gt o ) — ) e . .
Ai = Az sz ((I>C,ZR (I)c,zL) sz (qZR('I’L x’L,R) + qir (sz 1‘1)) (215)

2.2.2.2.2 Momentum Equation

Assuming that the lateral in- and outflows do not contribute to the momentum balance,
thus neglecting the last term of eq. 1.9 and integrating over the element, the momentum
equation becomes:

o d 2
/ <8€§2 4 s (BAQred> + ZSOUTCGS) dz =0 (2.16)

TiL

The different parts of the equation are discretized as follows:

TiR
0Q; . 0Q; Q=
ot dx ~ ot Ax; ~ T Ax; (2.17)
ZiL
TiR
9Q; Q? Q?
dr = — =®,,;r— P 2.18
ox v 5Ared TiR /BAred TiL e i ( )

;L
®,, ir and ®,, ;1 are the momentum fluxes calculated by the Riemann solver.

For the explicit time Discretisation the new value of @) will be:

At
QI =@t - E((I)mm — @ i) + Z Sources (2.19)

)

2.2.2.3 Discretisation of Source Terms

2.2.2.3.1 Bed Slope Source Term

The bed slope source term:

0zg
=gA—= 2.2
W=gAd—o (2.20)

is discretized as follows:
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TiR
Ozs Ozs 2841 — 28,1

/ JAreq—— dx ~ gAreqi———| Ax; = gAredi (’H_’l> Ax; (2.21)
al‘ al’ T Ti4+1 — Tj—1

TiL ¢

With the subtraction of the bed slope source term, eq. 2.19 becomes

At 28,i+1 — 28,i—1
QE—H = Qf - Txi(q)m,ir - ‘I)m/il) — At gAredi ( 51;;,—1 — xi—ll ) (222)
2.2.2.3.2 Friction Source Term
The friction source term:
Fr=gA..qSy
is simply calculated with the local values:
TiR
/ gA'redei dz ~ gA'rediSfiAIi (223)
i
and
Q4Qi
S = ilxe 2.24

This computation form however leads to problems if the element was dry in the precedent
time step, because in this case A , and thus K , become very small, and Sy; very large.
This leads to numerical instabilities. For this reason a semi-implicit approach has been
applied, which considers the discharge of the present time step:

Qi
Spi = — ! (2.25)
(K})?
Consequently instead of simply subtracting the source term from eq. 2.22, the following
operation is executed on the new discharge Qf“ :

Qt-+1
At|Qfg Al
MNP

Qi = (2.26)

With this approach the discharge tends to zero for small conveyances.

2.2.2.3.3 Hydraulic Radius / Conveyance

The hydraulic radius and the conveyance of a cross section are calculated by different ways
for different types of cross sections, depending on the geometry which is specified by the
user. The cross section can be simple or composed by a main channel and flood plains.
Additionally it can have a bed bottom.
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Figure 2.8 Simple cross section without definition of bed
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Figure 2.9 Conveyance computation of a channel with a flat zone

A simple cross section is used when only a range for the main channel is defined and no
flood plain or bottom is specified (Figure 2.8). For an arbitrary simple cross section and a
given water surface elevation, the corresponding hydraulic radius R is calculated by the
total wetted area A divided by the total wetted perimeter P.

In order to get the conveyance K, a representative friction coefficient c¢; for the wetted
part of the cross section needs to be determined. This is done by averaging the raw friction
values k; (e.g. Strickler, Manning, Chezy, etc.) over the wetted part of the cross section,
weighted with the wetted perimeter. The averaged friction value k is then used to calculate
the friction coefficient dependent on the function of the friction type. In general form,

cr = f(k) .
x4

R= Sh (2.27)
K =c;\/gRA (2.28)

If there are slices with nearly horizontal ground, such as flood plains for example, this
computation mode can lead to jumps in the water level-conveyance graph (see Figure 2.9 and
Figure 2.10 for a dimensionless example). It is dangerous however to store the conveyance
in a table, from which values will be read by interpolation. If the conveyance is calculated
by adding the conveyances of the single slices, the jump can be avoided, but this method
leads to an underestimation of the conveyance for water levels higher than the step.

In order to overcome this problem and deal with such cross sections, there is the possibility
to define a main channel and (right and left) flood plains, which will be treated differently.
Such a cross section is illustrated in Figure 2.11. In this case the conveyance and the
discharge are calculated separately for each part of the cross section. The total conveyance
results by summation.

Cross section with definition of bed (Figure 2.12)
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Figure 2.10 Conveyance computation of a channel with a flat zone
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Figure 2.11 Cross section with flood plains and main channel
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Figure 2.12 Cross section with definition of a bed

Additionally to the distinction of flood plains and main channel, a bed bottom can be

specified for both simple and composed cross sections. In this case for the

computation

of the hydraulic radius of the main channel are considered the distinct influence areas of
bottom, walls and, if existing, interfaces to the flood plains. In Figure 2.12 is illustrated

the case without flood plains or a water level below them.

The conveyance in this case is calculated by the following steps:

Ay = RyP, (2.29)
Atot = Awl + Awr + Ab (2.30)
Ato
Ry = ot (2.31)
k3/2<Pwl + P, + Pwr)
stb 3/2 3/2 3/2
ksowr ks Fsiw,
Ky =cfVgRyAy (2.32)
K
Uiy = A—:\fS (2.33)
Qb = UnmpAp (2.34)
Ato
Qu = Unp (16; - Rbe> (2.35)
Q=Qp+ Qu (2.36)
K=Q/Vs (2.37)
Qv  Qu Ky Ky <Atot > ( Agot >
K=Ky+Ky,=—4+—"—==—RyP,+ — —RyP, ) = Ky + K —
b 5T s T A, e g (1o~ felt bt 8o\ 1054,
(2.38)
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Figure 2.13 Cross section with flood plains and definition of a bed bottom
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Figure 2.14 Water level in a cross section with internal levees: a) without consideration
of the levees, b) with consideration of the levees

Figure 2.13 shows the case of a water level higher than the flood plains.

In this case two more partial areas are distinguished for the computation of the hydraulic
radius of the bed and:

Atot

(2.39)
k3/2<Pi _|_Pwl P, Pwr+B )

Ry =

+ +
Stb 3/2 3/2 k3/2 k3/2 k3/2

kStil kStwl Stb Stwr Stir

2.2.2.3.4 Simple approach for consideration of internal levees

From the wetted surface A provided by the equation solution, the corresponding water
surface elevation z has to be determined. All further hydraulic variables in the cross section
are computed from this value. A special problem occurs if there are levees in the channel.
The very simple 1-D approach leads to the situation in illustration a) of Figure 2.14. The
reality however would correspond more to illustration b).

The first approach can lead to problems i.e. for the computation of bed load, as part of the
shear stress is lost. For this reason the regions out of the main channel are considered only
when the water level exceeds the top level of the levees. When the whole main channel
is full and the wetted area increases, the water surface elevation remains constant until
the flood plains are “filled”. Only then the water surface elevation will continue to rise,
like illustrated in Figure 2.15. The second approach is used as default, but it can be

switched-off.
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Figure 2.15 Function z(A) with and without consideration of the levees

2.2.2.4 Discretisation of Boundary conditions

While normally the edges are placed in the middle between two cross sections, which are
related to the elements, at the boundaries the left edge of the first upstream element and
the right edge of the last downstream element are situated at the same place as the cross
sections themselves. Thus there is no distance between the edge and the cross section.

2.2.2.4.1 Inlet Boundary

The boundary condition is applied to the left edge of the first element, where it serves to
determine the fluxes over the element side. If there is no water coming in, these fluxes are
simply set to 0.

If there is an inlet flux it must be given as a hydrograph. The given discharge is directly
used as the continuity flux, whereas for the computation of the momentum flux, A,.; and
B are determined in the first cross section (which has the same location).

q)c,lR = Qbound (240)
Pk = b1 (Cibound) (2.41)
redl

For the computation of the bed source term in the first cell, the values in the cell are used
instead of the lacking upstream values:

Wl = Aredl (ZS72 - ZS,l) (242)
Tro9 — X1

2.2.2.4.2 Outlet Boundary

o weir and gate:

The wetted area A’]V_l of the last cross section at the previous time step is used to
determine the water surface elevation zg n . With zg n , the wetted area of the weir
or gate and finally the out flowing discharge @) are calculated, which are used for the
computation of the flux over the outflow edge:
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(I)C,NL = QweiT (243)
(Qweir>2

P = —" 2.44

m,NL Awez’r ( )

o 7z(t) and z(Q):
If the given boundary condition is a time evolution of the water surface elevation or
a rating curve, the discharge @ is taken from the last cell and time step. In the case
of a rating curve it is used to determine the water surface elevation zg . The given
elevation is used to calculate the target A and § in the last cross section.

To satisfy the desired water level, the required inflow from the reservoir into the
simulation domain is calculated from:

Az
Qres (t) = an(t) - T(Atarget - A(t)) (245)
This approach converges to the target water surface elevation within the characteristic
time 7.
(I)C,NL = Qres (246)
2
(I)m,NL = Bbound (fTES) (247)
bound
e In/out:

With the boundary condition in/out the flux over the outflow edge is just equal to
the inflow flux of the last cell:

S 11 =P NR (2.48)

(I)m7NL = (I)m7NR (2.49)

For the computation of the bed source term in the last cell, the values in the cell are
used instead of the lacking downstream values:
ZS,N — ZS,N-1
Wn = Arean <>

2.50
TN —TN-1 (2:50)

2.2.2.4.3 Inner Boundaries

Inner boundary conditions are used to model hydraulic structures like a weir or a gate
within a model domain. Since the Saint Venant equations are not applicable for calculating
the flux at these structures, an empirical approach is implemented in BASEMENT.

For the inner boundary in BASEchain a definition of a reference cross section which is
located upstream of the weir/gate is mandatory. The reference cross section is the cross
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section where the water surface is just not affected by the flow acceleration at the weir
(Figure 2.16).

In the 1-D model only one weir field with the width of all weir fields can be set up. Thus,
an empirical formula for the effective width w.sy is implemented to take the reduction of
the width due to head losses at piers and abutments into account,

Weff =W — 2(anp + Ca)Href (2.51)

where w is the total width of all the weir fields, n, is the number of piers, ¢, is a coefficient
depending on the shape of the piers, ¢, is a coefficient depending on the shape of the
abutment and Hpg.y is the energy height above the bottom level at the reference cross
section.

e Inner Weir:

The inner weir uses a slightly other approach than the boundary weir. If the weir crest is
higher than the water surface elevation in the neighbouring elements, the weir acts as a
wall. If one or both of the neighbouring water surface elevations are above the weir crest
(1, Figure 2.16), this weir formula is used

2
q= gﬂauv \/2g(zRef - Zweircrest)3 (252)

where ¢ is the specific discharge related to the effective width w,ss. This formula is the
classical POLENI formula for a sharp crested weir with an additional factor o, which
accounts for the reduction in discharge due to incomplete weir flow. If only one side of the
weir has a water surface elevation above the weir crest, then a complete weir flow is given
with oy, = 1 (Figure 2.16). As soon as the water surface elevation tops the weir crest level
on both sides of the weir, the incomplete case is active and the reduction factor oy, is
calculated according to the Diagram in Figure 2.17. zg.; is the water surface elevation at
the reference cross section. The weir bottom level (2) is the lowest possible weir crest level
(Figure 2.16).

The momentum flux at the weir is a function of the wetted area Aw.; above the weir
crest. In BASEchain two options of calculation types are implemented:

I) “Standard”: The wetted area above the weir crest is calculated as

Aweir = (ZRef - Zweircrest)weff

IT) “Critical”: It is assumed that the critical flow depth is at the weir crest. The critical
flow depth is calculated as herit = 2/3[2Ref-2weircrest]. The wetted area above the
weir crest is calculated as Aweir = heritweyps. For a model calibration the water
surface elevation z..;; of the critical flow depth above the weir crest can be adjusted
by the calibration factor ferit. Zeorrection = Zerit + ferit(2ref — Zerit). The formula for
the calculation of the factor fe.;t is ferit = a + bhcrit.

e Inner Gate:
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WSE Reference cross section
A 4

@
A4

Figure 2.16 Inner weir with a complete weir flow. (1) weir crest level, (2) weir bottom
level, Reference cross section where water surface in unaffected by the flow acceleration at
the weir

0.8

0.6

0.4

\

h /h

u

Figure 2.17 Reduction factor oy, for an incomplete flow over the weir. h, is the
downstream water depth over the weir crest and h denotes the upstream flow depth over the
weir crest
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Figure 2.18 Inner sluice gate. (1) gate level, (2) gate bottom level, a = water depth at
vena contracta

In BASEchain three types of gates are implemented: sluice gate, gate with flap and radial
gate with flap. The simplest gate type is the sluice gate which has three modes. Either the
gate level (1) is equal or less than the gate bottom level (2, Figure 2.18). The gate is then
closed and acts as a wall.

If the gate level is above the gate bottom level, the gate is considered as open. As long
as the water surface elevation near the gate is below the gate level, the flux at the inner
boundary is calculated as a weir flux with, where the weir level is equal to the gate bottom
level. The gate is active as soon as one of the neighbouring water surface elevations is
above the gate level (Figure 2.18). Similar to the gate boundary condition, the calculation
of the specific discharge is

q = phgate/2g9ho (2.53)

The gate opening is defined as hgqte = gate level (1) - gate botom level (2) (Figure 2.18), hg
denotes the water depth at the cross section upstream of the gate. The discharge coefficient
1 depends on the contraction factor ¢ which is the ratio of the water depth a at the vena
contracta to the gate opening hgqe and is calculated as

Ohgate
Nzamhwn7%2 (2.54)

Derived from the conjugate depths at a hydraulic jump the criterion for considering the
backwater effect at the gate is defined as

> 1+ —1 (2.55)
(1 P
0

ha _ 6 16 ho
hgate 2

where hg is the water depth downstream of the gate. When the backwater effect has to be
considered the discharge coefficient depends also on the water depth downstream of the
gate (Bollrich, 2000).
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WSE Reflerence cross section
h 4

Figure 2.19 Inner gate with flap. (1) gate level, (2) gate bottom level, (3) gate size which
is defined as the difference between flap level and gate level, a = water depth at the vena
contracta

o 6hgate 5hgate ) :| |: 5hgate ( 5hgate ) ] 2 ( hd ) 2
= J {1 2= (1 ” o2 (1o = b 1
(2.56)

As for the momentum, the velocity through the gate is taken into account in both,
downstream and upstream direction.

The second gate type is the gate with flap. Three modes are equal to the sluice gate:

I) The gate is closed and the water surface elevation is lower than the flap level. The
inner boundary acts as a wall.

II) The water surface elevation is lower than the gate level. Then the exact Riemann
solver is used.

ITI) The gate is active. This means the water surface elevation is higher than the gate
level but lower than the flap level. In this case the gate flow is calculated by the gate
formula.

In case of a closed gate an overflow at the flap is possible. Then the inner boundary acts as
a weir and the weir level corresponds to the flap level. The flux calculation complies with
the flux calculation of the inner weir. For the weir flow a discharge coefficient depending on
the shape of the flaps must be defined. If the gate is active and the water surface elevation
is higher than the flap level, the flux is calculated as the sum of the gate flow and the weir
flow (Figure 2.19).

The third gate type in BASEchain is the radial gate with flap. The specific discharge at a
radial gate is calculated with this formula (Knapp, 1960)

h ate
q= 1/}hgate\/29 <HRef - 92t ) (2.57)
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Figure 2.20 Radial gate with flap at a Jambor sill: (1) gate level, (2) weir bottom level,
(3) gate height which is the difference between flap level and gate level, (4) gate bottom
level which is the level of the closed gate

where Hpg,y is the energy height at the reference cross section above the bottom level and
1 is the discharge coefficient which is defined as ¥ = a(hgate/ HRe f),B . The user has to
define the calibration parameters o and 8. The gate is active, when the gate level is higher
than the gate bottom level. The gate height hgq. is the difference between gate level (1)
and gate bottom level (4) (Figure 2.20).

A radial gate is often combined with a weir sill, a so called Jambor sill. Due to various
operational conditions for this gate type several parameters have to be defined. The gate
is closed, if the gate level is equal or less than the gate bottom level at the Jambor sill (4,
Figure 2.20). In this case the inner boundary acts either as a wall or a as a weir with the
overfall at the flaps. This depends on the water surface elevation, whether it is higher or
lower than the flap level.

If the water surface elevation is higher than the flap level, the flux is calculated in the same
way as the gate with flap, namely as the sum of the gate flow and the weir flow. If the gate
is closed and the water surface exceeds the flap level, the inner boundary acts as a weir.

As soon as the radial gate is open and the water surface elevation is lower than the gate
level the inner boundary acts as a weir with the weir bottom level (2, Figure 2.20). For the
calculation of the weir flux the energy height above the bottom elevation at the reference
cross section is used.

2.2.2.4.4 Moving Boundaries

Boundaries are always considered to be on an edge. A moving boundary appears if one of
the cells, limited by the edge, is dry. In this case some changes have to be considered for
the computations:

e Flux over an internal edge:

If in one of the cells the water depth at the lowest point of the cross section is lower
than the dry depth hj,;, , the energy level in the other cell is computed. If this is
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Read problem setup file

Set default friction

Read topography file

Set bottoms

Define hydraulic boundaries

Define hydraulic iniial conditions

Define hydraulic parameters

Define initial conditions

Define outputs

Define hydraulic sources

Make computational grid

Set limits of main channel

If: calculation mode = “table”

Yes J;_____f/r—ﬁ

For: each cross section -+

| Generate tables

Figure 2.21 General solution procedure of BASEchain

lower than the water surface elevation in the dry cell the flow over the edge is 0.
Otherwise it is calculated normally.

¢ Bed source:

For the computation of the bed source term in the case of the upstream or downstream
cell being dry, the local values are used as in the following example with an upstream
dry cell:

Wi = Aeas (ZSH‘ZS) (2.58)
Ti41 — T4

2.2.2.5 Solution Procedure

a) General solution procedure of BASEchain in detail (Figure 2.21 and Figure 2.22)
b) Time loop (Figure 2.23)

)

)
¢) Hydrodynamic equations (Figure 2.24)
d) Morphodynamic equations (Figure 2.25)
)

e) Suspended load equations (Figure 2.26)
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Yes

If: sediment fransport is active ( bed load or suspended load )

T

Define general sediment parameters

-

Define grain classes

-

Define mixtures

-

Define soils
If pedlgad is active
Yes /I‘G

Set bedload specific
parameters

Set default transport
type factors

Define bed load
boundaries

Set bed load fluxes

Set fransport
capacities

Yes

If: suspended load is active

7

Initialize suspended
load

Define suspended load
boundaries

Set advection-diffusion
fluxes

If sediment exchange
with soil is active:

Ye /@
Crate
exchange

s0UrCE
term

Print topography output

Print initial conditions to output files

Generate the needed sources

Figure 2.22 General solution procedure of BASEchain
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while: total computational time <= final simulation time:

If: suspended transport or bedload transport is active:

Yes i N T No
Compute morphological time step
{]f: suspended transport is active:

Solve advection-diffusion equations

If: bedload transport is active:

Solve morphodynamic equations

{If: suspended transport or sediment transport is active:

Calculate sediment exchange with sub layer

(source Sfk)

Solve hydrodynamic equations

Llf: bedload transport or suspended load with sediment exchange with the bottom is active:
Update tables

{ﬁ: monitoring points exist:

Update monitoring points

Increment current computational time

Print ime dependent outputs

Figure 2.23 Time loop

For: each edge

Calculate flux

For each element

Balance fluxes

Add hydrodynamic sources

For: each element

Substitute old values with new values

Figure 2.24 Hydrodynamic equations
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For: each element

Calculate transport width of cross section

Reset transport capacities

For: each edge

Calculate sediment fluxes

For: each element

Calculate local sources

Balance global material conservation

Add local sources

Determine bed level change for cross section

For: each slice

Update layer positions

For: each grain class

Balance material sorting equation

Add local sources

Calculate sediment exchange with sub layer ( source 5f)

Add exchange with sub layer

For: each slice

| Correctall [

Figure 2.25 Morphodynamic equations

For: each element

Calculate wetted width of cross section

For: each edge

Calculate advection and diffusion fluxes

For: each tJlement

Callculate exchange sources (Sk))

Calculate local sources (C1lk)

Calculate new concentrations

Solve Exner equation

Solve grain sorting equation

Update cross section geometry

Advance all values

Figure 2.26 Suspended load equations
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2.2.3 Shallow Water Equations

2.2.3.1 Discrete Form of Equations

Numerical methods are used to transform the differential and the integral equations into
discrete algebraic equations. Based on the mentioned reasons, the F'V method has been
used in the present work for the discretisation of SWE. The eq. 1.36 can be rewritten in
the following integral form:

/Utd(H-/V-(F,G)dSH—/SdQ:O (2.59)
Q Q Q

in which Q equals the area of the calculation cell (Figure 2.1) Using the Gauss’ relation
eq. 2.59 becomes:

/UtdQJr/(F,G)-nsler/SdQ:O (2.60)
Q 0N Q

Assuming U; and S are constant over the domain for first order accuracy, it can be written:

Ut+é/(F,G)-nsdl+S—O (2.61)
oN

The eq. 2.60 can be discretized by a two-phase scheme namely predictor corrector scheme
as follows:

At S
Urtt = U - o > (F,G)}; x mjlj — AtS; (2.62)
j=1
where
m = number of cell or element sides
(F,G);; = numerical flux through the side of cell
Mg = unit vector of cell side

The advantage of two-phase scheme is the second order accuracy in time marching. In the
FV method, the key problem is to estimate the normal flux through each side of the domain,
namely ((F, G) - ns). There are several algorithms to estimate this flux. The set of SWE
is hyperbolic and, therefore, it has an inherent directional property of propagation. For
instance, in 1-D unsteady flow, information comes from both, upstream and downstream,
in sub critical cases, while information only comes from upstream in supercritical cases.
Algorithms to estimate the flux should appropriately handle this property. The Riemann
solver, which is based on characteristics theory, is such an algorithm. It is the solution of
Riemann Problem. The Riemann solver under the FV method formulation is especially
suitable for capturing discontinuities in sub critical or supercritical flow, e.g. a dam break
wave or flood propagation in a river.

2.2.3.1.1 Flux Estimation

Considering the integral term of flux in eq. 2.61, it can be written:
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» X

Figure 2.27 Geometry of a Computational Cell Q0 in FV

/ (F(U),G(U)) - n, dl = / (F(U)cos + G(U) sin 0) di (2.63)
o0 0N

in which ng = (cos#,sin #) is the outward unit vector to the boundary of domain 2; (see
Figure 2.27). Based on the rotational invariance property for F(U) and G(U) on the
boundary of the domain, it can be written according to Toro (1997):

(F(U),GU)) =T H(O)F(T(O)U) (2.64)

where 6 is the angle between the vector ng and x-axis, measured counter clockwise from
the x-axis (see Figure 2.27).

1 0 0
T@O)=]0 cosf sind (2.65)
0 —sinf cosé
T71(6) = inverse of T(0)
Using eq. 2.64, eq. 2.61 can be rewritten as:
1
U+ o / T (0)F(T()U) dl + S = 0 (2.66)
o

The quantity T'(0)U is transformed of U , with velocity components in the normal and
tangential direction. For each cell in the computational domain, the quantity U , thus
T(0)U may have different values, which results in a discontinuity across the interface
between cells. Therefore, the two-dimensional problem in eq. 2.59 or eq. 2.61 can be
handled as a series of local Riemann problems in the normal direction to the cell interface
(z ) by the eq. 2.66.
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Applying the foregoing, the flux computations over the edges are preformed in three
successive steps:

o First, the vector of conserved variables U is transformed into the local coordinate
system at the edge with the operation T'(0)U .

e A one-dimensional, local Riemann problem is formulated and solved in the normal
direction of the edge. From this calculation results the new flux vector over the edge
F[T(0)U].

e The flux vector, formulated in the local coordinate system at the edge, is transformed
back to Cartesian coordinates with T-'F[T(0)U] . The Sum of the fluxes of all
edges of an element gives the total fluxes in x- and y directions.

2.2.3.1.2 Flux Correction

When the solution is advanced and the continuity and momentum equations are updated in
each cell, there may be occurring situations in which more water is removed from an element
than is actually stored in the element (overdraft). Such overdraft is mostly experienced
in situations with strongly varying topography and low water depths, e.g. near wet-dry
interfaces on irregular beds. To guarantee positive depths in all elements, a correction of
the depths and volumetric fluxes is applied in such situations following an approach based
on Begnudelli and Sanders (2006). However, in some rare cases the overdraft cannot be
corrected and therefore mass continuity is not guaranteed.

The overdraft element i having a negative water depth receives water from its surrounding
element k if two conditions are fulfilled. The element k must previously have taken water
from the overdraft element and it must have water available. The corrections of the depths
and volumetric fluxes of the neighbouring elements k are then calculated as

A

hzorr — hk "‘Wk:hiil

Ay, A (2.67)

Flux$™ = Fl hi——

uxy, urg + wrhi At

where hy, is the water depth and Fluzy is the volumetric Flux of the neighbouring element.

h; is the (negative) water depth of the overdraft element and wy, is a weighting factor which
is obtained by weighting the volumetric fluxes of all corrected neighbouring elements k.

Fluxy,

= "% 2.68
ZFluxk ( )
k

Wk

In case of element k does not have enough water available the overdraft is partly
compensated. Subsequently all the weights have to be recalculated and a new correction
attempt is made. After the correction of the neighbouring elements, the water depth of
the overdraft element is set to zero.

2.2.3.2 Discretisation of Source Terms

In eq. 2.62 there are different possibilities for the evaluation of the source term S;. It
can be evaluated either with the variables of the old time step as S;(U;) , which is often
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referred to as unsplitted scheme, or it can be evaluated with the advanced values U?H/ 2 ,

which already include changes due to the numerical fluxes computed during this time step
as SZ-(U?H/ 2) . The use of the advanced values for the source term calculation is chosen
here because it gives better results (Toro, 2001). Therefore eq. 2.62 is split in following way

Ut —pn -

7

At S "
a Z(F’ G - mjdl;
=1 (2.69)

U?+1 _ U?+1/2 —{—AtSl(U:L+1/2)

But, as explained in the following, the friction source term S; ¢, receives a special treatment.

2.2.3.2.1 Friction Source Term

When treating the friction source terms, a simple explicit Discretisation may cause numerical
instabilities if the water depth is very small, because the water depth is in the denominator.
Such problematic situations may occur in particular at drying-wetting interfaces. To
circumvent the numerical instabilities, the frictions terms are treated in a semi-implicit
way. Therefore the friction source term is calculated with the unknown value U ?H at the
new time level as

Ut = Ut L ALS, (U (2.70)

Considering the generalized cy friction coefficient and after some algebraic manipulations,
one obtains:

n+1/2
Urtt = Ui (2.71)

u™)?2 4+ (v7)2
1+At\/( 77+ @)

C%iRi

Hydraulic Radius

The calculation of the friction source term requires a definition of the hydraulic radius
R; in the element i. The hydraulic radius is defined here as water depth in the element
(R; = h;).

Wall friction

In cases where an element is situated at a boundary wall of the domain, the influence of the
additional wall friction on the flow can optionally be considered, as illustrated in Figure 2.28.
The friction slope is extended to include additional wall friction effects. The method is
similar to the approach of Brufau and Garcia-Navarro and Vazquez-Cendon (2000) but
differs in the type the different friction parts are added together. In this implementation
the friction values of the bed c; and the wall cy,, can be chosen differently.

The friction slope in x-direction is calculated as

(2.72)

uvu? + v2 1
Si,fr,;r =

g iRy
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boundary

Figure 2.28 Wetted perimeter of a boundary element with wall friction

with R,, being the hydraulic radius of the wall friction at the boundary edge w. The first
term in eq. 2.72 defines the friction losses due to bed friction and the second term defines
the additional friction losses due to the flow along the boundary wall. The friction slope in
y-direction is derived in an analogous way.

The hydraulic radius R,, at the wall boundary edge ¢ is calculated as

Viwater _ Aph

Ry = -
Ay Ay + Z lwﬂ'h

(2.73)

where I, is the length of the element’s edge located at the wall boundary, A; is bottom
area of the element and A,, is the wetted area of the wall. The average friction coefficient
¢y at the boundary edge is calculated as

CfAb + Cfuw Z Awﬂ‘
7

Ap + Z Ay

with ¢y, as the friction coefficient of the wall and Z Aw,; as the sum of all wetted wall areas.

i
For the determination of the bottom shear stress for sediment transport computations, this
additional wall friction component is not taken into account.

2.2.3.2.2 Source Term for viscous and turbulent Stresses

The kinematic and turbulent stresses are treated as source term. For the derivatives, the
divergence theorem from Gauss is used similarly to the ordinary fluxes. This approach
allows a derivative to be calculated as a sum over averaged values on an edge. A potential
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division by zero cannot occur. In the following, a cantered scheme for diffusive fluxes on
an unstructured grid based on the approach of Mohamadian et al. (2005) is described.

For the Finite Volume Method, the diffusive source terms are integrated over an element:

//deQ //aFd 8ﬂdom (2.74)

By using the divergence theorem, the diffusive flux integrals are becoming boundary
integrals

d d
//aF aG 9& qo = ijd n+G% nds (2.75)

The boundary integral is discretized by a summation over the element edges (index e)

]{Fd~n+Gd-nds:Z(Fg-ne+Gg-ne) dse (2.76)

e

The diffusive fluxes F¢ and G2 on the element edges are calculated by a centred scheme

1 1
ngi(FdRﬂLFdL), ngi(G%+GdL) (2.77)

where R and L stand for a value right and left of the edge. The diffusive fluxes on the
edges read then as

5| (50), (5
Fi{=3 vho o vho . (2.78)

and

a1 ( 8“) ( a“)
Ge = 5 Vhay R + l/hay I (279)
ov ov
1/h> + (l/h)
( 0y R dy/

where v = vy, + 14 is the sum of the molecular (kinematic) and turbulent eddy viscosity.
For this approach, the velocity derivatives at the element canters are used as right and
left approximation near the edge. The values for the water depth h right and left of an
edge are reconstructed using the water surface elevation of the adjacent elements. The
turbulent eddy viscosity 14 can be either set to a constant value or calculated dynamically
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for each element. Using the dynamic case, the values for 14 are taken from the right and
left element of an edge.

All that remains is to calculate the derivatives of the velocity components at the element
centres. For Finite Volume Methods, this is an easy task using again the divergence
theorem. The derivative of a general scalar variable ¢ on an arbitrary element is given by

Z PeAYe

o) s ] o0
dQ~ ——— 2.80
( FElem Q Q ( )
Z%AZC@
Oy _ 1 ﬁ
(50) =5 30 0~ 5 28)

where () is the area of the element and e stands for an edge. (. is a value on the edge. As
in finite volume methods, most variables are defined on an element, ¢, has to be calculated
as average of the neighbouring elements:

1
e = §(¢R + 1) (2.82)

The spatial differences Ay, and Az, are the differences of the edge’s node-coordinates in x
and y direction. For this method to work, it is important to have the same direction of
integration along the elements edges either clockwise or counter-clockwise.

As a result, a viscous term from eq. 2.78 is computed as

Z ueAYe

ou B
<Vh8$> ~ VLhLT (283)
with ue = 0.5(uer, + UeRr)-

The depth-averaged turbulent viscosity v, can either be set to a constant value or it is
calculated for every element using the formula

vy = —ush (2.84)

~
6
Where x = 0.4 is the von Karman constant and wu, is the shear velocity which is defined as

uy = y/ep(u? +v?) (2.85)
Where c; is the bed friction coefficient derived from the same Manning- or Strickler-value

as defined for bed friction.

2.2.3.2.3 Bed Slope Source Term and Bed Slope Calculation

The irregularity of the topography plays an important role in real world applications and
often can have great impacts on the final accuracy of the results. A Discretisation scheme
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with the elevations defined in the nodes of a cell leads to an accurate representation of the
topography. Special attention thereby is needed with regard to the C-property which is
discussed in Section 2.2.3.3.

The numerical treatment of the bed slope source term here is formulated based on Komaei’s
method (Komaei and Bechteler, 2004). Regarding eq. 2.61, it is required to compute the
integral of the bed slope source term over a element €2; .

SpdQ = ghSBx A =g azB Oplt,y) a0 (2.86)
[fswan=f (3| aa=a

azB x 0zp(z,y)
Iy

Assuming that the bed slope values are constant over a cell, eq. 2.86 can be simplified to:

0 0
/ / SpdQ =g ( / h dQ) Spo | = gVolwater | S5a (2.87)
Q Q SBy SBy

In order to evaluate the above integral, it is necessary to compute the bed slope of a cell
and the volume of the water over a cell. Since the numerical model allows the use of
triangular cells as well as quadrilateral cells in hybrid meshes, these both cases need to be
distinguished.

Triangular cells

The bed slope of a triangular cell can be computed by using the finite element formulation
as given by Hinton and Owen (1979). It is assumed that z;, varies linearly over the cell
(Figure 2.29):

zp(x,y) = o1 + azx + oy (2.88)

823 aZB
. . _ 0zB, _0zB
in which oy = ;g = y

The constants a1 ,a and ag can be determined by inserting the nodal coordinates and
equating to the corresponding nodal values of zp. Solving for a; , as and aj finally gives

1
— [(a1 + biz + c1y) 251 + (a2 + bax + cay)zp 2 + (a3 + bz + c3y) 23] (2.89)

ZB (‘T? y) = ZQ

where

ap = I2Y3 — T3Y2
b =y2 —y3 (2.90)

Cl = X3 — T2

With the other coefficients given by cyclic permutation of the subscripts in the order 1,2,3.
The area €2 of the triangular element is given by
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Figure 2.29 A Triangular Cell

1z oy
20 =11 T2 Y2 (2.91)
1z ys

One can compute the bed slopes in x- and y-direction in each cell as

1
S — _8zB(~’L‘a y) = ———(bizp1 +bazpa + b3zp3)
8:1: 2Q ’ ’ ' (2 92)
0zg(x, 1 '
SBy = —% = —ﬁ(ClzB,l + CQzB,2 -I_ C3zB,3)

The water volume over a cell can also be computed by using the parametric coordinates of
the Finite Element Method.
hi+ ha + h3
VOlwater = (—) Q

; (2.93)

where h; , he and hg are the water depths at the nodes 1, 2 and 3 respectively (Figure 2.30).

In the case of partially wet cells (Figure 2.31) the location of the wet-dry line (a and b)
has to be determined, where the water surface plane intersects the cell surface.

Using the coordinates of a and b, the water volume over the cell can be calculated as:

ho + h h
2‘; 3 +sza§2 (2.94)

VOlwater = Qa32

In the computation of the fluxes through the edges (1-2) and (1-3), the modified lengths
are used. The modified length is computed under the assumption that the water elevation
is constant over a cell.
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Figure 2.30 Water volume over a cell

Figure 2.31 Partially wet cell
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Figure 2.32 Quadrilateral element and its division into four triangles (Aiac, Aasc,
Aszac, Agic)

Quadrilateral cells

The numerical treatment of the bed source term calculation greatly increases in complexity
if one has to deal with quadrilateral elements with four nodes. In the common case these
nodes do not lie on a plane and therefore the slope of the element is not uniquely determined
and not trivially computed. Even if the nodes initially lie on a plane, this situation can
change if morphological simulations with mobile beds are performed.

To prevent complex geometric algorithms and to avoid the problematic bed slope calculation,
the quadrilateral element is divided up into four triangles. Then the calculations outlined
before for triangular cells can be applied separately on each triangle.

The four triangles are obtained by connecting each edge with the centroid C' of the element.
The required bed elevation of this centroid C' is thereby estimated by a weighted distance
averaging of the nodal elevations as proposed by Valiani et al. (2002):

4
> Zk\/<xk —x¢)* + (Y — yo)?
h=1

zZo = (2.95)

4
S (@ —20)? + (v — ye)?
k=1

where z¢ is the interpolated bed elevation of the centroid and & is the index of the four
nodes of the quadrilateral element. Following this procedure the water volumes and bed
slopes are calculated in the same way as outlined before for each of the triangles. Finally
the bed slope term of the quadrilateral element is obtained as sum over the values of the
corresponding four triangles.

0 4 0
/ SB dQ) = g (/ h dQ) SBx =g Z VOlwater,Ak SBx,k (2.96)
Q 0 SBy k=1 SBy.k

This calculation method circumvents the problematic bed slope determination for the
quadrilateral element during the calculation of the bed source term.
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But for other purposes, like for morphological simulations with bed load transport, a
defined bed slope within the quadrilateral element may be needed. For such situations the
bed slope is determined by an area-weighting of the slopes of the k triangles. Replacing ¢
with the x- or y-coordinate, one obtains the bed slopes as follows:

Ozp(z,y) 1 4(%%

~ A ) R — 2.97
90 Aquad 2 90 Ak ) Y (2.97)

2.2.3.3 Conservative property (C-Property)

The usually applied shock capturing schemes were originally designed for hyperbolic
systems without source terms. Such schemes do not guarantee the C-property in the
presence of source terms like the bed source term in the shallow water equations. At
stagnant conditions, when simulating still water above an uneven bed, unphysical fluxes
and oscillations may result from an unbalance between the flux gradients and the bed source
terms. In order to guarantee the C-property following condition, the reduced momentum
equation for stagnant conditions, must hold true:

1
% <2gh2) ng dl = g// hSBy dQ’(:const
Q

dQ2
(2.98)
1
% <2gh2) Ny dl = g// hSBy dQ|<:const
dQ) Q

Therefore it is necessary to guarantee conservation by an appropriate treatment and
discretisation of the flux gradients and the bed source terms. Recent studies provide several
approaches for proper source term treatment, but are often either computationally complex
or cannot be easily transferred to unstructured meshes. Following the approach of Komaei,
the left hand terms O.Sgh?md are calculated with a modified depth at the edges. This
modified depth is calculated as integral over the linearly varying water depth at an edge.

L
1 h? + hih; + h?
h2 .= —/hZ(x) dz = % (2.99)

h; and h; are the water depths at the edge’s left and right nodes, as shown in Figure 2.33.

It can be easily proved that using h,,.q in the determination of the flux gradients guarantees
the C-property on unstructured grids, if the bed source terms are discretized as product
of the water volume with the bed slope as shown before. This is exemplified here for a
completely wetted triangle in x-direction:
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! L >
Figure 2.33 Edge with linearly varying water depth

1 1
9// hSBe dQ¢=const = 9V 0lwater SBax = gg(h1 + ho + h3)§[5123,1 + bazp 2 + b3z 3]
9
= %(hl + hy + hg)[bl(C — hl) + bQ(C — hz) + b3(< — hg)]

- %(hl + ho + h3) |C (b1 + b + bg) —bihy — bohs — bshs
(S —
=0

— _%(hl + hy + hg)[blhl + baha + b3h3]

_j{ (;gh2> n, dl = _;gkil l'/lo h(zx) dx]

ds2 - =

11 1 1
=95 [3(h% + hihg + h3)bs + §<hg + haohg + h3)by + g(hg + hshy + h%)b2:|
=& (b 4+ hy)[brhy + baha + bshs]

(2.100)

Both terms lead to the same result and therefore balance exactly for stagnant flow conditions.

2.2.3.4 Discretisation of Boundary Conditions

The hydrodynamic model uses the essential boundary conditions, i.e. velocity and water
surface elevation are to be specified along the computational domain. The theoretical
background of the boundary condition has already been already discussed in book one
“Physical Models”. In this part the numerical treatment of the two most important boundary
types, namely inlet and outlet will be discussed separately.

2.2.3.4.1 Inlet Boundary
o Hydrograph:

The hydrograph boundary condition is applied to a user defined inlet section which is
defined by a list of boundary edges. The velocity vectors are assumed to be perpendicular
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to these boundary edges and the inlet section is assumed to be a straight line with uniform
water elevation (1-D treatment). If there is an incoming discharge it must be given as
hydrograph. Both steady and unsteady discharges can be specified along the inlet section,
where water surface elevation and the cross-sectional area are allowed to change with time.
For an unsteady discharge, the hydrograph is digitized in a data set of the form:

tl Ql

n o

end end
¢ Q

where Q™ is the total discharge inflow at time ¢". The hydrograph specified in this way,
can be arbitrary in shape. The total discharge is interpolated, based on the corresponding
time.

The water elevation at the inlet section is determined by the values of the old time step at
the adjacent elements. In case of dry conditions or supercritical flow at the inlet section,
the water elevation is calculated according the known discharge. For these iterative h-Q
calculations normal flow is assumed and an average bed slope, perpendicular to the inlet
section, must be given.

The calculated total inflow discharge is distributed over the inflow boundary edges and the
according momentum component is calculated. Thereby only the edges below the water
surface elevation receive a discharge. If some edges lie above the water elevation they are
treated as walls. To distribute the inflow discharge over the wetted inflow boundary edges
following approach is implemented.

The discharge @; for each edge i is calculated as fraction of the total discharge @Q;, using a
weighting factor K; as

Qi = KiQin (2.101)

This weighting factor K; can be calculated based on its local conveyance as

crivVRiv/gA
> (cps @ﬁAj)
j=1

K; = (2.102)

where K; is the discharge at edge i and the index j ranges from the first to the last wetted
edge of the inflow boundary edges. R; , A; and cy; are the hydraulic radius, the wetted
area and the friction factor of the corresponding elements respectively.

Alternatively, the weighting factor K; can be calculated based on the local wetted areas at
the edge i, which finally results in equal inflow velocities over all edges.

K; = (2.103)
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Figure 2.34 Flow over a weir

2.2.3.4.2 Qutlet Boundary
e Free surface elevation boundary:

As is mentioned in Table 1.2, just one outlet boundary condition is necessary to be defined.
This could be the flux, the water surface elevation or the water elevation-discharge curve
at the outflow section. There is often no boundary known at the outlet. In this situation,
the boundary should be modelled as a so-called free surface elevation boundary. A zero
gradient assumption at the outlet could be a good choice. This could be expressed as
follows:

0
— =0 2.104
On ( )
Although this type of boundary condition has a reflection problem, numerical experiences
have shown that this effect is limited just to five to ten grid nodes from the boundary.
Therefore it has been suggested to slightly expand the calculation domain in the outlet
region to use this type of outlet boundary (Nuji¢, 1998).

o Weir:

In the other possibility of outlet boundary condition namely defining a weir (Figure 2.34),
the discharge at the outlet is computed based on the weir function (Chanson, 1999)

2
— _ . \3
q= 36\/29(hup hwezr)
where

hu —h i
C =0.611+0.08—2—-" : hy,,=WSE — 25 and hyeir = Zweir — 2B

hweir
Alternatively, instead of calculating the factor C automatically, a constant Poleni factor
can be set.

The hydraulic and geometric parameters such as WSE, zp are the calculated variables on
the adjacent elements of the outlet boundary. Here it is assumed that the water surface
elevation is constant within the element. The weir elevation zye; is a time dependent
parameter. Based on the weir elevation (Figure 2.35) some edges of the outlet are considered
as a weir and the others have free surface elevation boundary condition. In order to avoid
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- weir width -

Figure 2.35 Outlet cross section with a weir

instabilities due to the water surface fluctuations, the following condition are adopted in
the program

if (hup(t) < hweir(t) + khary) = edge is a wall
if (Pup(t) > hweir(t) + khary) = edge acts as weir or a free surface elevation boundary

k is a numerical factor and has been set to 3 in this version. Figure 2.35 also shows the
effective computational width of a weir in a natural cross section.

o Gate:

The discharge over a gate boundary condition is computed according to

q = phgate/2gho (2.105)

Within this formula, hg is the water depth upstream of the gate. hyqse denotes the difference
between gate level and soil elevation at the gate’s location. The factor u can be defined by
the user (constant value or dynamical). According to Bernoullis’ equation and assuming
the upstream water is at rest, the discharge coeflicient is

p— (2.106)

Ohgat
1 gate
+ 7h0

where § is the contraction coefficient of the outflow jet. Assuming a sharp-edged sluice
gate the contraction coefficient is calculated by Voigt (1971).

5= L (2.107)

1+0.641/1 — (hgate/ho)?

The value of u is usually around 0.6.

The gate formula is only active if the water surface elevation in the element belonging to
the boundary edge is higher than the gate elevation. Other possible states of the gate are
wall (in case of gate elevation lower than the soil elevation) and zero-gradient (in all other
cases).

e h-Q-relation:
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A water elevationdischarge relation can be applied as outflow boundary condition. Several
outflow boundary edges are therefore defined in a list. The outflow velocity vectors are
assumed to be perpendicular to the outflow boundary edges and the outflow section is
assumed to be a straight line with a uniform water elevation (1-D treatment). A relation
must be given between the outflow water surface elevation and the total outflow discharge.
This h-Q relation is digitized in a data set of the form

hl Ql
noQn
where Q™ is the total outflow discharge for a given water surface elevation h™. The

h-Q-relation specified in this way, can be arbitrary in shape. The total outflow discharge is
interpolated, based on the corresponding water surface elevation.

The water surface elevation at the outflow section is determined from the values of the
elements adjacent to the boundary edges at the last time step. With this water elevation a
total outflow discharge is interpolated using the given h-Q relation. Alternatively, if no
h-Q-relation is given, the outflow discharge is calculated under the assumption of normal
flow at the outflow section. In this case an average bed slope perpendicular to the outflow
cross section must be given.

The calculated total outflow discharge is then distributed over all wetted outflow boundary
edges according to a weighting factor based on the local conveyance or the wetted area (see
Section 2.2.3.4.1). In contrast, cells which are not fully wetted are set to wall boundary.

e Z-Hydrograph:

Another outflow boundary condition is to specify the time evolution of the water surface
at the outflow location. This boundary conditions aims to control the water elevation at
the outlet, e.g. at outflows to reservoirs with known water elevations.

A time evolution of the water surface elevation must be given in the form

t! WSE!

" WSE™
If the actual outlet water elevation lies below the desired reservoir elevation, than a wall
boundary is set at the outflow. On the other hand, if the actual water elevation lies above
the reservoir water elevation, a Riemann solver is applied. The Riemann problem is defined
between the outflow edges and a ghost cell outside of the domain with the reservoir water

level. (But be aware that the outlet water level is not guaranteed to be identical to the
specified water elevation.)

2.2.3.4.3 Inner Boundaries

e Inner Weir:
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The inner weir uses a slightly other approach than the boundary weir. If the weir
crest is higher than the water surface elevation in the neighbouring elements, the
weir acts as a wall.

If one or both of the neighbouring water surface elevations are above the weir crest,
the weir formula for discharge

2
Q= gﬂauvw\/2g(zupst'ream - :~’3"Luei'r)3 (2108)

is used. This is the classical Poleni formula for a sharp crested weir with an additional
factor oy, which accounts for the reduction in discharge due to incomplete weir flow.
If only one side of the weir has a water surface elevation above the weir crest, then a
complete weir flow is given with o, =1 . w is the width of the weir.

As soon as the water surface elevation tops the weir crest level on both sides of the
weir, the incomplete case is active and the reduction factor o is calculated according
to the Diagram Figure 2.17.

As for the momentum, there is no momentum due to velocity accounted for in the
downstream direction. This behaviour acts as if all kinetic energy is dissipated over
a weir.

Inner Gate:

Similar to the gate boundary condition, the inner gate has three modes. Either the
gate level is equal or less than the soil elevation. The gate is then closed and acts as
a wall.

If the gate level is above the local soil elevation, the gate is considered as open. As
long as the water surface elevations near the gate are below the gate level, the exact
Riemann solver is used. The gate is active as soon as one of the neighbouring water
surface elevations is above the gate level. Similar to the gate boundary condition,
the calculation of the specific discharge is

q= thate\/ngO (2109)

The discharge coefficient p is usually between 0.5 and 0.6 and is either user-defined
or calculated dynamically. In the latter case the backwater effect is considered as
(Bollrich 2000)

oh ate oh ate oh ate oh ate 2 hd 2
= 1—2—2%C (1 — =) | — /|1 —2—2  E— <) -1
: 6J [ ho ( ha )] \/[ ho ( ha ﬂ " (h0>
(2.110)

where hg is the water depth downstream of the gate. The definition of the other
variables can be found under the description of the gate boundary condition.

As for the momentum, the velocity through the gate is taken into account in both,
downstream and upstream direction.
Inner HQ-relation:

The inner HQ-Relation boundary acts similar to the inner gate boundary condition.
However, instead of applying the gate-formula to determine the discharge over

94

VAW - ETH Zurich version 4.0.2



BASEMENT System Manuals 2.2. Methods for Solving the Flow Equations

the inner structure, a water surface discharge relation is applied. By specifying a
self-determined HQ-relation for the inner structure, a lot of flexibility is offered for
the implementation. The HQ-relation may be used e.g. to simulate a culvert, a bridge
or a pipe flow. The quality of the results depends strongly on the provided HQ-table!

For each edge of the upstream stringdef, the water level is taken from the adjacent
cell and the HQ-relation is used to determine the corresponding discharge over the
edge (scaled to the edge length). The water flows through the inner structure and
re-enters the domain at the downstream corresponding edge. The HQ relation is
digitized in a data set as

hl Ql
moon
where Q" is the total outflow discharge and h™ is the water surface elevation.

Differing from other inner boundaries, this boundary operates only in a given direction
from upstream to downstream (stringdefl = upstream, stringdef = downstream)
and cannot deal with changing flow directions! Furthermore, please note that the
inner HQ-relation does not depend upon the z-elevations of the boundary cells and,
hence, may be used to act over large distances with arbitrary height differences, as
e.g. a long pipe within the domain. At the moment, however, it is not feasible to
incorporate information of the downstream water surface elevation, what limits the
applicability to culvert or pipe modelling in some scenarios.

If inner boundaries and sediment transport computations are combined, the problem
arises that sediment masses are not transported over the inner boundary but stop in
front of the inner boundary structure. This behaviour is undesired in some scenarios.
A solution to overcome this problem, allowing for sediment continuity, is the use of
‘dredge sources’ which can be used to let the sediments pass the inner boundary (see
Section 2.3.3.3.2).

2.2.3.4.4 Moving Boundaries
Dry, partial wet and fully wet elements

Natural rivers and streams are highly irregular in both plan form and topography. Their
boundaries change with the time varying water level. The FV-based model with moving
boundary treatment is capable of handling these complex and dynamic flow problems
conveniently. The computational domain expands and contracts as the water elevation
rises and falls. Obviously, the governing equations are solved only for wet cells in the
computational domain. An important step of this method is to determine the water edge
or the instantaneous computational boundary. A criterion, h,;, , is used to classify the
following two types of nodes:

1. A node is considered dry, if zg < zp + Amin

2. A node is considered wet, if zg > 2B + Amin

The determination of Ay is tricky, which can vary between 107 m and 0.1 m. Based on
the flow depth at the centre of the element we defined three different element categories
(Figure 2.36):
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Dry cells

Transient cells

Wet cells

Figure 2.36 Schematic representation of a mesh with dry, partial wet and wet elements

- —d-——- Imaginary Wall
Edge
Edge

(a) @ (b) @

Figure 2.37 Wetting process of an element

1. dry cells where the flow depth is below A,
2. partial wet cells where the flow depth above h,,;, but not all nodes of the cell are
under water and

3. fully wet cells where all nodes included cell centre are under water.

By comparing the water surface elevation of two adjacent elements (Figure 2.37) and
determining which cell is dry it was decided whether there were or not a flux through the

edge.

Although the determination of h,,;, is tricky, as it mentioned above, it has been successfully
used in the past, has in the range of 0.05 ~ 0.1 m for natural rivers. It can be adjusted
to optimize the solution for particular flow and boundary conditions. It is suggested to
consider it close to min(0.1h,0.1) .

Another problem related to partially wetted elements is the determination of the final
velocities at the end of the time step from the vector of the conserved variables U . To
calculate the velocities the conserved variables must be divided by the flow depth as

indicated below.
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v — (vzh)
¥ h
(2.111)
- (Vyh)
Y h

For an element situated at the wetting and drying interface, the outflow of water amounts
may lead to very small water depths. Because the water depths are in the denominator,
instabilities can arise when updating the new velocities. To prevent these instabilities it is
checked if the water depth is smaller than the residual h,,;, . In such a case the velocities
are set to zero, since the water will not move in such a practical situation.

Flux computations at dry-wet interfaces

When solving the shallow water equations along dry-wet interfaces, special attention is
needed and different situations must be distinguished. Some models solve the complete
equations only for completely wetted elements, where all nodes are under water. Here, in
contrast, the flux computations are also performed for partially wetted elements. This
procedure is computationally more costly and has larger programming efforts, but it leads
to more accurate results in some situations and it can reduce problems related to the
wetting-drying process.

The complete flux computation is performed over a partially wetted edge if two conditions
are fulfilled:

o At least one of the both elements adjacent to the edge must be wetted, i.e. its water
depth must be above hy,;p, -

o At least at one side of the edge, the element’s water surface elevation must be above
the average edge elevation.

The flux computations over partially wetted edges need to take into account that the flux
takes not place over the whole length of the edge (see Figure 2.38). The actually over flown
effective length L.y is calculated as follows assuming a constant water level.

H—

oir= 2B ) Lo 2.112

Leyy g
ZB,2 — ?B,1

Here H is the water surface elevation in the partially wetted element and zp 1, 2B 2 are
the nodal elevations of the edge

In Figure 2.39 several possible configurations at dry-wet interfaces are illustrated which
need to be treated appropriately. Attention must be paid to correctly reproduce the physics
and to preserve the C-property for stagnant flow conditions.

The first case a) shows a wetted left element adjacent to a dry right element, where the left
water surface elevation Hyp, is above the center elevation zp r of the right element. Here, no
special treatment is needed and a Riemann problem can be formulated. But the Riemann
solver must be capable of treating dry bed conditions in an appropriate way.

Case b) corresponds to an adverse slope at the right, dry element, where the left water
surface elevation Hy, is below the right bed elevation zp g . This case has recently received
attention in the literature, as e.g. by Brufau et al. (2002). It requires a special treatment
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Figure 2.38 Definition of effective length at partially wetted edge

because applying the Riemann solver in a situation with adverse slopes can produce
incorrect results. Some authors suggest to treat the dry-wet interface as a wall or to set
the velocities to zero. But these treatments are problematic because they do not always
preserve the C-property. Here a simple method is adopted whereas no Riemann problem is
formulated at the edge. But instead, only the pressure terms are evaluated which exactly
balance the bed source terms, thus guaranteeing a correct behaviour for stagnant flow
conditions.

In case c) the water elevation Hy, at the left element is below the average edge elevation.
In such a situation no Riemann problem is formulated as stated above. But again the
pressure term is evaluated here to preserve the C-property.

Finally, in cases d), e) and f) either both elements are dry or the edge is completely dry.
In these cases neither mass fluxes nor momentum fluxes need to be evaluated.

2.2.3.5 Solution Procedure

The logical flow of data through BASEplane from the entry of input data to the creating of
output files and the major functions of the program is illustrated in Figure 2.40, Figure 2.41
and Figure 2.42 shows the data flow through the hydrodynamic and morphodynamic
routines respectively. Program main control data is read first, and then the mesh file,
and then the sediment data file if there is one. Initialization of the parameters and
computational values is made next. If the sediment movement computation is requested,
the hydrodynamic routine will be started in cycle steps defined by user, otherwise the
hydrodynamic routine is run. After the hydrodynamic routine, the morphodynamic routine
is carried out next, if it is requested. Results can be printed at the end of every time steps
or only at the end of selected time steps.

a) General solution procedure of BASEplane (Figure 2.40)
b) Hydrodynamic routine in detail (Figure 2.41)
¢) Morphodynamic routine in detail (Figure 2.42)
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Figure 2.39 Different cases for flur computations over an edge at wet-dry interfaces
2.3 Solution of Sediment Transport Equations

2.3.1 Vertical Discretisation

2.3.1.1 General

A two phase system (water and solids) in which the sediment mixture can be represented by
an arbitrary number of different grain size classes is formulated. The continuous physical
domain has to be horizontally and vertically divided into control volumes to numerically
solve the governing equations for the unknown variables. Figure 2.43 shows a single cell
of the numerical model with vertical partition into the three main control volumes: the
upper layer for momentum and suspended sediment transport, the active layer for bed load
sediment transport as well as bed material sorting and sub layers for sediment supply and
deposition.

The primary unknown variables of the upper layer are the water depth h and the specific
discharge ¢ and r in directions of Cartesian coordinates x and y. In the active layer, ¢p, »
and ¢p, , are describing the specific bed load fluxes (index refers to the g-th grain size
class). A change of bed elevation zp can be gained by a combination of balance equations
for water and sediment and corresponding exchange terms (source terms) between the
vertical layers.

2.3.1.2 Determination of Mixing Layer Thickness

The bed load control volume is the region where bed load transport occurs and it is assumed
to have a uniform grain distribution over the depth. Its extension is well-defined by the bed
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Reading main control file

Reading mesh files

If: there is a sediment data file

Yes T _ B — No

Reading the sediment data file Continue
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While: Total computational time <= Final simulation time

If: there is the sediment data file “and” total time == sediment routing start time

Yes T _ T No

If: Total computational cycles >= Hydrodynamic routine

hydrodynamic cycles

Yes —T——_  No _—
Hydrodynamic Continue
routine
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Writing the output files for the hydrodynamic computation

Advance the computational values (hydrodynamic)

If: there is the sediment data file “and” total time == sediment routing start time

Yes e — No

Morphodynamic routine Continue

Writing the the output files for the
morphodynamic computation

Advance the computational values
(morphodynamic)

Computing the time step

Stop

Figure 2.40 The logical flow of data through BASEplane
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Setting the boundary conditions

Reconstruction

For All edges

‘ Computing the edge values

Computing Fluxes

For: All edges

‘Computation of fluxes

Time Evaluating

For All elements

Balancing the fluxes

Adding source terms

Computing the conservative values

Figure 2.41 Data flow through the hydrodynamic routine

Setting the boundary conditions

Computing Fluxes

For all hydraulic elements

‘Computation of transport capacities

For: all sediment edges

‘ Computation of bedload fluxes

Time Evaluating

For: all elements

Balancing the bedload fluxes

Adding source terms

Computing the new bed elevation

Computing bedload control volume thickness

For: all grains

Adding source terms

Computing new compositions

Updating the nodal elevations and the element's centre elevation

Figure 2.42 Data flow through the morphodynamic routine
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Figure 2.43 Vertical Discretisation of a computational cell

surface at level zp and its thickness h,, , which plays an important role for grain sorting
processes during morphological simulations with multiple grain classes.

Different methods are implemented for the determination of this thickness h,, . It can
be determined either dynamically during the simulation (at the moment only for 2-D
simulations) or it can be given a priori as a constant value for the whole simulation. The
latter is used by default with an active layer thickness of 0.1 m.

Borah’s approach

With this approach the active layer thickness h,, is different for degradation and for
aggradation. In case of deposition, h,, corresponds to the thickness of the current deposition
stratum. In case of degradation, h,, is proportional to the bed level decrase with a limitation
to account for the situation of an armoured bed (Borah et al. (1982)).

If the bed level increases (Azp > 0 ):
Al = ht 4+ Azp (2.113)
If the bed level decreases ( Azp < 0):

d;

Zﬂnm(l - p)

where d; is the smallest non-mobile grain size and Z Brnm is the sum of the non-mobile
sediment fractions, and p is porosity.

han = 20Azp + (2.114)

Calculation based on mean diameter dgg

Following this approach the new thickness h,, is determined proportional to the
characteristic grain size diameter dgy in the bed load control volume. The factor of
proportionality can be chosen freely.

Rt = factor - dgg (2.115)
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Figure 2.44 Soil Discretisation in a cross section

‘ bottom ‘
Figure 2.45 Soil Discretisation in a cross section

But this simple approach does not take into account influences of present bottom shear
stresses or present erosion rates. Typically, the factor is between 1 and 3.

2.3.2 One Dimensional Sediment Transport
2.3.2.1 Spatial Discretisation

2.3.2.1.1 Soil Segments

For each cross section slice a different composition of the soil can be specified. A variable
number of sediment layers can be defined. Figure 2.44 illustrates by example a possible
distribution of soil types in a cross section. Each colour represents for a different grain
class mixture. Usually however one soil type will cover several cross section slices, like in
Figure 2.46.

The modification of the geometry of the cross section due to sediment transport it is
illustrated in Figure 2.46. This can lead to the elimination of layers or to the creation of
new ones. The grain class mixture of deposition will be the same over the whole wetted
width.

The elevation changes will modify the soil elements which are considered to be wetted,
but it is not always obvious when this is the case. For this reason the user can define
which fraction of the elevation amplitude of the soil has to be below the water level by a
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current Bedlevel

Deposition

N

Figure 2.46 Effect of bed load on cross section geometry

a)

| ]
A / sol 1 sol 2 soil 3

sol 1 sol 2 soill 3

Figure 2.47 Deposition a) and erosion b) due to suspended load with a wetting fraction
of 0.9.

parameter called wetting_fraction. In the example in Figure 2.45 the soil element of type
2 would be moved with a wetting_fraction of 0.3 but not with a wetting fraction of 1. All
points of a wetted soil element are affected by the same elevation change.

Figure 2.47, Figure 2.48, Figure 2.49, Figure 2.50, Figure 2.51 and Figure 2.52 give some
simple examples of bedlevel changes to illustrate the mechanisms.

[ ! ! 9 \ /
i soil 2 soil 3

soil 1

sol 1 sod 2 soil 3

Figure 2.48 Deposition a) and erosion b) due to suspended load with a wetting fraction
of 0.1.
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S0l 1 b) \ /

soil 1
bottomn

Figure 2.49 Deposition a) and erosion b) due to bed load without cross section points on
embankments.

soil 1
bottom

Figure 2.50 Deposition a) and erosion b) due to bed load with cross section points on
embankments.
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b)
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L= " |
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I E—|
soil 1 soil 2
|
bottom

Figure 2.51 Deposition a) and erosion b) due to bed load with 2 soils defined on the
bottom.
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Figure 2.52 Deposition a) and erosion b) due to bed load and suspended load.

2.3.2.2 Discrete Form of Equations

2.3.2.2.1 Advection-Diffusion Equation

The one dimensional suspended sediment or pollutant transport in river channels is
described by eq. 1.66 in the Mathematical Models section. This equation has to be solved
for each grain class g in the same manner. For this reason in this section g is omitted and
the equation becomes:

80 0 oC
— Al— ) - S = 2.11
Q or Oz < ox ) 5=0 (2.116)

C is the concentration of transported particles averaged over the cross-section.
For the moment the sources S, which vary for different types of transport, will be set to 0.

The eq. 2.116 is integrated over the element (see Figure 2.7)

TiR
oC oC 0 oC
J (4% +0%; 5 (arg ) Jae =0 (2117)

TiL

and the different parts are calculated as follows:

n+1 n

R e ac
/ Q5 di = o de = Qi(Clwin) — Clir)) = (Pain — Bai) (2.119)
L TiL

TiR

9/ _acC e, e,

/ - <AF&E> do <AF Gl AT ) — Bain — Bair (2.120)

TiL TiL

The concentration at the new time is:
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At
Citt=Cr - Ag A, (Pair = Pair = Pain+ Pair) (2.121)
2.3.2.2.2 Computation of Diffusive Flux

The diffusive flux is calculated by finite differences.

Qqip = Ajph—o

2.122
Ti+1 — T4 ( )

For the interpolation on the edge of the wetted area, known only in the cross sections, the
geometric mean is used:

AiR = \/Ai—i-lAi (2.123)

If I" is not given by the user it is calculated as follows:

[ = VVLVER (2.124)

g

o is generally assumed to be 0.5 (Celik and Rodi 1984).
The eddy viscosity averaged over the depth can be calculated by (Féah, 1997):

v =uhk/6 (2.125)

2.3.2.2.3 Computation of Advective Flux

A general problem of the computation of the advective flux is that it leads to strong
numerical diffusion. Several schemes can be used, four of them are implemented.

The first possibility to compute he advective flux over the edge (element boundary) is to
interpolate the concentration values from the neighbouring elements, considering the flow
direction, and multiply it with the water discharge over the edge.

a) QUICK-Scheme

For a positive flow from left to right the quick scheme determines the concentration
due to advection at the upstream edge of element 7 by:

o= @i = 2io1) (@ — zia)
a’zL (x; _)%'ifl)(xi ; Ti—2)
TiR — Ti—1 )\TiR — T4
+ Ci_
(ig—xi ) (@i g —m) 7

(@ir, — xi—2)(Tir, — T4) Ci

Ci +
(i1 — i—2) (i1 — x;3) (2.126)

More in general the concentration is:

Ca,iL _ { C; +g1(C¢+1 — CZ‘) +92(Cz‘ — Ci—l) —u>0 (2.127)

Cit1+ 93(01' — CZ'+1) + 94(Ci+1 — Ci+2) —u<0
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Between the velocities w; and u;11 the one with the larger absolute value is
determinant.

(xir — xi)(Tip — Tiz1)
— 2.128
P @i — 20) (@i — wi1) ( )

(l‘iR - I‘i)(»’ﬂiﬂ - fUiR)
— 2.129
P = = v ) (@i — w1 ( )

g = (iR = Ten))(Tik = Tiy) (2.130)
(zi — zit1) (i — Tit2)

o (zir — Tip1) (@i — TiR) (2.131)

(Tip1 — Tig2) (@i — Tiy2)

The QUICK scheme tends to get instable, especially for the pure advection-equation
with explicit solution (Chen and Falconer, 1992). For this reason the more stable
QUICKEST scheme (Leonard, 1979) is often used:

b) QUICKEST-Scheme

1 1
Cirquickest = Cir,QUICK — icriR(CiJrl - C) + gCTz’R(CiH —2C; + Ci)
(2.132)
with

i i At
Crip = %E (2.133)

c¢) Holly-Preissmann

The QUICKEST-scheme still leads to an important diffusion. For this reason the
HollyPreissmann scheme (Holly and Preissmann, 1977), which gives better results, is
also implemented. This scheme is based on the properties of characteristics and can
not be applied directly for the present Discretisation.

To find C'(x;r) of eq. 2.119 the properties of characteristics or finite differences are
used, placing the edges on a new grid so that C'(z;r) becomes C; and C(z;r,) = Cj_1.
Considering only the advection part of the eq. 2.116 and dividing by the cross section

area A:
oC uwoC
i M 134
En + o 0 (2.134)
and
cntl _on o — O
e e N M b | (2.135)
At Tj—Tj—-1

Thus the new concentration is
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At At
crtt = (1 —u——— ) Cf +u———C}, (2.136)
Tj = Tj-1 J i1

for a courant number CFL = u(dt/dz) =1 : C’;LH = C}; . This means that the

solute travels from one side of the cell to the other during the time step.

The Holly-Preissmann scheme calculates the values in function of C'F'L and the
upstream value.

Y (Cr) = ACr® + BCr* + DCr + E (2.137)
Y(0)=C7 ;Y1) =0y
ocT . oC™
— J . Y(1) = j—1
0)=—--3 Y1) =—"
oCT oC™
Ot = Gy + axCf a3 g (2.138)
ay = Cr?(3 — 2Cr) (2.139)
a9 = 1-— al (2.140)
a3 = Cr*(1 — Cr)Ax (2.141)
as = —Cr(1 — Cr)? (2.142)
and
ocy \ ., ocr,  acy
oz = ble_l + bQCj + b3 oz + by O (2.143)
by =6Cr(Cr—1)/Ax (2.144)
by = —by (2.145)
b3 = Cr(3Cr — 2) (2.146)
by = (Cr —1)(3Cr —1) (2.147)

However this form is only valid for a constant velocity u. If u is not constant the
velocities in the different cells and at different times have to be considered. The

velocity u, is determined by interpolation of uj_; ,uj ,u}”l
— 1 n n+1
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u" = (uj_10) + (1 = 0)uj (2.149)
with
At
0 =u} ——— (2.150)
l’jfl — l’j
A 1 — —n
= §(Uj+u ) (2.151)
At a4

Cr =iz =— I_J‘ / (2.152)

= _

27JN L -+l

The Holly-Preissmann scheme gives good results for the pure advection-diffusion
equation. But if a sediment exchange with the bed takes place, because of the shifted
grid, it does not react to the influence of the source term.

For the last 3 schemes the advective flux is computed multiplying the concentration
on the edge with the discharge over the edge:

®,ir = QirCir

d) Modified Discontinuous Profile Method (MDPM)

The MDPM method presented by Badrot-Nico et al. (2007) is like a transposing of
the Holly-Preissmann scheme from a finite difference to a finite volume context and
thus much more adapted for the use within BASEMENT.

In this method the advective flux is calculated directly as a sediment discharge:

7141. u(t)C(xiR,t)dt (2.153)

Using the invariance property along a characterstic line (Figure 2.53) this equation
can be transformed to

TiR
1 n
Do = A / Cla, ") do (2.154)
TiL

The function C}*(z) is reconstructed from the mean concentration in the cell C}* and
the concentration values on the edges CJ; and CJy (Figure 2.54) by satisfying mass
conservation in the cell.

. n o < o A
Cra) =4 UL i T STy il (2.155)
R >+ Ay

with
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Figure 2.53 Invariance of C along the characteristic line y
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Figure 2.54 Function C?(z)
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7

cy - Cp

(28

n n
i — iR

a; = (2.156)

and o; € [0, 1].
If Cf; = Cfy or (Cf;, — CM)(CF — Cz) < 0 the following values are set:

K3 3

zL - Cn
'LR - Cn
o =¢
€ is an arbitrary value between 0 and 1.

If the velocity is the flux of suspended load per unity of depth and width can now be
determined as follows:

h; = Cip maz(zi41/2 — * — (1 — ;) Az, 0) + Cfg min(w; /0 — 2, (1 — ;) Az;)
(2.157)

If the velocity is negative respectively:

= —Cipmin(z — T2, ¥it1ATi41) — Cipmax(r — 2412 — €iy1A2441,0)
(2.158)

The abscissa of the foot of the characteristic is given by x4 = x;11/2 — ujl; /Q(t)At.

Finally the advective flux is:

1 .
Ehi(xA) if U,y >0
iz =9 (2.159)

Egi+1(xA) if u2i+1/2<0

Furthermore the new concentrations on the edges have to be prepared for the
computations of the next time step:

13 if u;‘i+1/2(t) >0 and Cry>1-«
ol iR ifour, (t)>0 and Cry<1l-—o (2.160)
2 e if U o (t)<0 and  Cry > —aq; ’
T if up +1/2(t) <0 and Cry<-—q;
The required Courant number is
At
u:p(t) Az Ux(t) >0
Cry = A’t (2.161)
t t
Uy ( Aro ug(t) <0

2.3.2.2.4 Global Bed Material Conservation Equation
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As the y-direction is not considered, in the one dimensional case the mass conservation
equation (Exner-equation) becomes:

1-pZE %qB +5g—slp, | =0 (2.162)
k+1

qp is the sediment flux per unit channel width. Integrating eq. 2.162 over the channel width,
hence multiplying everything by the channel width, the following equation is obtained:

(1— (Msed (Z 95 S, — SlBg> =0 (2.163)

The discretisation is effected exactly in the same way as for the hydraulic mass conservation.
The eq. 2.163 is integrated over the element (Figure 2.7):

j<(1_ aAsed (Z‘%QB+5 SlBg>>dx—O (2.164)

TiL

The parts of the eq. 2.164 are discretized as follows:

TiR n+1 n
0ASed,i Asedi = Aedsi
(1=p) [ Fortdo = (1 p) =2 A, (2.165)
TiL
ng
TiR Z QB 7 ng
a dr =3 Qp(zir) = Y Qp(wir) = Ppir — Prir (2.166)
Xif, k=1
TiR ng ng ng
[ 380 sim) de =38, -y Sl (2.167)
oy k=1 k=1 k=1

®p,r and ®p ;i are the bed load fluxes through the west and east side of the cell. Their
determination will be discussed later (Section 2.3.2.3.1).

The change of the sediment area is thus calculated by:

At
AAseq = ALy — Aldeqi = As. ~ (®Bir — PBiL)
1

(ZS §513g> (2.168)
k=1

As the result of the sediment balance is an area, the deposition or erosion height Az, has
yet to be determined. The erosion or deposition is distributed over the wetted part of the
cross section. If a bed bottom is defined the deposition height is equal and constant for
all wetted slices. Only in the exterior slices the bed level difference is 0 where the cross
section becomes dry. The repartition of the soil level change is illustrated in Figure 2.55.

The change of the bed level is calculated as follows:
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Figure 2.55 Distribution of sediment area change over the cross section
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As the sediments transported by bed load can be deposed only on the bed bottom, whilst
the sediments transported by suspended load can be deposed on the whole wetted section,
two separate values of AAg.q and Azp are calculated for the two processes by splitting
eq. 2.168 in two parts.

The change of bed level due to bed load is:

(2.169)

At

At (&
AAgedp = E((I)B,iR —®pir) - Az (Z SlBg) (2.170)
! ¢ \k=1

The change of bed level due to suspended load accordingly:

At ng ng
AAsedp = A > 8y => 8l (2.171)
v \k=1 k=1

2.3.2.2.5 Bed material sorting equation

For the 1-D computation the bed material sorting equation computation is:

aQBQ
ox

(1-p) gt(ﬂghB)—F + 89 —5fg —slp, =0 (2.172)

Considering the whole width of the cross section and introducing an active layer area Ap ,
eq. 2.172 becomes:

@B,
ox

(1-p) gt(/BgAB)+ + Sy — Sfg—Slp, =0 (2.173)

The eq. 2.173 is integrated over the length of the control volume:
ZTiR

[ (0-n5 6,48 +

TiL

0@,
ox

+ S, — Sf, - Sng> de =0 (2.174)

The different parts are discretized as follows:
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TR n+1
0 ﬁ;+1AB+ _ BSA%
- ot == A 2.1
(1-p) / o (BeAB) dz = (1 —p) < . (2.175)
TiL
TiR
oQ
/ WBg dz = QB(-TiR) - QB(l'iL) = (13971}3 — (I)g,iL (2.176)
TiL
Then the new f, at time n + 1 can be calculated for every element i by:
i n AT At ok k At i
b= <(1 = P)Bgidl — 7, (Pir = Pin) = (g = 5fy = Sis,) Am) /(1= p)AET
(2.177)

As for the global bed material conservation equation the bed material sorting equation is
also solved twice: once for the bed load and once for the suspended load.

A A
5otk = (=P8R, — (Bl — @) = (=1, = Sl - ) /(1 - p) AR
(2.178)
and
A
Bty = (L= A, — (=1, = Sl £ ) /(1= DAY (2.179)

2.3.2.2.6 Interpolation

To solve the eq. 2.166 and eq. 2.176 the total bed load fluxes over the edges (®pir, ,®B.ir)
and the fluxes for the single grain classes (@, L , @B,,ir) are needed, but the data for the
computation of bed load are available only in the cross sections. For this reason the values
on the edges are interpolated from the values calculated for the cross sections, depending
on a weight choice of the user (0):

QgL = (0)QBi—1+ (1 -0)QB; (2.180)

If all values for the computation of Qg by a bed load formula are taken from the cross section,
the results of sediment transport tend to generate jags, as some effects of discretisation
accumulate instead of being counterbalanced. For this reason it has been preferred not to
take all values from the same location. The local discharge @ is substituted by a mean
discharge for the edge, computed with the discharges in the upstream and downstream
elements of the edge. This means that the bed load in a cross section will be calculated
twice with different values of Q.

2.3.2.3 Discretisation of Source Terms

2.3.2.3.1 External Sediment Sources and Sinks
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The discretisation of external sediment sources and sinks is analogous to BASEplane.
Please see Section 2.3.3.3.1

2.3.2.3.2 Sediment Flux through Bottom of Bed Load Control Volume

The discretisation of the sediment flux through the bottom of the bed load control volume
is analogous to BASEplane. Please see Section 2.3.3.3.3

2.3.2.3.3 Source Term for Sediment Exchange between Water and Bottom

The source term S, from eq. 1.72 is computed in different ways depending on the scheme
used for the solution of the advection equation.

a) With MDPM scheme

The source term S, is calculated for the concentration value on the left and the
concentration value on the right according to eq. 1.72 :

Sg,L = f( an)
SQ,R = f( z‘nR)

The volume exchanged with the bottom during At is given by the sum of the exchange
on the left and the exchange on the right:

Ep1 = S, BAzAt (2.181)
Ers = a8,  BATAt/2 (2.182)
Ep =Ep + Ep (2.183)
Eri1 = a2Sy rRBAzAt/2 (2.184)
Ery = a3Sy rRBAxzAt (2.185)
Er = ERr1 + Era (2.186)

Where « is defined like in eq. 2.156, ag = min(Cr,, 1—«) and ag = maz(1—a—Cr,, 0)

The final mean source term is then:

(Er + ER)
Sy = ——7—" 2.187
g BAtAx ( )
The exchange values on the right and left side are used to adjust the concentration
values on the edges. The new concentrations on the edges after deposition or erosion

in the left and right part of the cell are calculated by:
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n Cln A;aAx + Ery

Cipt == (2.188)
n Czl AiCkgA.% + ERQ

ot = Zift Aosis (2.189)

b) With QUICK and QUICKEST scheme

Sy is calculated for each cross section according to eq. 1.72 .

¢) With Holly-Preissmann scheme

The Holly-Preissmann scheme should not be used with material erosion and deposition.

2.3.2.3.4 Splitting of Bed Load and Suspended Load Transport

The same size of particles can be transported by bed load as well as by suspended load.
van Rijn (1984b) found a parameter which describes the relation between the two transport
modes depending on the shear velocity u, and the sink velocity wy determined in eq. 1.60 -
eq. 1.62.

ok =0 if (“) <04
Wi,
o = 0.25 + 0.325In (“) if 0.4< () <10 (2.190)
W Wi
o =1 if (u*> > 10
Wi

The computation of bed load flux and the computation of the exchange flux between
suspended load and bed (eq. 1.71) have to be modified as follows:

Qp, = (1 — ¢4)QB, (2.191)

Sy = wy(pgByCe, — Cy,) (2.192)

2.3.2.3.5 Abrasion

As BASEMENT always works with volumes, the abrasion after Sternberg (eq. 1.118 in the
Mathematical Models section) is applied as follows:

V(z) = Voe c@=o) (2.193)

For the sediment balance in the element, the incoming sediment flux over the upstream
edge is reduced by the factor:

f — e—c(ac—a:o)
where the x is the position of the present element and xgy the position of the upstream

element. The factor f is constant for an edge and is computed at the beginning of the
computation.
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Figure 2.56 Schematic illustration of problems related to the update of bed elevations

2.3.2.4 Solution Procedure

The solution procedure for the one dimensional sediment transport is described in chapter
Section 2.2.2.5.

2.3.3 Two Dimensional Sediment Transport
2.3.3.1 Spatial Discretisation

The finite volume method is applied to discretise the morphodynamic equations, slightly
different from that of the hydrodynamic section. In the hydrodynamic discretisation a
cell-centered approach is applied (see Figure 2.2). Thereby, the bed elevations are defined
in the cell vertexes (nodes) of each cell. This arrangement, with bed elevations defined
in the nodes, enables a more accurate representation of the topography compared to an
approach with bed elevations defined in the cell centres. A further advantage of the chosen
approach is that the slope within each cell is clearly defined by its nodal bed elevations.

Applying the same Discretisation approach for the sediment transport leads to several
problematic aspects, which can be summarized briefly as follows.

e The change of a cell’s sediment volume AV would have to be distributed on all
nodes of the cell, where the bed elevations are defined. But it is not obvious by
which criteria the sediment volume must be divided upon these nodes (see left part
of Figure 2.56).

o If a nodal elevation would be changed due to a sediment inflow into a cell, this change
in bed elevation would not only affect the sediment volume of this cell, but also
the sediment volumes of all neighbouring cells (see right part of Figure 2.56). This
situation is problematic regarding the conservation properties of the numerical scheme
and it induces numerical fluxes into the neighbouring cells which cause undesired
numerical diffusion.

To circumvent these problematic aspects and to ensure a fully conservative numerical
scheme, a separate mesh is used for the spatial discretisation for the sediment transport.
Because the hydraulic and sediment simulations are performed on different meshes, this
approach is called “dual mesh morphodynamics” (DMMD) from here on. Both meshes,
with its cells and edges, are illustrated in Figure 2.57 .

The cells of the sediment mesh are constructed around the nodes of the hydraulic mesh
by connecting the midpoints of the edges and the centres of the hydraulic cells. This
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Figure 2.57 Dual mesh approach with separate meshes for hydrodynamics (black) and
sediment transport (green). Sediment cells have the bed elevations defined in their cell
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Figure 2.58 Cross sectional view of dual mesh approach. Changes in sediment volume
AV do not affect the neighboring cells’ sediment volumes.

procedure results in the generation of median dual cells. Following this dual mesh approach
all conservative variables of the sediment transport (z;, ,84 ,Cy ) are defined within the
centres of the sediment cells, thus forming a standard finite volume approach regarding the
sediment transport. Changes in bed elevation of a node do not influence the neighbouring
sediment elements, as it is illustrated in Figure 2.58. Therefore this Discretisation approach
is conservative and no diffusive fluxes into the neighbouring cells do occur.

The sediment mesh is generated automatically during the program start from the hydraulic
mesh without the need of any additional information.

2.3.3.2 Discrete Form of Equations

2.3.3.2.1 GGlobal Bed material Conservation Equation - Exner Equation

Considering the Exner equation (eq. 1.87) and applying the FVM, it can be written in the
following integral form

0zp - 09B,.z dqp y e
1-— — dQ) E & & Q= E — Q 2.194
Q Q 9= Q 9=

In which 2 is the same computational area as defined in hydrodynamic model (Figure 2.27).
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Using the Gauss’ theory and assuming dzp /0t is constant over the element, one obtains

Z%+1 _ Z% 1 ng 1 ng
(1- p)T + ) Z / (aB, 2 + B, yny) Al = a Z(Slg — Sgg) (2.195)
g:laﬂ g=1

Where n, and n, are components of the unit normal vector of the edge in x and y direction
respectively.

2.3.3.2.2 Computation of Bed Load Fluxes
Direction of bed load flux

The direction of the bed load flux equals the direction of the velocity in near bed region
and is a 2-D vector in a 2-D simulation. It is assumed here that this direction equals the
direction of the depth-averaged velocity, although this assumption may become invalid
in particular in curved channels with significant secondary flow motions. A correction of
this flux direction is performed on sloped bed surfaces due to the gravitational induced
lateral bed load flux component. The lateral transport component is perpendicular to the
direction of flow velocity and therefore the resulting bed load flux vector is determined as

0 in 6
73768 = 73 + ?Blate'ral - qB (COS ) + quateral < o ) (2196)

sin 0 —cos 6

where 0 is the angle between the velocity vector and the x-axis.
Computation of bed load flux

The bed load transport capacity ? p and the lateral transport ? Blatera; ar€ calculated using
the transport formulas outlined in the Mathematical Models section. Different empirical
transport formulas can be used and also fractional transport for multiple grain classes can
be considered. These formulas require the flow variables and the soil compositions as data
input.

As a consequence of the discretisation of the sediment elements as median dual cells, each
sediment edge lies completely within a hydraulic element (see Figure 2.59, where sediment
edges are indicated in green color). Therefore an obvious approach is to determine the
bed load fluxes over a sediment edge with the flow variables and the bottom shear stress
defined in this hydraulic element. This eases the computations since no interpolations of
hydraulic variables onto the sediment edges are necessary. Furthermore, it can be made
use of the clearly defined bed slope within this hydraulic element, derived from its nodal
elevations.

Following this approach the transport capacity is calculated with the flow variables defined
in the centre of the hydraulic element. But since the transport capacity calculations also
depend on the bed materials and grain compositions, this computation is repeated for
every sediment element which partially overlaps the hydraulic element. Thus, one obtains
multiple transport rates within the hydraulic element, as illustrated in Figure 2.59. (In
case of single grain simulations, the bed material is the same over the hydraulic element
and therefore the transport calculation must only be done once.) From these multiple
transport rates an averaged transport rate over the sediment cell is determined by areal
weighting.
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Figure 2.59 Determination of bed load flux over the sediment cell edges i,j

Finally, the flux over the sediment cell edge is determined from the calculated transport
capacities to its left and right sediment elements as

QB,edge = [(aup)?B,res,L + (1 - 9up)7B,res,R] ﬁedge (2197)

where 0, is the upwind factor and ﬁedge is the normal vector of the edge.
Treatment of partially wetted elements

Per default no sediment transport is calculated within partially wetted hydraulic elements.
This behaviour seems favourable in most situations. For example, in some cases it prevents
upper parts of a river bank, which are not over flown, from automatically being eroded by
sediment erosion which takes place only at the toe of the bank. But this default behaviour
can be changed for special situations.

2.3.3.2.3 Flux Correction

When bed load fluxes are summed up over an element k, there may occur situations in
which more sediment mass leaves the element than is actually available. Such situations
are observed for example when the bed level reaches a fixed bed elevation or bed armour
where no further erosion can take place.

To guarantee sediment mass conservation over the whole domain a correction of the bed
load fluxes which leave the element is applied in such situations. All the outgoing computed
bed load fluxes of such an overdraft element k are reduced proportionally by a factor wy 4.
This factor is determined in a way that limits the overall outflow to the available sediment
mass Vied kg -

ng

Z Fluxout,j,g - V:sed,k:,g ng
Jj=1 .
ng Zf ‘/sed,k:,g < Z Fluxout,j,g
=1
g =1 Y Fluroug, j (2.198)
=1 v
0 Zf ‘/;ed,k,g > Z Flum'out,j,g
j=1
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corr
Flurgyy, = (1 — wig) Fluzout i g

2.3.3.2.4 Bed Material Sorting Equation

The global bed material conservation eq. 2.195 has to be solved first, because its results
are needed to solve the bed material sorting equation. The bed material sorting equation
(eq. 1.79) is also discretized using FVM. The discretized form is

hnB) " — (hmBy)™ 1 1 ., .
(1 ,p)( g) N ( g) + o / (quxnz + quyyny) dl + 559 - ESlBg — sfg =0
o0

(2.199)

The bed load control volume thickness h,,, has to be determined before the new values
of fractions are calculated through the eq. 2.199. The determination of h,, is detailed in
Section 2.3.1.2. The solution of the bed material sorting equation finally yields the grain
factions Bg“ at the new time level.

2.3.3.2.5 Advection-Diffusion Equation

The two dimensional suspended sediment or pollutant transport in river channels is
described by eq. 1.68 in the Mathematical Models section. This equation has to be solved
for each grain class g in the same manner. For this reason g is omitted in this section as
well as the source terms. This yields to the following equation:

0 0 oC 0 oC

C is the concentration of transported suspended material averaged over flow depth.

The eq. 2.116 also can be written as follows.

(Ch)¢ +V(Cq,Cr) = V(hI'Cy, hTCy) = 0 (2.201)

It is integrated over the area of the hydraulic element €2 :

/ ((Ch); + V(Cq, Cr) — V(AT Cy, hTC,)) dQ = 0 (2.202)
Q

Applying the Gauss theorem, eq. 2.202 becomes:

/ (Ch),d + 7§ (Cq,Cr)Tdl — 7{ (KDC,, ATC,) T dl = 0 (2.203)
Q oN oN
the different parts are calculated as follows:
/(C-h) dQ—h-/aCidQ~h»‘9CiQ~h~MQ (2.204)
e A V" '

Q Q
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the advective flux is:
f(Cq, Cr)mdl = ZC’ 4,7l = Z@ a,j (2.205)
[2)9]

and the diffusive flux:

f(hrcx,hrc Tdl = Zh T(Cy, Oyl = Z@dd (2.206)
o0

The concentration at the new time n + 1 is:

crt =y -

At
oy > (Paj — Pay) (2.207)
(ARG j

2.3.3.2.6 Computation of Diffusive Flux

The diffusive flux over the edge is computed by the derivatives of the concentration over
the edge multiplied with the vector normal to the edge, the edge length, the water depth
on the edge and the diffusivity:

oC;
33: —

(I)de = h]F % nilj
Ay

The derivatives of the concentration are given by the mean value of the derivatives in the
left and the right element of the edge:

oC j 0 CL 0 CR

o | _ LI o . (2.208)
ac; | — 2 || acy dCr

Oy dy Jy

The mean value of the derivatives of the concentration in an element can be transformed
on a sum over the edges by the Gauss theorem:

oC oC
oC oC

2.3.3.2.7 Computation of Advective Flux using the Upwind Scheme

The Upwind Scheme is the simplest possible method to calculate the advective flux in
eq. 2.205. The hydraulic discharges ¢ and r over the edge are known from the hydraulic
computation (eq. 2.59). The only challenge is the choice of the edge concentration C.
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For the Finite Volume Method, the concentration is regarded as constant over every
computation element. Instead of averaging element concentrations in order to get an edge
concentration, the upwind scheme simply uses the concentration from the upwind element.
The upwind element for an edge is the one element from which the hydraulic discharge
originates.

Upwind schemes are computationally not expensive. However, their side effect is an
increased numerical diffusion which flattens strong gradients within the concentration. If
it was important to detect a sharp front in the concentration, a more accurate and more
time-expensive scheme like the MDP-method should be used.

2.3.3.2.8 Computation of Advective Flux using the MDPM scheme

The computation of the advective flux with the MDP-method (Badrot-Nico et al., 2007), is
described for the one dimensional case in Section 2.3.2.2.3 d). Because of the unstructured
grid used in BASEMENT the MDP-method is not used separately in x and y-direction
but directly in the direction of the local velocity.

The advective flux is calculated directly as a sediment discharge:

4\ —
a0 =Cj (ﬁ.) jl

J

z] ﬁj is known from the hydraulic computation
J

(eq. 2.59). As the concentration on the edge in the MDPM scheme is not constant in time,
the flux is integrated over the time step.

The discharge of water over the edge

The flux from the element i over the edge j can be described as:

tn+1
cpjzihjzj / w()C; (1) dt (2.211)
tn

The velocity u; in the element is constant and its multiplication with the depth h; on the
edge gives the specific discharge ¢; over the edge, which is known from the hydraulics.
Hence the flux is:

tn+1
1
(I)j = qu'lj / Cj(t) dt (2.212)
tn
or:
®j = q;l;C;5(t) (2.213)

Now the concentration C;(t) hast to be determined on the edge. It changes not only with
time. If the edge is not perpendicular to the velocity, it is not constant over the whole
length of the edge at one moment. It depends on the concentration on the edge from which
the water comes. For an unstructured grid with triangular or quadrilateral elements these
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Figure 2.60 Division of element and edge j in segments which receive the water from
different upstream edges.

can be up to 3 different edges. For this reason the edge j is divided in k segments for which
the fluxes & are computed separately and then summed up:

k
;=) @ (2.214)
1

This procedure is illustrated in figure Figure 2.60.

From now on only a segment concerned by one upstream edge will be considered. The
concentration on the upstream edge is C'1, and the one on the downstream edge Cr. The
part of the segment which is over flown with concentration C;, or Cr changes while the
concentration front between the two concentrations advances.

The position of the front is determined in an analogous way to 1D with eq. 2.156. But
instead of representing the fraction of the distance behind the front, o now represents the
fraction of the area. The area which is behind the front therefore becomes:

The position of the front at the beginning of the time step p,, can now be determined from
the area Ay, .

The position at the end of time step p,41 is obtained by adding the distance covered during
the time step uAt. [, indicates concentration C7, during the whole time step and [. with
concentration Cr. For [, the fractions with C;, and Cg have to be integrated over time. It
holdes:
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Pn Pn+1 P
Figure 2.61 Position of the front between the upstream and the downstream
concentration at the beginning and at the end of the time step.

P, = (CLla + CRrl. + (0.5CL + 0.503)[1,)(] (2.216)

Finally the concentrations on the edge j have to be replaced:

The value used as Cf, when the edge lies upstream, is replaced with C7, if the edge is
partially behind the concentration front at the end of the time step. The value used asChp,
when the edge lies downstream, is replaced with Cp, if the edge at the end of the time step
lies completely behind the concentration front.

2.3.3.3 Discretisation of Source Terms

2.3.3.3.1 External Sediment Sources and Sinks

The source term Slp can be used, for example, to describe a local input or removal of
sediment masses into a river or mass inflow due to slope failures. This source term can be
added directly to the equations. It is specified as mass inflow with a defined grain mixture.

2.3.3.3.2 Dredge sources and sediment continuity at inner boundaries

A special subset of external sediment sinks is the so-called ‘dredge source’. This source type
allows for the definition of a constant dredge-level. Using the ‘dredge source’, sediment is
removed from a cell if its bed elevation exceeds the specified dredge-level due to sediment
deposition. The exceeding sediment is then removed by dredging. Additional parameters,
like the maximum dredge rate, may be used to adjust the model to realistic scenarios.

This type of ‘dredge source’ can also be applied to achieve sediment continuity at inner
boundary conditions, as e.g. an inner weir structure. It is possible to set dredge sources
at the upstream region of the inner boundary, to prevent large sediment deposits and to
hold a constant bed elevation. To achieve sediment continuity, one can add the removed
sediment (due to dredging) to other elements, situated downstream of the inner structure.
Thereby the sediments can pass the inner boundary.
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2.3.3.3.3 Sediment Flux through Bottom of Bed Load Control Volume

The source term sf, describes the change in volume of material of grain class g which
enters or leaves the bed load control volume. The term sf, is a time dependent source term
and a function of grain fractions and the bed load control volume thickness. Therefore it
has been handled in a special form in order to consider the time variation of the parameters.
A two step method is applied, where in the first step the fractions are updated without the
sfg source term. Then, in the second step, this source term is computed with the advanced
grain fractions values. The first step can be written as

1 At At
g - h:thrl ((hmﬁg) (1 — p)Qaé(qu,xnx + QBg,yny) dl + (1 — p)QSlB!?)

(2.217)

After this predictor step, the advanced value 3g +1/2 45 used for the calculation of the

fractions of the new time level ﬁg“ by adding the sf,(8q +1/ 2) source term as

At
n+l _ on+1/2
ntl _ g /+msfg (2.218)

And the sf, source term, which describes the material which enters or leaves the bedload
control volume, is finally discretized as given below.

n+1/2

g = (1 py G ) 2 PR 2w
=

At

(2.219)

In the calculation of this expression for the sf, term, cases of erosion and deposition must
be considered separately.

Erosion

In case of erosion the bottom of the bed load control volume zr moves down and the

fractions of the underneath layer enter the control volume. The fractions of this underneath
n _ ontl/2

0oy = Dgeuws’ > and the source term therefore

layer are constant over time, i.e. 3, =
calculates as:

n+1 _n
Gr = 2F) (2.220)

ng = _(1 _p>ﬁg At

Implementing this source term it must be paid attention to situations where the eroded
bed volume comprises more than the first underneath sub layer. In such a situation the
exchanged sediment does not exactly have the composition g , of this first underneath
layer, but a mixture 3, .. of the different compositions of all affected underneath sublayers
(see Figure 2.62). In this implementation the number of the affected layers ng,;, can be
arbitrary.

The mixed grain composition 3, ;. is determined by weighting the grain fractions with the
layer thicknesses as
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Figure 2.62 Definition of mized composition B, .. for the eroded volume (red)

1 nsub .
Bomin = m 221 {6gj(zj_1 — ma:c(zj,z?;r ))} (2.221)
j:

Deposition

In case of deposition, the bottom of the bed load control volume zp moves up and material

with the updated composition 4 +1/2 Jeaves the bed load control volume and enters the
underneath layer. The source term therefore calculates as:

n 2 an,
ng:*(lfp) g+1/2( F F)

2.222
A7 (2.222)

And a likewise term is used to update the grain compositions of the first underneath layer.

2.3.3.3.4 Sediment Exchange between Water and Bottom

The source term S, describes the exchange between the suspended load in the water column
and the sediment surface.

2.3.3.4 Gravitational Transport

2.3.3.4.1 Basic concepts

The erosion and deepening of stream leads to a steepening of the stream banks which
finally can result in discontinuous mass collapses from time to time into the stream. The
slope failures thereby are a main mechanism for the lateral widening of the stream. The
occurrence of slope failures depends strongly on the soil characteristics and pore pressures
present in the bank material. Furthermore, this gravitational induced transport type also
plays a significant role in modelling dike or dam breaches due to overtopping.

The main idea of this geometrical approach is to assume that a slope failure takes place if
the slope becomes steeper than a critical slope. If the critical value is exceeded, sediment
material moves from the upper regions in direction of the slope and finally deposits in the
lower region. This corresponds to a rotation of the cell in a way that its slope is flattened
until the critical angle is reached. In order to be able to better represent the complex
geotechnical aspects, it is distinguished here between three different critical failure angles
in this approach:
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1. A critical failure angle vg4,, , for partially saturated material at the bank which is
not over flown. This angle may largely exceed the material’s angle of repose 7,¢p in
small-grained materials due to stabilizing effects of negative pore pressures.

2. A critical failure angle yye: , for fully saturated material below the water surface.
This angle can be assumed to be in the range of the material’s angle of repose.

3. A deposition angle, vgep , for the deposited and not compacted material resulting
from the slope collapse. This angle determines the sliding of the collapsed masses
into the stream after the failure. It should be smaller than ~,,; and is supposed here
to be in the range of about half the material’s angle of repose.

These different critical angles thereby should fulfil the criteria vgry> Ywet> Vdep-

The idea of using different critical failure angles above and below the water surface already
was successfully applied by previous numerical models for dike breaches (e.g. Faeh (2007)).
In addition, recent laboratory tests of Soares-Frazao et al. (2007) clearly showed a formation
of different side wall angles above and below the water surface in their experimental flume.

Algorithm of geometrical slope failure modelling

The geometrical approach is applied on the original mesh which is used for the hydraulic
calculations (see Figure 2.63). This is advantageous because the slopes of the hydraulic cells
are clearly defined by the elevations of their nodes. A similar approach of a 2D bank-failure
operator applied on unstructured meshes was recently presented by Swartenbroekx et
al. (2010). But due to the use of the dual-mesh approach the computation here differs
significantly from their method. The computational algorithm consists of five successive
computational steps:

(1) In a first step the steepness of a hydraulic cell’s slope is used as an indicator if a
slope failure has to be assumed. The appropriate critical failure angle is selected
depending upon the water elevation. It is checked if the cell is wetted or dry and if
the present sediment in the control volume was previously deposited or not.

(2) Then for each sediment edge i a volume V; is calculated which must flow over the
sediment edge in order to flatten the slope of the cell in a way that it no longer
exceeds the critical value. Using Median-Dual cells for the sediment transport, this
is easily possible since each sediment edge is situated completely within a hydraulic
cell. The size of the volume V; depends on the difference between the present slope
in the cell and the critical slope which shall be set. The present slope and the critical
slope in the cell are projected on the normal vector of this sediment edge ¢ and the
pyramidal volume is then determined as:

Vi= %Ailchar,i(nisi — 1 Serit,i)

with A; = area above the sediment edge, l.4qr ;1 = characteristic length, S; = slope
vector of the cell, S.;; = critical slope vector, n; = normal vector of sediment
edge and h; = height of pyramidal volume. If 74, is set, then V; is limited to the
deposited material present in the cell.

(3) Finally the gravitational flux ¢p, ngrav Over the edge is obtained by dividing this
volume V; by the time step size At. This flux leads to mass transport from the upper
to the lower sediment cell which results in a flattening of the cell’s slope.

Vi
4Bg,ngrav = E
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(a)

Figure 2.63 Gravitational transport for an element with a slope angle larger than the
critical slope angle (dashed = original situation, dotted = flattened slope after collapse)

(4) The balancing of the gravitational fluxes and the determination of the new soil
elevations zp is achieved by applying and solving the Exner equation using the same
numerical approaches as outlined for the bed load transport. This procedure ensures
that fixed bed elevations or surface armouring layers are taken into account and the
mass continuity is fulfilled.

(5) The modification of the slope of a cell in turn influences the slopes of all adjacent
cells. For this reason the algorithm can be applied in an iterative manner also for
the affected adjacent cells until finally no more slope angle is found which exceeds
the critical value.

2.3.3.4.2 Fractional transport

The presented algorithm can be applied in this form for single grain computations only. For
fractional transport additional aspects must be taken into account. In fractional transport
simulations, the failed slope may be composed of multiple soil layers with different grain
compositions. If the slope fails, collapsed material from different soil layers with different
grain compositions will be mixed and finally deposit at the toe of the slope. A detailed
modelling of these mixing processes would require tracking the particles’ individual motions
and interactions, which cannot be achieved using the geometrical approach. Instead, a
simple procedure is chosen to cope with this situation by applying the sorting equations
to consider some mixing and the continuity of the failed masses. The moved material
volume V; is now limited to the available material within the bed load control volume.
And because this control volume typically is rather small, with a height in the order of
few grain diameters, the moved material in one computational step will be usually not
sufficient to establish the critical slope. Therefore, the algorithm needs large number of
iterations to establish the critical failure slopes.

2.3.3.4.3 Influence of grid resolution

Using the geometrical approach the side walls of a channel typically will collapse as soon
as the water level wets at least one of the steep cells. If the cell becomes wetted the critical
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(b)

Figure 2.64 Influence of grid resolution on the slope failures. (a) No slope failure with a
coarse mesh at the indicated water level. (b) Slope failure at the same water level using a
fine mesh.

angle vy e is applied on this cell resulting in a collapse of the side wall. But in case of
coarse discretization, the water level must be rather high until the critical angle .t is
applied. The slope failure therefore takes place slowly and may be underestimated. In
contrast, in case of a finer grid resolution, the slope failure will take place earlier at a lower
water level. Hence, the accuracy of the geometrical approach depends strongly on the grid
resolution and a rather fine discretization should be applied at the areas of interest.

2.3.3.5 Management of Soil Layers

In case of sediment erosion, the bottom of the bed load control volume can sink below the
bottom of the underneath soil layer. In such a situation the soil layer is completely eroded
and consequently the data structure is removed. If the eroded layer was the last soil layer,
than fixed bed conditions are set.

In case of sediment deposition, the uppermost soil layer grows in its thickness. And such
an increase in layer thickness can continue up to large values during prolonged aggradation
conditions. But very thick soil layers can be problematic, because the newly deposited
sediments are completely mixed with the sediment materials over the whole layer thickness.
Therefore a dynamic creation of new soil layers in multiple grain simulations should be
enabled, which allows the formation of new soil layers.

Finding suitable general criteria for the creation of new soil layers is a difficult task. Here,
two main conditions are identified and implemented:

e The thickness hg of the existing soil layer must exceed a given maximum layer
thickness h,,q; before a new layer is created. Generation of a new soil layer: hy >

hmax

e The grain composition of the depositing material must be different from the present
grain composition of the soil layer. It is assumed here in a simple approach that this
condition is fulfilled if the mean diameters of the grain compositions differ more than
a given percentage P .

dm,deposition - dlayer > P/lOO
dlayer
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2.3.3.6 Solution Procedure

The manner - uncoupled, semi coupled or fully coupled - to solve eq. 1.34, eq. 1.77 and
eq. 1.85 from the section Mathematical Models or appropriate derivatives with minor
corrections has been often discussed over the last decade. A good overview is given by
Kassem and Chaudhry (1998) or Cao et al. (2002). Uncoupled models are often blamed
for their lacking of physical and numerical considerations. Vice versa coupled models are
said to be very inefficient in computational effort and accordingly inapplicable for practical
use. Kassem and Chaudhry (1998) showed that the difference of results calculated by
coupled and semi coupled models is negligible. In addition Belleudy (2000) found that
uncoupled solutions have nearly identical performance to coupled solutions even near
critical flow conditions. Furthermore, the increasing difficulties and stability problems of
coupled models that have to be expected when applying complicated sediment transport
formulas or simulating multiple grain size classes are to be mentioned.

According to the preliminary state of this project the model with uncoupled solution of the
water and sediment conservation equations has been chosen. This requires the assumption
that changes in bed elevation and grain size distributions at the bed surface during one
computational time step have to be slow compared to changes of the fluid variables, which
dictates an upper limit on the computational time step. Consequently, the asynchronous
solution procedure as depicted in Figure 2.65 and described in Figure 2.40 is justified: flow
and sediment transport equations are solved uncoupled throughout the entire simulation
period, i.e. with calculation of the flow field at the beginning of a given time step based on
current bed topography and ensuing multiple sediment transport calculations based on
the same flow field until the end of the respective time step. Thus the given duration of a
calculation cycle Atg., (overall time step) consists of one hydraulic time step Aty and a
resulting number of time steps At for sediment transport (see Figure 2.66).

By default, the mobile bed equations for sediment and suspension are solved using the
current hydraulic time step with one cycle. For BASEplane, in case of quasi-stationary
conditions where the changes in the hydraulic are small, the number of cycle step can be
increased. The shallow water equations are solved using the hydraulic time step. The
resulting water levels and velocities are then used to solve the mobile bed equations until they
have been calculated for the number of cycle steps. This leads to a considerable speedup,
reducing the calculation time as the hydraulic equations are solved only occasionally. The
determination of the time step for the mobile bed equations depends on the model being
used. For suspension transport, a time step size At is calculated to satisfy the numerical
stability.

2.4 Time Discretisation and Stability Issues

2.4.1 Explicit Schemes

2.4.1.1 Euler First Order

The explicit time discretisation method implemented in BASEMENT is based on Euler
first order method. According the method the full discretized equations are

Ut =U? + RES(U)
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v

Shallow Water Equations | Af,,

Load Boundary Condition

compute:
Walterlevel and Discharge

Moblile Bed Equations

[
|
|
Load Boundary Condition | |
compute: AArs
Bed Load
Grain Size Distribution |
Change of Bed Elevation |
Friction Factor |
|

Figure 2.65 Uncoupled asynchronous solution procedure consisting of sequential steps

Algoq
Mh Ats Ats [ .Ats

Figure 2.66 Composition of the given overall calculation time step Atgseq

24t = 2% + RES(U, d)

B+t = Gy + RES(U, dg, hm)

Where the RES(...) is the summation of fluxes and source terms.

2.4.2 Determination of Time Step Size

2.4.2.1 Hydrodynamic

For explicit schemes, the hydraulic time step is determined according the restriction based
on the Courant number. In case of the 2-D model the Courant number is defined as follows:

CFL:(

Vu? +v? + ) At
L

<1 (2.223)

Where L is the length of an edge with corresponding velocities of the element u, v and
¢ = +/gh. In general, the CF L number has to be smaller than unity.
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2.4.2.2 Bedload Transport

For the sediment transport another condition ¢ >> c3 holds true, which states that the wave
speed of water ¢ is much larger than the expansion velocity c3 of a bottom discontinuity
(eg. de Vries (1966)). Since the value of c¢3 depends on multiple processes like bed load,
lateral and gravity induced transport, its definitive determination is not obvious. Therefore
the global time steps have been adopted based on the hydrodynamic condition.

2.4.2.3 Suspension Transport

For the suspension transport, the time step At is calculated similar to the hydraulic time
step. However, the wave velocity ¢ = y/gh is not taken into account, leading to slightly
higher time step sizes. This time step is only active if a cycle step larger than 1 has been
defined. By default, the cycle step is set to 1 and all mobile bed equations use the hydraulic
time step.

2.4.3 Implicit Scheme

2.4.3.1 Introduction

In addition to the explicit scheme, BASEchain supports implicit calculations. To evaluate
the evolution of the geometry of a channel as an effect of sediment transport, often long
term computations are necessary. Additionally the calibration of a model with sediment
transport is particularly laborious and needs many simulations. With the explicit solution
of the hydraulics the needed simulation time becomes very large. This is because the
explicit method uses a small time step, limited by the CFL-Number. The implicit method
is needed to avoid this problem, allowing much larger time steps.

This chapter describes the implicit solution of the hydrodynamics in detail. The system of
equations to solve is formed by eq. 1.3 and eq. 1.9 and applied to each cross section.

2.4.3.2 Time Discretisation
For the time discretisation of the differential equation Ou/dt = f(u) the #-method is used:

n+1 n

A = 0FW) + (1= 0)f(u")

with0<60<1.

If & = 0 the explicit Euler method results: the values at time n+1 are computed solely
from the old values at time n with limitation of the time step by the CFL-number. For
f = 0.5 the scheme is second-order accuracy in time.

On the contrary, if # = 1 the solution is fully implicit. The equations are solved with
the values at the new time n+1. As they are not known, initial values are assumed
and the solution is approached to the exact solution by iteration. BASEchain uses the
Newton-Raphson method, which has the quality to converge rapidly. However this is only
the case if the initial values are sufficiently close to the exact solution. Here the values of
the last time step are used as initial values for the iterations. This means that the more
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distant the new time from the old one and the bigger the change of the hydraulic state,

the higher is the possibility that the solution cannot be found.

For the present implementation, the recommended value of 6 is between 0.5 and 1.

2.4.3.2.1 Continuity Equation

The integration of the continuity equation

Tie

0As; | 0Q I

Tiw

gives the following integral terms.

Tie
0As;
I = *d
‘ ot
Tiw
Tie 8@
F;I) = % dl‘
Tiw
Tie
Fl=_— [ qgdx
Tiw

Applying the 6 -method:

FMU = FP + 0(F® + Ff) + (1 - 0)(F*° + FP)

2.4.3.2.2 Momentum Equation

The integration of the momentum equation:

ot Oz Aed ox

Tiw

leads to the following integral terms:

. Tie 8@
Tie 8 Q2
¢ — -
Gi N / ox (BAred> dr

(2.224)

Tie 2
/ <8Q + 2 (6 o ) oA +gArede> dr =G + G + G + G =0
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0z

—d
ox v

Tie
sz: /gAred

Tiw

Tie

Gl = / 9AyeaS; da

Tiw

Applying the #-method:
GIt =Gl +0(GF + G + G+ (1 - 0)(GP + G50 + G3T°) (2.225)

2.4.3.3 Solution
The equation system is

F(z)=0
with

F - (F17G17F27G27 .. 7F7'L—17G7L—I7F7L7Gn)

and

T = (A17Q17A27Q27' . 'aAnflaanlvAn,Qn)

The system is solved by the Newton-Raphson method. Starting from an approximated

solution z*, the corresponding improved solution z**! is determined by the linear equation
system.
AzFtl —c=0 (2.226)
with
c=Az" — F
and
A=
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oFy 0F 0F, OF

8147"ed,1 an 8147‘6(1,2 8Q2

0G1 0G:1 0G:1 0G:

8A’élw"ecl,l 8@1 aAred,Q 8@2
OF, O0Fy, OF, OF, O0F, O0F;
aAred,l an aAr&d,2 aQ? aA'red,3 8Q3
0G2 0G2 0Ga2 0G2 0G2 0G2
6147“ed,1 6Q1 8147‘(-1cl,2 8@2 8Ared,3 8Q3
OF; O0Fs O0Fs; OF3

OF3 OF3

OAred2 0Q2 0Area,s 0Q3 0Arca,a 0Q4
0Gs 0G3 0Gs 0G3 0G3 0G3

aAred,Q aQQ 8AAred,B aQS aAredA 8Q4

2.4.3.4 Integral Terms

2.4.3.4.1

8F7L72 8Fn72 aFn72 6Fn72 8F7L72 8Fn72

agred,n—?) 8@77.73 8Ared,n—2 aQn72 aAred,n—l 8Qn71

n—2

n—2

8Gn—2 aGn—Q n—2 n—2

6Ared,n.3 aQn73 6%red,n72 8Qn72 6-47‘611,1171 8Qn71

Continuity Equation

n—1 n—1

(9an1 aanl aanl aanl
8135&7172 8Qn—2 a14red,'nfl aQn—l 8A'red,n aQn

n—1

n—1 n—1 n—1 n—1 n—1

aAred,n—2 8Qn—2 aAred,n—l 8Qn—l 8AATed,n aQn
6Fn F, n n

aAred,n—l aanl aAred,n aQn
0G, 0G, 0G,

aAred,nfl 6Q'nfl 8A'red,n 8Qn

n

The integral terms of the continuity equation are approximated as follows. For a general

cross section i:

For the first cross section i = 1:

Fin+]. — -an + F;I) 4 Fiq

A, — AY
Fno— 25 st
t At

Fiq) = (bzqe - (1>sz

F2

st A:El

i = —q; Az —gf Aa

)
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For the last cross section i = N

2.4.3.4.2 Momentum Equation

The integral terms of the continuity equation are approximated as follows

. For a general
cross section i:

Q- Q
n_ L Az
G; Al T

GP = — o],

Zi+1 — Zi—1
sz = gAred,i >

fo = gAreaiSpidx; Sy = Q}L%'

7

For the first cross section i = 1:

1= TA An

G'I) _Fm IBlQ%n

le =
Ared,in

Z2 — 21
2

sz
1 = gAred,l

Gy = gArear1 Sy Sp = Ql}gﬂ
i

For the last cross section i = n

. No
Gﬁ — Qout Q

A out A%n
Ared,out
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Zn — Zn—1
GZZ:gAn = 2n

G = 9AnSpden Sp= "5

2.4.3.5 General Description of the Derivatives for the Matrix A
2.4.3.5.1 Derivatives of the Continuity Equation

For a general cross section i:

oF, 0%, 0995,
8Ared,i—1 6A’4red,i—1 8AA?”ed,i—l

(9FZ Awi dAi 8(1)56 B‘I)fw

8A’41ﬂed7i B At dAred,i * aAred,i ; 8Ared,i

oF, 0%, 0P,
8Ared,i+1 8Ared,i+1 aAred,i+1

OF, 9%, %%,
0Qi—1  0Qi—1 0Qi—1

OF,  0%% 0%,
0Q; 0Q;  0Q;

OF, 005, 9%,

0Qiv1 Qi1 9Qim

For the first cross section i = 0:

3F1 Al‘l dA1 8<I>‘ie ann

aA’47‘ed,1 B At dAred,l aA’47‘ed,1 a aflred,l

oF  0®§, 0%,
aA’I‘Ed,Q B aAred,Q a147‘6d,2

0Fy 099, 0Qin

8@1 B an:in a an:in

OF 0%, 0Qu
0Q2 0Q2 0Q2

For the last cross section i = n:

aF‘n _ aC?out o aq)%w
a147“ed,n—1 B 8147“6d,n—1 a147"ed,n—1

version 4.0.2 VAW - ETH Zurich 139



2.4. Time Discretisation and Stability Issues BASEMENT System Manuals

OF, _ Az, dA, | 0Quu 0%,
aAred,n B At dAred,n 8Ared,n 8Ared,n

OF,  0Qoum 0%

nw

8Cx?nfl B aanl a aanl

oF, 0Qout o0®¢,,

aQn B aC?n:out B aQn:out

2.4.3.5.2 Derivatives of the Momentum Equation

For a general cross section i:

6Gz . 8(1)?; _ 8@% + gAred,i dZZ'_l
6Ared,i—l B 8141”ed,i—l 8A’47"ed,i—1 2 dAred,i—l
oG, oo™ oo g Ared,i dK;
— e w (21 — 2 A Sei(1-2 ,
8Ared,i aAred,i 8Ared,i * 2 (Z + ‘ 1) Tgaz Sf ( i dAz)

8G1 _ (9(1);7; . 8(1)% + gA'red,i dzi+1
8Ared,i+1 aAred,i—‘rl BAred,i-‘rl 2 dAred,i—‘rl

oG, ey oo

0Qi—1  0Qi—1  0Qi—

8Gi Aa;i o oo sz
— e _ Tw 2 A A 27
9Q: At T 0Q; | aq, | 9frewbnig

oG, ovm o
0Qit1  0Qit1  0Qit1

For the first cross section i = 1:

.
aAred,l B 6*’47‘6(1,1 a147“ed,1

Aq

801 8(1)71% opm A1 dZQ

m

8Ared,2 - aAredQ - aAredQ g?@

861@3”
0G1  Axzp 097} Aredin Sfi
- e _ iy 90A 1A
0Qr At T 0Qum | 0Qu, | Ifreasnigl
B1Q?,

0
8G1 o 8‘1>71Z . Ared,in

Q2  0Q Q2

For the last cross section i = n:

g dKl
= — A 1-2—
+ 2(22 Zl) +g x15f1 ( i@ dAredJ)
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0Gn = Ot _ 0Py gAred,n dzp—1
8AA?”ed,n—l 8AA?"ed,n—l a141ﬂed,n—1 2 dAred,n—l

aG,  9TT, 9P,

out

8*’Llred,n - 8147"6(1,7’1 a 8*’47"ed,n

; A, dK,
4 2(2" Zn—1) + gAanfn (1 2Kn dAred,n>

oG,  0%7, oo,

8Qn—1 B aC2n—1 8C)n—l

8G, Az, 9O, 9OM Sfn
— ou _ nw 2 ATe nA n—
00, At T 0Q,  0Q, | IAreanBing

2.4.3.6 Determination of the Derivatives with Upwind Flux Determination

With the upwind method the flux is defined as follows:

flwie) =T fi + T fia (2.227)
with

Fe=1 and T, =0 if Qi+Qi1>0
re=0 and T, =1 if Qi+ Qi+1<0

2.4.3.6.1 Derivatives of the Continuity Equation

For a general cross section:

OF;
=0
aAred,z’—l

OF; Az; 0A;

8Ared,i N 8Ared,i

_on 0
aAred,i+1
OF; -
v _0111'70‘5
0Qi—1 il

oF;,
0Q;

oIy —T7)

OF;

O e
0Qit+1 +

For cross section 1 =1:
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8F1 Aml 8141

aAred,l B At 6A’4red,1

oF
—— =0(I'% -1
8@1 ( 1 )
o
90, T2

For cross section i =n:

0F, Az, 0A,

94, At 0Areqn

oF,

_—)
0Qn 1 nl
oF,

=0(1-T}
b0 =0T

2.4.3.6.2 Derivatives of the Momentum Equation

For a general cross section i:

G _ 4y (pw 5Q2 11 dfia  Aveqi dzia
aAred,ifl =t Ared Ared,ifl /Bi—l dAred,ifl g 2 dAred,ifl

8GZ Q2 1 1 d,Bz g
=0 (T L T
8Ared,i o << ! Z) [BAred]i <Ared,i /Bz dATed,i) + 9 (zl—‘rl Zi 1) +

1-2

0 (gA:L’iSfi

0G; Q? 1 1 dfin Aredi  dziy1
_ i -1 - 4 gred:
OAred,it1 ( = [ﬁAmdL T (Ared,i+1 Bt dArea; ) 92 dAreqin

0G; 1 Q?
— 2T
aQi—l ot Qi—l [B Ared] i—1

6GZ A.’L‘i 1 Q2 sz
= 20 [ (T¢ — TV Az
an At +20 <( i 7 )Qz lﬁAred . + 2gAred,zA$ Qz )
9G; 1 Q°
—o0re, g4
0Qi+1 Qi [5Ared] i1

For cross section 1 =1:
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oG Q? 1 1 dpr g dz1
— 0 ]. - Fe - - - - Are
aAred,l <( 1) [18 Ared‘| 1 (Ared,l Bl dAredJ * 2 = “ dﬂldAred,l

Ared,l dKl
0 (gAxlel (1 -2 Kl dA,«edJ))
oG 2 1 1 4 Areas d
L _g(-rg|p Q _ L dp g Ared2 _dz2
C{9"41"811,2 Ared 9 Ared,Q 52 dA'red,2 2 dAred,Q

061 _ An 1,
TCQI B At 20 <( 1)Q1 lﬂAred

+ 2gAred 1Az —— fl
1 o1

061 _pure 1 [, @
8@ _29F Q2 [B red]2

For cross section i =n:

G (e 0?2
a147“6d,n—1 - 9( nt [BAred]

( 1 . 1 dﬁnl) . ﬁ dzp—1
n—1 Anfl 57171 dAnfl g 2 dAred,n—l

8Ared,n Ared

Ay dKn\\
0<9Awn5fn< K, dA, ))

0Gn 1 Q?
aC)n—l B 20Fn lQn 1 [B ‘|n—1

A,  BndA, dA,

oG, Az,
90, At

20 ((1—F“’>Q1 [B] +gA, Axn*zzf">

2.4.3.7 Determination of the Derivatives with Roe Flux Determination

Fluxes and derivatives of the fluxes of the continuity equation:

G =0( (Y —-1) BQQ (1—1d5n)+g<z — Zn—1+ An dzn ))—I—

)

7, = Q(ie) = (Qz + Qit1) — Rea(Aiy1 — Ai) — Re@(Qiv1 — Qi) (2.228)
0Ps, _ 0Ds, e 0Ds, _ e
9y " oA, e Ddyy  Mlea
o0P¢ o0d¢ - 0S5,
e _0 e _ (54 R, e (5
0Qi—1 0Q; @ 0Qi41 @

(I)zqw = Q(“’U) = 05(Q171 + Q'L) - CA(A Az 1) (Q Q@ 1) (2229)
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0%5,

0o5, 05,

— piw — _ pw ——w
OA;_4 cA DA, cA OAit1
0P¢ : 0¢ , 0¢
2w — 05 _|_ W 2w — 05 _ W 7w — 0
0Qi-1 @0, @ 0Qiy1

Fluxes and derivatives of the fluxes of the momentum equation:

2 02 2
O =B | =058~ +Bir1— | = Rma(Aip1 — Ai) — Rng(Qi1 — Qs
je =1 il <5 A, +5+1Ai+1> A(Ain ) Q(Qiy1 — Qi)
(2.230)
oPm oD Q? . oo 2 4
Te g Tl — 058,50 4+ Ric, T — (58, <L _ Ric
DA, 04 Pigz tlma G, Pz, ~ fima
op™ Hpm Q? . o™ 2+1 .
1€ — O € — ZifL e € — y 7 _ €
0Qia " aq ~Paztime 5g., TPz, ~fime
§ i1 Q7
Py =0 = . =0.5 <5iAi — lBiAi) — Rna(Ai — Aic1) — Ring(Qi — Qi—1)
(2.231)
oD Q? o L Q? , oD
W _ _05 i ? sz w _05 iil _ W e _ 0
Ry i+ Bua 3y, gz~ Bma 54,
oo™ Qi1 ge™ Qi o™
w . qw w P Riw W _
0Qit A, Tme o TP T e Gy,

2.4.3.7.1 Derivatives of the Continuity Equation:

For a general cross section i:

aE W

aA . T T tteA
8147“ed,i—1

6E A.TZ 6A1 ic iw
DArea; AL DAy, eatHlea

_OF  _ pie
8/17"ed,i+1 eA
OF, 1 .

Qi 2

OF; ie iw
T@ = RCQ - RCQ
oF; 1 4

_ - _ Rze
Qi1 2 €@
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For the first cross section i=1:

OF; 1 A.Tl 8A1 ie an
= + RCA -
aAAred,l At 8Ared,1 8Ared,1

oF; :
— _Rze
8Ared,2 eA
o ,
=R —0.5
an:in «Q
8F1 _ 1 _ pie
0Q, 2 X
For the last cross section i=n:
oF, iw
8An,1 = _RCA

OF, Az, 0A, o 0Qou
== + R™ + Qout

0A,, At 8AT€d’n ¢ aAred,n

oF, 1

_n - Riw
8anl 2 ed
0F, .

= 0.5+ R
0Q, 0T

2.4.3.7.2 Derivatives of the Momentum Equation

For a general cross section i:

Mi(j,iil - %5¢_1Ui2_1 — Ry + gATZedJ dfcll:d_zll
aii;z - _%@UZ?—FR?@A*'%&UE-FR%UA+g(zi+1 —zi-1) +gATiSi <1 - QAELM dji;’>
Mii;ﬂ = —%@'HUEH —Riat gATQB(Lidj:;H
8622(@-;; = Bi-1Ui-1 — Ry
ggi = 554 Ricg + it + 20Areairy izf
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0G; »
i+1U; Ry,
90,11 = Bit1Uit1 — Ry

For the first cross section i=1:

=—=/U RSy — — 4 Z(z9 — A 1-2 .
aAred,l 261 ! * mA aAred,l * 2(22 21) +g xlel Kl dAred,l
8G1 1 2 1 Aredl dZQ
= —=BU. R¢ :
Threts 252 2 T Bipa + 9 Arors
0G1 Ax o7 S fi
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9Q) ~ A T T T g0 T reAng
0G1
90, = Uz — RSy
For the last cross section i=n
oG, Aredn dzn—1
. R:an + 3
aA’47"edn 1 ﬁ 1 A 2 dAred,n—l
oG, 1 9 e 1 9> w9 Apedn dK,
Drean 2" nUnt-Binat 5 BnUn+ B4 5 n=2n—1) 49 A% Spn | 1 = 277 dAredn
oG,
n— Un ;L;U
300 = Bn-1Un—1 — By
= —+BUn+Ry 0 —BrUn+RyH+29AnAxy, R”e + R 429A, Az, ——
90, ~ Al +BnUn+Ring—BnUn+Ry0+29 x 0, - At mQt29 x Qn

2.4.3.8 Derivatives of the fluxes for an inner Weir

w is the weir width and p the Poleni factor

2.4.3.8.1 Derivatives for the continuity flux

8@56 B \/2— o5, 0

oA = wp g Zwe’n“ dA GAZ =

8<I>¢ 6<I>C dZi,1

“ie _ CTiw 29(Zi1 — Zweir) =L

aAifl 0 aAifl 'U]p\/ g(z 1 < )dAifl
C C

% =0 % =0

0Ai11 0Ai1
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2.4.3.8.2 Derivatives of the momentum flux

% —0 a(I)ZZ _ 8gp2w2(zi—1 - Zweir)2 dzi—q
0A; 1 0A; 1 3Ayeir dA;_1
oey 8gp*w?(zi—1 — Zweir)? dz; 0PI _0

0A; 3Aweir dA; 04,

ooy oo

CY A oAy

0% _ 0 0%y, 2Qi

0Qi—1 0Qi—1 A

0o 2Q; oo, _

0Q; A 0Q;

oo oan

0Qi+1 0Qi+1

2.5 Numerical Solution of Sub-surface Flow

2.5.1 Introduction

The numerical solution of the Richard’s equation is a challenging task due to strong
non-linearities introduced by the constitutive models. Additionally, at the interfaces
between different soils in heterogeneous embankments, steep jumps and abrupt changes in
the variables may occur. Many models were presented in the past solving the Richard’s
equation based on Finite-Difference or Finite-Element methods and showed good results. A
novel application of the Lattice-Boltzmann method on the Richard’s equation was recently
presented by Ginzburg et al. (2004) and Ginzburg (2006), basing on a LBM approach
for generic anisotropic advection-dispersion equations. The application of the LBM has
some advantages which can make it an interesting alternative choice compared to classical
continuum approaches. The method is simple and easy to implement and it allows for
the modeling of complex geometries using bounce-back boundaries. Also, the method is
local and therefore suited well for parallelization. Ginzburg adapted solution strategies
for advection-diffusion problems to different formulations of the Richard’s equation, like
the moisture 6 formulation and mixed moisture-pressure head 6 — h formulation. This
method of Ginzburg is applied and adapted here to simulate the 3-D sub-surface flow in
the saturated and partially-saturated zone.
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Level of Description Conceptual Approach Equation

| maCl’OSCOpic | continuum fields Navier—Stokesleq.
P du+ (u-V)u=— VP +vAu
probability Boltzmann eq. (BGK)

| mesoscopic | distr. function .
O0f+(v-V)f =—=2(f - f)
— Aﬁ

| microscopic | particles 2Particle mechanics
1°ry -
/. .\ (dtg - _Zj>z'vvw

Figure 2.67 Comparison of different levels of description and conceptual approaches
applied to determine fluid motion.

2.5.2 Lattice-Boltzmann Method

The LBM is a mesoscopic modelling approach which is positioned in between microscopic,
particle-based dynamics and macroscopic continuum approaches. The underlying theory
bases on the Boltzmann equation from kinetic theory which was derived by the Austrian
physicist and philosopher L. Boltzmann.

The Boltzmann equation is formulated for a probability distribution function f (7, t) of
particles in the 6-D phase-space 7(7, 7) This phase-space is formed by the three spatial
coordinates and the three velocity components. The distribution function may be seen
as a representation of particles at time ¢ with locations and velocities in between 7 and
7 + A7. The integration of the distribution function over the phase-space results in the
macroscopic fluid density. Since the LBM is used here to solve the macroscopic Richard’s
equation, the function f (7,25) may be interpreted as a directional saturation density,
whereas the integration over the phase-space results in the macroscopic water saturation.
The Boltzmann equation for the scalar distribution function f (7, t) can be written in 1D
as (Mohamad, 2011)

Af (7,1 +vaf(7,t)

y =0 (2.232)

with € as the collision operator, which describes the mutual influences of distribution
functions f (?, t) on each other. This partial differential equation has the simple form of a
single linear transport equation, even in higher dimensions. The main problem for solving
the Boltzmann equation, however, is the treatment of its complex collision operator. The
single relaxation time BGK (Bhatnagar et al., 1954) approach is often applied and treats
the collision as simple relaxation of the distribution function f towards its equilibrium state,
characterized by the local equilibrium distribution function f¢4. The collision operator
then results to Q = w(f — f°9) with the relaxation parameter w.

The LBM solves the Boltzmann equation in a discrete form on a uniform mesh. The
discrete Boltzmann equation for the spatial mesh directions ¢ reads

Fo(T + AT gt + At) = fo(7, 1) +wlfo(7,t) — fEUT )]+ Qgfem q=1...14
N——

advection step collision step source

(2.233)
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D2Q9 D3Q15

Figure 2.68 2D lattice with 9 directions (left), 3D lattice with 15 directions (right).

with a single time relaxation parameter w being determined as a function of the diffusivity
D as w=—1.0/(D/c2 4+ 0.5). The diffusivity is determined as

o D =k.(0)ksOh/00 for the § formulation, and
e D =k.(0)k; for the mixed 6 — h formulation.

The variable Q)4 on the right hand side is an external source for modelling water infiltration
into the embankment. The parameter c? is determined as c¢/9 with the free adjustable
constant 9.

The uniform mesh is constructed with cubic cells using a set of ¢ discrete velocities ¢,
which connect the grid cells with each other. Overall, n, =15 different directions are used
(3DQ15). The directions of the ¢ discrete velocities (compare Figure 2.68) are set as

(0,0,0), (1,0,0), (0,1,0), (—1,0,0), (0, —1,0), (0,0,1), (0,0,—1)  ¢=0...6

cg=cm?{ (1,1,1),(=1,1,1),(—1,—1, ),(1, 1,1) q="7...10
(1,1,-1),(-1,1,-1), ( 1,-1,-1),(1,-1,-1) g=11...14

(2.234)

2.5.3 Solution procedure

Mainly three explicit computational steps are applied to solve the discrete Boltzmann
equation. The first two steps are hereby analogous to particle based approaches, whereas
the third step reflects the handling with particle distribution functions instead of single
particles.

2.5.3.1 Advection step

At the advection step, the distribution functions are just moved along the discrete lattice
directions from each cell to its adjacent cells. At the lattice boundaries special treatments
are required as described below.

version 4.0.2 VAW - ETH Zurich 149



2.5. Numerical Solution of Sub-surface Flow BASEMENT System Manuals

2.5.3.2 Collision step

The collision operator is approximated using the BGK approach which assumes a simple
relaxation of f towards its equilibrium distribution function f¢? , i.e. the solution approaches
the equilibrium over time according to the single time relaxation parameter w.

The equilibrium distribution function hereby is the key element of the collision step where
the main physics of the problem is included. The solution strategy in the LBM stays
largely the same even for different physical problems, like e.g. fluid motion governed by the
Navier-Stokes equation, whereas mainly the equilibrium distribution function has to be
replaced. The equilibrium distribution function is here applied only in first order accuracy
as provided in a general formulation by Ginzburg et al. (2004). It is outlined in the next
section in detail.

2.5.3.3 Update of macroscopic variables

Using the relationships given above and the empirical constitutive model, the discrete
Boltzmann equation is solved in each direction g by applying the propagation and collision
steps mentioned above. The macroscopic variables of interest can finally be derived from
the computed distribution functions f; at the new time level.

The effective water saturation € is simply obtained by summing up the distribution functions
of all directions of a cell, which corresponds to an integration of f over phase-space.
Afterwards, the pore-water pressure head h can be derived using the water retention curve.
According to Ginzburg et al. (2004) one obtains:

0= qu
q=0

V= (0s—0,)- zn:?f,jq + (Zﬁ z“"> : (2.235)
q=0

2.5.4 Equilibrium functions

The equilibrium distribution function for the 6 formulation is given in first order accuracy
in all mesh directions by

<1.0—;c§)-0 qg=0

eq _ ) t,0c2 =1,2,3,4

q(I_ qUCs , ? q ) (2236)
ty-(0c2+1-7) ¢=5,7,89,10
tq-(ecg—?-?) qg=06,11,12,13,14

where ¢2 = ¢/9 with ¥ being a free constant. The method is local because the equilibrium
function needs no information from neighbouring cells.
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Accordingly, the equilibrium distribution function for the mixed 6 — h formulation is
obtained in all mesh directions as

0—7/3c% h q=0

q ty - (hc?) q=1,2,34

I = tq-(hc§+7-?) q¢=>5,7,8,9,10
ty-(h@—T-2) q=6,11,12,13,14

S

(2.237)

In contrast to the 6 formulation, the mixed 6 — h formulation is able to reproduce the
continuous transition of the pressure head at the interface of different soils correctly.
Therefore, the mixed # — h formulation should be applied in cases of heterogeneous
embankments with core and filter zones. The 6 formulation, however, has advantageous
stability conditions for imbibition problems (Ginzburg, 2006) and as such is recommended
for use in case of homogeneous embankments. The weighting factors ¢, for the lattice
directions ¢ can be derived for the chosen lattice configuration. The values for the 3DQ15
model are:

a  tg (D3Q15)
16 1/3
7-14  1/24

To calculate the equilibrium functions given above, the advective, gravitational term ? ,
which acts in vertical downward direction, is needed and is evaluated as

T =k (Oks 2. (2.238)

2.5.5 Boundary and initial conditions

At the mesh boundaries the values of the distribution function f; in the incoming directions
are unknown and must be provided.

o For solid walls standard bounce-back boundaries are used. The unknown incoming
distribution functions f, thereby are set equal to the outgoing, anti-symmetric values
to simulate wall reflection. Using this type of boundary condition allows incorporating
even complex boundaries.

e A water column above the embankment is modelled using a pressure boundary,
thereby presuming a hydrostatic pressure distribution. Equilibrium conditions are
assumed at the boundary which allows for computing the values for the incoming
directions (f, = f7?). For the mixed § —h formulation, the water depth can be directly
used as pore-water pressure head. For the 6 formulation, the water saturation 6 is
needed instead and can be derived from the inverse water retention curve 6 = f(h) .

e The seepage flow out of the embankment is modelled with a combined approach. In
the saturated zone (¢ > 1.0) a constant saturation of 1.0 is set at the boundary cells.
In the unsaturated zone (¢ < 1.0) a bounce-back boundary is set.

The exact treatment of sloped or curved boundaries may become difficult, especially in 3D.
Here, for simplicity, the sloped embankment faces are approximated using a series of steps
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using reflection angles of 0°, 45° or 90°. These simplifications can reduce the numerical
accuracy in the vicinity of the embankment faces.

As initial conditions, the pore pressures or saturations in the domain can be given. The
initial distribution functions are then set equal to the corresponding equilibrium values
(fq = f5?) assuming equilibrium conditions.
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Mathematical Models

1.1 Hydrodynamics

1.1.1 Introduction

Mathematical models of the so-called shallow water type govern a wide variety of physical
phenomena. Especially the one-dimensional (1D) de Saint-Venant equations (SVE) or
two-dimensional (2D) shallow water equations (SWE) are of practical interest with regard
to water flows with a free surface under the influence of gravity. Applications of the models
include e.g.:

e River hydrodynamics

« Propagation of flood waves
e Dam break waves

e Flooding and inundation

¢ Ecological assessment based on flow quantities
The 2D SWE are based on the following set of hypotheses:

e the water is assumed to be incompressible; i.e. the water density p is constant

o the vertical acceleration of the water particles are assumed to be small compared
to the longitudinal component of the acceleration. As a consequence the pressure
distribution is hydrostatic;

o the bottom slope is small enough for the longitudinal coordinate to coincide with the
horizontal axis;

o the flow regime is turbulent. As a consequence the head loss, mainly due to friction
against the bottom, is proportional to the square of the flow velocity.
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1.1.2 Governing Equations

The governing equations are obtained under shallow water conditions imposing mass
conservation for the fluid and solid phases and the momentum principle to a flow in an
open channel with a fixed bottom.

Introducing a Cartesian reference system (x,y, z) in which the z axis is vertical and the
x — y plane is horizontal with respect to gravity g , the system of governing equations can
be written as

Y
2
e+ 2 (% + 1gh?) + & (L) + gh (Spe + Spa) + To = 0 (1.1)
0 v Y
%"Fa%(qyi? >+8% <qlil+5gh2> + gh(Sey + Spy) + T, =0,

where:

[m] water depth

[ gravity acceleration
[m/s]  depth averaged velocity in x (y) direction

9z (qy) [m?/s] discharge per unit width in z () direction
[
[
[

Sh m/s] lateral inflow/outflow discharge per unit width

Stz (Sy)  [-] friction terms in x (y) direction

T, (Ty) -] turbulent terms in x (y) direction .
The bed slope source terms

be> Sby
are evaluated as follows:
0zp Ozp
S — . S _ 1.2

1.1.3 Closure Relations

In order to solve system (eq. 1.1) we need to specify the closure relations for the friction
terms S, Spy and the value of lateral inflow/outflow discharge per unit width Sj,.

1.1.3.1 Friction Terms

The governing equations (eq. 1.1) have been derived under the hypothesis (H3) of turbulent
flow, hence the friction term Sy can be assumed proportional to the square of the
depth-averaged velocity and can be written as:

ol )
fz = gc?ch ’ fy = gC?ch ( . )

where ¢ is the gravity acceleration, u and v are the depth averaged velocities in x and y
direction, |@| = v/u? + v? is the magnitude of the velocity vector and ¢y is the dimensionless
friction coefficient.
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Several formulae are available for the dimensionless friction coefficient cy. Here it is
quantified using both a power or a logarithmic for which are described in the next sections.

1.1.3.1.1 Power Law

The Manning-Strickler power law is widely used in practice and it requires that either the
Strickler’s kgy, [m1/3/s] or the Manning’s n coefficients (kg = n~!) is specified.

In this case the dimensionless friction coefficient ¢y is calculated as

k h1/6
cp = (1.4)
V9
1.1.3.1.2 Logarithmic Law
The following approaches are implemented to determine the friction coefficient cy:
Chézy:
cr=>5.751o <12R> for R>K
=9 g K, s (1.5)

cy = 5.75log (12) for  R<K,,

where K [m] is the bed roughness height which is commonly taken to be proportional
to a representative sediment size d,. For rivers, K can be assumed K, = ngdygy where
n =2+ 3.

Bezzola:

In this closure relation, proposed by Bezzola (2002), cs is given as a function of the
roughness sublayer height yr [m] (usually for rivers yr &~ 1.0dg is a good approximation).
This approach is also valid for small values of the relative submergence h/y, Bezzola (2002).

cf:2.5,/1—y}f1n(1o.9f), for yh>2
R R

cr = 1.251/; In (10.9;), for  05< yh <2 (1.6)
R R R

h
cg =15, for — < 0.5
YR

1.1.3.2 Turbulent Terms

The turbulent and viscous stresses are considered under the eddy viscosity model, following
the Boussinesq hypothesis, and can be written as

0 0
T, = 8—% ((V + 1) %hugCl)

where x; stands for the x or y direction, v and 14 are the laminar and turbulent kinematic
viscosities, respectively, u,, is the flow velocity and T, are the commonly denominated
Reynolds stresses. The turbulent viscosity is the defining parameter when employing this
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type of turbulence closure, with several closures being available in fluid mechanics literature.
For SWE systems, the most common options for computing the eddy viscosity are the
constant, mixing-length and k-e models.

1.1.3.2.1 Mixing-length model

The mixing-length model was derived by Ludwig Prandtl and is based on a characteristic
length concept where a fluid retains some of its original characteristics (namely turbulence)
before dispersing them into the surrounding fluid. In this model, the turbulent viscosity is
locally derived by a length scale, the strain rate and the friction velocity as follows:

2.34K
uy

vy = lg\/QSijSij +

where [ is the characteristic length scale, S;; = (ﬁxj w; + ﬁxiuj) /2 is the strain rate, & is

the von Karman constant and uy = cf|i] is the friction velocity. The length scale can be
defined as a constant or by using l; = 0.267xh (ref).

1.1.3.2.2 k-c model

The x-¢ model is one of the most widely adopted models in hydraulics and general fluid
mechanics. The turbulent kinetic energy (TKE) & is introduced by means of an additional
conservation equation, given by:

d(kh)  O(khuy) 0 vy Okh
—————=hP.,—h
ot + ox; Oxj oy, Ox; ¢

where Py is the TKE production rate and ¢ is its dissipation rate. The Py term is locally
defined, whereas the € term is solved through another conservation equation, as:

d(eh)  O(ehuy) 0 vy Oeh
8t + 837@ 8xj Ok 82Uj N hSE

where S, is an aggregate net source of €. In the Standard x-e¢ model, the source terms for
both k and € are defined as:

3

v
Py = 214555 + orh

4
Cea/Cplly €2
A A

3/4 €2
h2cf/ K

€
Se = QCEIEVtSijSij + 3.6

and the constants of the standard model are ¢, = 0.09, o}, = 1.00, 0. = 1.30, ¢, = 1.44
and ¢, = 1.92. The turbulent viscosity is finally obtained, locally, as

I{Q

H=ag
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| Y Wall (default)

Standard
- /
Standard S
~ Internal

Figure 1.1 Modeling domain and types of boundary conditions available. The flow is from
right to left and a side weir (green line) divides the channel into a lower and an upper
channel through the weir. Standard or linked boundary conditions must be provided at
'y, Iy and I's while internal boundary conditions can be specified in any place within €

1.1.3.3 Lateral Inflow/Outflow

Sy, is used to represent additional sources of water like rainfall and springs or water
abstraction (sink) and are allocated on a set of elements defined by regions. The external
source can be specified as total discharge [m?/s] or distributed over time [mm/h]. Different
approaches are used to manage the behaviour of the external sources:

o Exact: The specified water volume is added or extracted (non conservative)

e Available: The specified water volume to extract is limited by the available water
volume in the elements (conservative)

o Infinity: All available water will be abstracted (conservative)

Addition of water always follows the “Exact” behaviour as there is no upper limit. The
abstraction of water could also follow the “Exact” behaviour but the simulation might end
abruptly if the available water volume is smaller than the volume prescribed. Therefore,
the “Available” behaviour aims to avoid this situation. The “Infinity” behaviour abstracts
all available water volume.

1.1.4 Boundary Conditions

After the specification of the closure relations there are now three equations and three
unknowns, namely 5, ¢, and g,. In principle, given initial and boundary conditions, one
should be able to solve system (eq. 1.1) for h, ¢, and g, as functions of space z, y, and time
t. Given the modeling domain described in Figure 1.1, boundary conditions are required
at the domain boundary I' and optionally can be specified within the interior domain Q.

Therefore, three different types of boundary conditions can be defined:

version 4.0.2 VAW - ETH Zurich 7
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e Standard boundary conditions: located at the domain boundary I';

e Linked boundary conditions: located at the domain boundary I'; or inside the domain
Q

e Internal boundary conditions: located inside the domain 2

Standard boundaries (at T') represent the limits of the computational domain possibly
including also buildings, weirs or structures for water intake (see Figure 1.1).

1.1.4.1 Standard Boundary Conditions

At the standard boundaries, two different types of boundary conditions can be specified:
wall or flow boundaries. Flow boundary conditions allow the flow to enter or leave the
domain while wall boundary conditions express no mass flux over the boundary. By default,
the extneral boundaries of the domain are set as wall boundaries.

1.1.4.1.1 Wall Boundaries

The Wall or reflective boundary consider the boundary at I'; and suppose it physically
consists of a fixed, reflective impermeable wall. Then the physical situation is modelled
imposing that:

ou

-0 1.7
on (L.7)
Where 7 is the outward directed unit vector perpendicular to the wall and @ = (u,v)7 is

the velocity vector. The static pressure is assumed to be zero.

1.1.4.1.2 Flow Boundaries

The Flow boundary conditions are defined as inflow if they let water entering or as outflow
if they let water leaving the domain. Flow boundaries are further distinguished into
Standard and Linked. The former are applied on the boundary domain I', while the latter
establish a link between two portions of the domain.

Standard
Inflow boundaries:

This boundary requires the specification of a value for the total volume discharge @, [m?/s],
which is then divided by the length of the boundary I' and projected orthogonally to the
boundary to obtain the values of ¢, and g,. In case of supercritical flow the following
possibilities to specify the value of the water depth h are possible:

e uniform_in: h is calculated assuming that local uniform flow conditions. The
calculation proceeds as follows:

L @y

B gc%s

(1.8)
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where c¢; is the Chézy coefficient, b is the entire length of the boundary I' and s is
the value of the local bed slope that must be specified.

e froude_in: In this case the flow depth h is calculated as follows:

s/ (Q/b)°

b=
gFr?

(1.9)

where b is the entire length of the boundary and F'r is the value of the local Froude
number that must be specified

o zhydrograph: The water surface elevation (wse) at the boundary must be specified by
the user. The depth is calculated as:

h =wse — zp (1.10)

where zp is the bottom elevation at the boundary. The flow velocity at the boundary
is set to zero.

Outflow boundaries:

At the outflow boundaries a value for the water depth h must be specified. These are the
possible options:

o uniform__out: the water depth h is calculated using equation (eq. 1.8) specifying a
value for the total discharge @ and a local bed slope s. Uniform flow is calculated
based on given slope and cell state at boundary (eq. 1.8).

o weir_out_constant and weir_out _dynamic: These boundary conditions establishe a
relation between the approaching discharge g constant and the water depth using
the Poleni weir formula:

4= 5y 29(y — )’ (111)

where h,,), is the water depth of the approaching flow and w is the weir elevation. The
Poleni factor p can be either set as constant (1 = 0.75 by default) or dynamically
evaluated as:

0.6110.75 huy — 20
M =

1.12
a b w ( )

where a and b must be specified by the user in the case of weir_out_dynamic (default
values are a = 0.611 and b = 0.075).

e hgrelation__out: The discharge is determined as a function of the water surface
elevation, thus a stage-discharge-relation has to be specified.

o zhydrograph: Sets a fixed water surface elevation (wse) at the boundary. The wse [m]
at the boundary must be specified by the user. The depth is calculated as:

h =wse — zp (1.13)
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where zp is the bottom elevation at the boundary. The flow velocity is calculated
with the Riemann solver (HLLC).

o zero__gradient__out (scientific use only): Transmissive, or transparent boundaries
allow the passage of waves without any effect on them. This is mathematically
obtained imposing over the entire length of the boundary that:

ou

= 1.14
on 0 (1-14)

pu - n = const ;

In this case there is no need to specify further parameters.

Note: This is boundary condition should not be used for practical problems and is
intended for scientific use only.

1.1.4.2 Linked Boundary Conditions

This type of boundaries establish a link between within a certain region of the domain
where equations are not solved. Once this domain portion is identified the two boundaries,
between which the link is established, must be specified. Let us call them I';, and [yy;.
Then, one inflow boundary condition must be specified at I';;, and one outflow boundary
condition at I'y,; while in the remaining boundaries wall conditions are automatically
assigned. Not necessarily, I';,, and I',,; must have the same number of elements.

Linked boundaries can describe a h — () relation, a weir, or prescribed water surface
elevation, i.e.:

o weir_linked constant and weir linked dynamic: Similar to the standard weir
boundary, the weir height w has to be specified.

o hgrelation_linked: The discharge is determined as a function of the water surface
elevation, thus a stage-discharge-relation has to be specified.

o 2way_hqgrelation__linked: The internal boundary works as dynamic wall that is
controlled by water surface elevation thresholds. If the upper water surface elevation
threshold is reached, the internal boundary is removed until the water level reaches
the lower water surface elevation, where the wall is re-established.

o zhydrograph__linked: Sets a prescribed water surface elevation (WSE) at the upstream
boundary. The flux over the upstream boundary is caculated with the Riemann
solver and used as inflow in the downstream boundary.

The inflow conditions at the downstream boundary can be controlled via the tag
type__downstream. Four options are available as downstream inflow condition. For all
options, the mass inflow flux is calculated based on outflow at upstream boundary. The
difference between the options lies in the calculation of the momentum flux over the
boundary:

e no_momentum: No momentum flux over the boundary.

e froude__downstream: Momentum flux calculated based on Froude number in the
elements of the downstream nodestring.

10 VAW - ETH Zurich version 4.0.2
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e froude: Momentum flux calculated based on the Froude number specified via the
parameter froude number.

e uniform: Momentum flux calculated based on uniform flow conditions for the slope
specified via the parameter slope.

In BASEMENT versions without the option type_downstream, the various linked boundary
conditions differ in how the momentum flux at the downstream boundary was calculated.
The following combinations correspond to the implementation of the boundary conditions
in previous versions:

type type__downstream
weir linked_constant froude downstream
weir_ linked_dynamic froude downstream
hqrelation_ linked no__momentum
2way__hqrelation_ linked no_momentum
zhydrograph_ linked no_ momentum

zhydrograph_ linked kinE froude downstream

1.1.4.3 Internal Boundary Conditions

The internal boundary condition allows a direct cell-cell relation due to the exact same
number of elements on the left and on right side of the boundary. Internal boundary
conditions can be used to specify internal walls, dynamic walls or an h-Q relation.

o wall_internal: The wall conditions (eq. 1.7) are applied on both sides of the internal
boundary.

o dynamic_wall_internal: The wall conditions are applied on the internal boundary
until reaching a threshold value (time or water depth) after which the wall is removed.

e hgrelation_internal: A stage-discharge relation is applied on one side of the internal
boundary, while on the other side, wall conditions apply (unidirectional flow).

For the hgrelation internal boundary condition, the inflow conditions at the downstream
boundary can be controlled via the tag type downstream. Four options are available as
downstream inflow condition. For all options, the mass inflow flux is calculated based on
outflow at upstream boundary. The difference between the options lies in the calculation
of the momentum flux over the boundary:

e no_momentum: No momentum flux over the boundary.

e froude__downstream: Momentum flux calculated based on Froude number in the
elements of the downstream nodestring.

e froude: Momentum flux calculated based on the Froude number specified via the
parameter froude_number.

o uniform: Momentum flux calculated based on uniform flow conditions for the slope
specified via the parameter slope.

version 4.0.2 VAW - ETH Zurich 11
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In BASEMENT versions without the option type downstream, the various linked boundary
conditions differ in how the momentum flux at the downstream boundary was calculated.
The following combinations correspond to the implementation of the boundary conditions
in previous versions:

type type__downstream

hqgrelation internal no momentum

1.1.5 Flood Tracking

The flood tracking aims at extracting the flood arrival time, the maximum water depth,
flow velocity, specific discharge and bed shear stress along the numerical simulation and
over a selected domain area. The flood tracking provides outputs within a tracking time
step defined by the user.

1.2 Morphodynamics

1.2.1 Introduction

Morphodynamic models provide scientific frameworks for advancing our understanding
of river systems. The research on involved topics is an important and socially relevant
undertaking regarding our environment. Nowadays numerical models are used for different
purposes, from answering questions about basic morphodynamic research to managing
complex river engineering problems. Due to increasing computer power and the development
of advanced numerical techniques, morphodynamic models are now more and more used
to predict the bed patterns evolution to a broad spectrum of spatial and temporal scales.
The development and the success of application of such models are based upon a wide
range of disciplines from applied mathematics for the numerical solution of the equations
to geomorphology for the physical interpretation of the results.

Applications of morphodynamic models include:

Damming of river basins

Morphological changes due to width changes (e.g. River widenings)

Effects of sediment mining

River straightening

1.2.2 Bedload Sediment Transport
1.2.2.1 Governing Equations for Uniform Sediment Transport
The governing equations are obtained under shallow water conditions imposing mass

conservation for the fluid and solid phases and the momentum principle to a flow in an
open channel with a cohesionless bottom.

12 VAW - ETH Zurich version 4.0.2
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Introducing a Cartesian reference system (x;y; z) in which the z axis is vertical and the
x — y plane is horizontal, the system of governing equations is described by the system of
equations (eq. 1.1) for hydrodynamics coupled with one equation for the conservation of the
total sediment mass. The conservation of sediment mass is ensured by the Exner equation
(eq. 1.15), named after the Austrian sedimentologist Felix M. Exner (Exner, 1925). The
Exner equation allows to describe the bed evolution due to erosion or deposition, which
results in the elevation change of the actual bed level zp:

dzp  Oqp,  9qB,
=P+ T oy

— Sl = S, (1.15)

where p is the porosity, Sl; is the source term per unit width specifying local input or

4B,

output of sediment material (e.g. slope collapse or excavation), and ¢p = is the

Y

specific bedload flux. The term S; describes the exchange per unit width between the
sediment and the suspended material (see Section 1.3). The Exner equation describes the
bed evolution due to erosion or deposition processes, which results in changes of the bed
level zpg.

The Exner equation is solved in a decoupled way, meaning that the shallow water equations
and the Exner equation are solved in sequence. This approach makes the assumption that
the bedload flux is much slower than the water flow velocity (Soares-Frazao and Zech,
2011).

1.2.2.2 Threshold Conditions for Sediment Movement

The key dimensionless parameter quantifying sediment mobility is the Shields parameter
defined as:

75|

7 ]
(ps — p)gd

(1.16)

where vecry, is the bed shear stress (drag force acting on the particle), d is the sediment
diameter, p and ps are the water and sediment density, respectively. The Shields parameter
can be interpreted as the ratio scaling the impelling force of flow drag acting on a particle
to the Coulomb force resisting motion acting on the same particle.

The bed shear stress 7, = :bz is usually estimated by a closure condition using an
by
empirical or semi-empirical formula. Here we use the quadratic friction law which relates

the depth-averaged velocities to the bed shear stress as follows:

|i]u |
Tox = P33 Ty =P 3 (1.17)
°r “r
where @ = :}L is the flow velocity vector, p is the density of water and ¢y is the

dimensionless Chézy friction coefficient as defined in Section 1.1.3.1.

When a granular bed is subjected to a turbulent flow, it is found that virtually no motion
of the grains is observed below a critical value (6.,) of the Shields parameter. According
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Figure 1.2 Modified Shields diagram for initiation of sediment motion

to the Shields’ theory Shields (1936), 6., can be expressed as a function of the Reynolds

U
number Re* = —. Alternatively, the diagram of incipient motion (see Figure 1.2) can be

v
plotted as a function of the dimensionless grain diameter D* (6., = f(D*)), where

D*:d[g(s_l)r/g

V2

The curve representing the particle incipient motion (6 = 6.,) can be divided into three
parts in the log-log graph:

e for D* < 3, can be approximated by a linear segment;
e for 3 < D* <100 this is represented by a curve with a relative minimum;

o for $D"* > 100 $ by a constant trend.

An approximation of the original Shields diagram was proposed by van Rijn (1984a):

O = 0.24(D*)"Y  for 1< D*<4
O = 0.14(D*)706% for 4 < D* <10

O = 0.04(D*)7%1  for 10 < D* <20 (1.18)
0o = 0.013(D*)%2  for 20 < D* < 150
Ocr = 0.055 for D* > 150

Another explicit formulation of the Shields curve was proposed by Yalin and Silva (2001).
It reads

Oer = 0.13D* 79392 exp(—0.015D*) + 0.045 (1 — exp(—0.068D*)) (1.19)
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1.2.2.2.1 Influence of Local Slope on Incipient Motion

The threshold condition for incipient motion of grains developed by Shields is valid for
almost horizontal bed. In case of sloped bed in flow direction or transverse to it, the
stability of grains is either increased or reduced due to the gravity. The critical shear
stress value can be adapted consequently to account for the influence of local slopes. One
approach is to multiply the critical shear stress for almost horizontal bed 6. with the
correction factors k; and k; for the local bed slope in the longitudinal and transversal flow
direction. In the following, the critical Shields stress corrected for arbitrary bed slope 4§ is
referred to as 0.5, defined as:

>

;5:mm:k (1.20)

The correction factor k; and k; are calculated as suggested by van Rijn (1989):

MZC%@<1—“m&> (1.21)
tan -y

| tan?é
ki = cos /1 — an2 L (1.22)
tan“ ~y

where §; is the angle between the horizontal and the bed along flow direction, §; is the
slope angle transversal to the flow direction and -y is the angle of repose of the sediment
material.

Other formulations are also available, as for example the one proposed by Chen et al.
(2010):

0.5
1 7 1+ tan?~y T
k= 2= —g) -1 — -9 1.23
tan y (COS (2 l) + (1 + tan? §; + tan? (50) +os (2 l) ( )

1.2.2.3 Closure Relations for Bedload Transport

In order to solve system (eq. 1.1) and equation (eq. 1.15) we need to specify the closure
relations. For the friction terms Sy, Sy, and the value of lateral inflow /outflow discharge
per unit width Sj, we can use the relations already introduced in the Hydrodynamic part
(Section 1.1.3). For the Exner equation we need relations quantifying the bedload discharge.
Let us now introduce the dimensionless bedload transport rate ® also known as the Einstein
bedload number, first introduced by Hans Albert Einstein in 1950, and given by

4B

o=
(s —1)gd?

(1.24)

where s = p;/p.

It is common practice to quantify bedload transport empirically relating ® with either
the Shields stress 6 or the excess of the Shields stress 6 above some appropriately defined
“critical” Shields stress (6 — 6..). The critical Shields stress 6., is defined so as to fit
experimental or field data and provide a threshold for which the bedload transport rate is
too low to be of interest. The Shields parameter, takes the following form
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2 2
g — I/ Sta + 55y (1.25)

(s—1)d

where h is the water depth, Sy, and Sy, the friction slope in x- and y-direction respectively,
s = ps/pw, and d is the grain size diameter. Note that Eq. 1.16 and Eq. 1.25 are equivalent.

In what follows, we describe the bedload transport formulas that are implemented to
calculate the transport capacity qg = |¢p|, where the specific bedload flux vector ¢p =
(¢B.,, qu) generally has the same direction as the water flow.

For practical purposes, the bedload transport formula can be calibrated by an additional
pre-factor (factor). The bedload transport capacity is obtained from the closure relation
scaled by this pre-factor.

1.2.2.3.1 Meyer-Peter and Miiller (1948)

The bedload transport formula of Meyer-Peter and Miiller (Meyer-Peter and Miiller, 1948)
defines the specific bedload transport rate gp as:

g = (0 — 0,.)"\/ (s — 1)gd? (1.26)

Herein, a denotes the bedload coefficient (originally o = 8), m the bedload exponent
(originally m = 1.5), 6 is the dimensionless bed shear stress (Shields parameter), 6., is the
critical dimensionless bed shear stress, d is the grain diameter, s = ps/p and g stands for the
gravitational acceleration. Meyer-Peter and Miiller observed in their experiments that the
first grains moved already for .. = 0.03. But as their experiments took place with steady
conditions they used a value for which already 50% of the grains where moving. They
proposed the value of 6., = 0.047. The formula of Meyer-Peter and Miiller is applicable in
particular for coarse sand and gravel with grain diameters larger than 1 mm (Malcherek,
2001).

The bedload coefficient «, the exponent m and the critical Shields parameter 6., can be
adapted by the user in the MPM-like formula.

1.2.2.3.2 Grass Formula

The Grass formula (Grass, 1981) proposes a simple bedload transport formula, where g is
a function of the flow velocity v and a dimensional constant o and does not require the
evaluation of the Shields stress:

a5 = a(u— o)™ - /(s = 1)gd? (1.27)

where a € [0,1] is a dimensional constant that encompasses the effects of grain size and
kinematic viscosity and is usually determined from experimental data, u. is the critical
velocity and the exponent m is usually set to m = 3. The threshold condition for incipient
motion of grains is typically set to zero, meaning that the bedload transport and the fluid
motion start simultaneously. The coefficient o characterizes the interaction between the
bed and the fluid. If & = 0, no sediment transport occurs. If o = 1 the interaction between
the bed and fluid is the largest.
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1.2.2.3.3 Engelund and Hansen (1972)

Engelund and Hansen (1972) proposed a transport formula for uniform bed material taking
into account at the same time the presence of both bed- and suspended-load. This formula
is commonly used as a bulk load formula and reads

g = 0.05\/(s — 1)gd? - ¢36>° (1.28)

where d denotes the median sediment size of the bed material, c; the dimensionless Chézy
friction coefficient and 6 is the dimensionless bed shear stress (see eq. 1.25). The Engelund
and Hansen formula for bedload transport does not consider the critical shear stress as
threshold condition for incipient motion.

1.2.2.3.4 Smart & Jiaggi (1983)

Smart and Jaeggi (1983) developed a bedload transport formula for steep channels using
their own experimental results and the results of Meyer-Peter and Miiller (Meyer-Peter
and Miiller, 1948). The specific bedload transport rate gp is defined as:

a 0.2 )
o= o (B2) 70 = o) (1.29)

where s is the sediment density coefficient (s = ps/p), |7] is the magnitude of the specific
discharge and d3g and dgg are the characteristic grain size diameters, i.e. 30 % resp. 90 %
(by weight) of the bed material are smaller. The energy slope J and the critical slope for
the initiation of the bedload transport J.. calculated as

0(s —1)dm

J = N

(1.30)

Ocr(s — 1)dy,

Jcr =
h

(1.31)
where 6 is the dimensionless bed shear stress (see eq. 1.25), ., the critical dimensionless
bed shear stress, d,, the mean grain size diameter and h the water depth. Smart and

Jaeggi (1983) recommend values of a = 4 and 6., = 0.05. The scope of applictation is for
bed slopes 0.005 < J < 0.2 (Smart and Jaeggi, 1983).

1.2.2.4 Correction of Bedload Direction

The 2D projection of the solid discharge along x and y is obtained through standard
procedures, that are mostly based on empirical basis and which account for the downward
effect of gravity on sediment particles due to local bed slope and the presence of spiral flow
motion in curved reaches.

1.2.2.4.1 Lateral Bed Slope Effect

Empirical bedload formulas were originally derived for situations where bed slope equals
flow direction. However, in case of lateral bed slope with respect to flow direction, the
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Figure 1.3 Bed load transport deviation angle pp from the flow direction ¢ due to the
lateral bed slope § (Vonwiller, 2017)

bedload direction differs from the flow direction due to gravity acting on the bed material.
Figure 1.3 illustrates the deviation of the bedload transport direction due to lateral bed
slope in a Cartesian coordinate system.

The bedload direction is corrected for lateral bed slope based on the following approach
(e.g. see Ikeda (1982) and Talmon et al. (1995)):

tanpp, = —f(0) - §- iy for 5.1, <O (1.32)

f(0) =N, (%)Ml (1.33)

where ¢, = bedload direction with respect to the flow vector ¢, N; = lateral transport
factor (0.75 < N; < 2.63), M; = lateral transport exponent (typically M; = 0.5), § =

0z B aZB
(5 5
to ¢ pointing in downhill direction (57, < 0) , § = effective dimensionless shear stress
and 0., = critical dimensionless shear stress of sediment.

> bed slope (positive uphill, negative downhill), 77, = unit vector perpendicular

The direction of the bedload transport under the influence of lateral bed slope is written
as:

qB,
qB,

= tan(yp + ¢q) (1.34)

1.2.2.4.2 Curvature Effect

Curvature in rivers may cause deviation of the bedload direction from the depth averaged
flow direction. Due to three dimensional spiral flow motion, the bedload direction tends to
point towards the inner side of the curve, while the flow direction points towards the outer
side (Figure 1.4). This curvature effect is taken into account according to an approach
proposed by Engelund (1974) , where the deviation angle . of the bottom shear stress 7,
(positive counterclockwise and vice versa) from the main flow direction is determined as

tan g, = bn =—N, (1.35)
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Figure 1.4 Effect of spiral motion in river bend on bed shear stress 7, with deviation
angle from main flow direction ¢, (Vonwiller, 2017)

where 73, and Tps are the bed shear stress normal to and in the flow direction respectively,
h denotes the water depth, N, is a curvature factor, and R denotes the radius of the river
bend (positive for curvature in counterclockwise direction and vice versa).

Note that the curvature factor NV, mainly depends on bed roughness. Therefore, N, ~
for natural streams (Engelund, 1974), and values up N, & 11 for laboratory channels
(Rozovskii, 1961).

1.2.2.5 Fixed Bed Concept

Morphodynamic simulations generate deposition and erosion patterns of the riverbed.
Erosion processes, if not limited, can proceed indefinitely in the vertical direction. This
limit can be imposed by defining a non-erodible fixed bed elevation z,..;, below which the
river bed is considered as fized. This threshold also determines the amount of sediment
available for transport (see Figure 1.5). The fixed bed elevation can either be assigned
via regions or via a separate .2dm mesh file. When the fixed bed elevation is specified via
regions, the fixed bed elevation must be provided relative to the initial bottom elevation
zp with z.; < 0. When the fixed bed elevation is specified via a mesh, the elevation
in the separate .2dm mesh file must correspond to the absolute fixed bed elevation z;,
[m]. Moreover, the fixed bed mesh file must have the exact same topology as the original
computational mesh. In case the specified mesh only has elevation information on the nodes,
the elevation is interpolated with the same method as specified in the INTERPOLATION
block (default: mean). If the fixed bed elevation of the fixed bed mesh exceeds the bottom
elevation of the computational mesh, the fixed bed elevation is defined at the elevation of
the computational mesh.

The accuracy of the fixed bed correction is guaranteed by defining the maximal overshoot
below the fix bed elevation and the maximal number of iterations required for the correction.

1.2.2.6 Gravitational Transport

Gravitational induced riverbank or sidewall failures are significant aspects concerning
erosion and transport modelling. Such processes may play an important role in many
situations, such as meandering streams, river widenings or failures of erodible embankment
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Figure 1.5 Fized bed concept and definition

Figure 1.6 Critical failure angles for slope collapse

structures due to overtopping waters. Such slope failure processes take place mostly
discontinuous and can deliver significant contributions to the total sum of transported
material. The modes of slope failures can differ largely (falls, topples, slides, etc.) and
depend on the soil material, the degree of soil compaction and the pore pressures within the
soil matrix. Here, a simplified, geometric approach is applied to be able to consider some
aspects of this purely gravitational induced transport. The main idea of the implemented
geometrical approach is to assume that a slope failure takes place if the local bed slope ~
becomes steeper than a critical slope v, (Figure 1.6).

0 if (v < ver)
rav — . 1.36
in.g { FOvsver) i (v > ver) (1.36)

The sliding material is moved from the sediment element with higher elevation to the lower
situated element until the stable condition: v < ~,, is reached. Two characteristic critical
slope angles are defined in this approach to have some flexibility in modelling the complex
geotechnical aspects. The critical angles can be characterized as:

« critical angle for dry or partially saturated bank material v4,, which may greatly
exceed the material’s angle of repose (up to nearly vertical walls) due to negative
pore pressures,

e critical angle for fully saturated and over flown material ~,,e; which is in the range of
the material’s angle of repose

1.2.2.6.1 Calculation Proceedure
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The flux due to gravitational transport ¢p grq is calculated with the following proceedure,
by looping over each element of the computational grid:

1. In a first steep, the local bed slope ~; is calculated with respect to each neighbouring
element i, where z is the bed elevation of the main element, z; is the bed elevation of
the neighbour element ¢ and d; is the distance between the element centers.

Vi = arctan (Z ; Zi) (1.37)

)

2. For local bed slopes ; exceeding the critical slope 7., the new bed elevations zje
and z; new are determined such that the stable condition 7; = 7., is reached for all
neighbouring cells ¢. The critical angle ., is selected according to eq. 1.38, where
h is the water depth in the main element and h,,;, is the user-specified minimum
water depth.

_ Ywet ifh > hmin
Ter = { Vdry ifth < Nmin (138)

3. If the calculated bed elevation change of the main element 0, = z — zpe,, is smaller
than the user-specified parameter min_bed change (default: 0.001 m) 6, min, nO
gravitational transport occurs to avoid oscillatory behaviour and to reduce the
computational effort. If the minimum bed elevation change 0 y,:p, is exceeded, the
specific gravitational flux ¢p grav,i [m2 /s] to each neighbour element i is calculated
from the bed elevation change in element ¢ according to eq. 1.39, where A; is the
area of element i, and [; is the length of the edge connecting the main element to its
ith neighbour element. If the calculated bed elevation change of the main element
0, = Z — Zpew is larger than the user-defined maximum bed elevation change 9. a4z,
the gravitational flux is limited, such that ¢, = 9. yuez. The maximum bed elevation
change 0. ;mae is calculated by eq. 1.40, where 1y 4, is the user-specified parameter
mazx__bed_change_rate and At is the current update time step.

0 1f5z < (5z7min
(inew=2i)-4i if 6. > 62 min (1.39)

(Zi,new_zi)"ﬁAi 6z,maa: :
T C TS, ifd, > 92 maz

4B,grav,i =

5z,max = Tbmazx ° At (140)

4. If a non-erodbile fixed bed elevation zs;, is specified, the gravitational transport flux
is corrected the same way as the bedload transport flux (see Section 1.2.2.5).

5. Finally, the balancing of the gravitational fluxes and the determination of the new
bed elevations z is achieved by solving the Exner equation using the same numerical
approaches as outlined for the bed load transport. This procedure ensures that fixed
bed elevations are taken into account and the mass continuity is fulfilled.
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1.2.2.6.2 Time Scale of the Gravitational Transport Process

Since the sediment movement due to gravitational transport during one update time step
is limited to adjacent elements, it may take many update time steps to reach a stable
condition on a larger scale, e.g. a bank slope spanning over multiple elements. The time
scale until a globally stable condition is reached, is influenced by the update time step
(update_time), the maximum bed change rate (max_bed_change_rate) and the grid
resolution. The parameter update time (default: 0.0 s) determines at which frequency
the gravitational transport proceedure (steps 1-5 above) is executed. Generally, a smaller
update time step reduces the time scale until a globally stable condition is reached. The
default behaviour is to set the update time step value to 0.0 seconds, which results in the
gravitational transport proceedure being executed at the same time step as determined
from the hydraulic CFL-criterium (see Section 2.3.4).

Furthermore, the speed of the gravitational transport process can be limited with the
parameter maz_bed_change_rate (default: 1.0 m/s). This parameter represents a
maximum rate at which the bed elevation of a cell can be lowered due to gravitational
transport and determines the maximum bed elevation change during one update time step.
Generally, a smaller value may increase the time scale until a globally stable condition is
reached.

Since sediment movement due to gravitational transport is limited to adjacent elements,
also the grid resolution effects the time scale until a globally stable condition is reached. A
finer grid resolution (smaller elements) increases the necessary number of update cycles
the reach a stable slope over a specific length. However, a finer grid resolution may also
decrease the hydraulic time step and therefore may the increase frequency at which the
gravitational transport procedure is executed.

1.2.2.6.3 Bed slope at Stable Condition

The implemented approach for modelling gravitational transport processes ensures that
the local bed slope does not exceed the user-specified critical angle. Due to the spatial
discretization with constant bed elevations within an element, the local bed slope is
calculated between two element centers. On a larger scale (e.g. a bank slope spanning over
multiple elements), the bed slope may deviate from the user-specified critical angle after
reaching stable conditions. The stable bed slope over multiple elements, generally exceeds
the critical bed slope.

To illustrate this effect, a simple test case was simulated. The rectangular computational
domain is initially split into two parts: the left side with a bed elevation of 2 meters and
the right side with a bed elevation of 0 meters. The domain is completely dry and the
critical angle for dry material is set to 4, = 35°. The simulation only considers only
gravitational tranport and is stopped after a stable condition is reached. The initial and
final bed elevation profile along the centerline are illustrated in Figure 1.7. The initial
profile exhibits the nearly vertical bed step. The final profile at stable conditions exhibits a
slope of approximately 41°, which exceeds the critical angle of 4., = 35°. The reason for
this deviation on a larger scale is that the distance which is considered for the calculation of
the slope is not a straight line, but a line connecting the element centers. This is illustrated
in Figure Figure 1.8. Calculating the large scale slope considering the length of the green
line results in a slope of approximately 41°, while considering the length of the red line
results in a slope of approx. 35°.
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Figure 1.7 Initial and final bed elevation profiles along the centerline are compared to

profiles with angles of 35° and 41°. The slope of the bed profile at stable conditions (final)
exceeds the critical angle of var, = 35°.
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Figure 1.8 The red line connects the element centers and represents the distance, which
is taken into account for the local slope calculation and thus for the gravitational
transport. The green line represents the direct distance, which is taken into account for the
large scale slope. The slope along the red line corresponds to 35°, while the slope along
the green line corresponds to 41°.
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1.2.2.7 External Sources Terms

The source term Sl represents additional sediment mass input or output (sink) that occurs
locally on the computational domain on a set of elements defined by regions. The source
can be specified as total volume flux including porosity [m?/s]. Different approaches are
used to manage the behaviour of the external sources in case of a negative flux (sink):

o Exact: The specified sediment volume is added or extracted (non conservative)

e Available: The specified sediment volume to extract is limited by the defined fixed
bed elevation of the elements (conservative)

o Infinity: All available sediment will be abstracted (conservative)

Addition of sediment always follows the “Exact” behaviour as there is no upper limit.
The abstraction of sediment could also follow the “Exact” behaviour but the simulation
might end abruptly if the available sediment volume is smaller than the volume abstracted.
Therefore, the “Available” behaviour aims to avoid this situation. The “Infinity” behaviour
abstracts all available sediment volume.

1.2.2.8 Boundary Conditions

After the specification of the closure relations for the sediment transport, the system of
governing equations (eq. 1.1) and (eq. 1.15) can be solved within the modeling domain
described in Figure 1.1, provided boundary conditions (morphologic boundary conditions)
are specified at the domain boundary I'. For the sediment transport only external boundaries
that allow sediment flowing into or out of the domain can be specified. A morphologic
boundary condition can be co-located with a hydraulic boundary condition. In case no
hydraulic boundary condition is specified, the boundary will behave as a wall and sediment
transport will not occur.

1.2.2.9 Upstream Boundary Condition

o cquilibrium__in: After erosion or deposition up to a user specified reference bed
elevation (reference bed__elevation) this upstream boundary condition grants a
equilibrium condition, i.e. the same amount of sediment leaving the first computational
cell in flow direction enters the cell from the upstream boundary. This leads to a
constant bed elevation at the boundary condition.

o sedimentograph: based on a sediment hydrograph describing the bedload inflow as

function of time (constant or variable). The bedload is defined as a volumetric

flow rate @ = Hs [m3/s], where s is the sediment mass flow rate [kg/s] and pq

S

the sediment density [kg/m?]. Notice that the porosity is not considered in the
bedload input and is specified separately as own parameter value. The volumetric
flow rate is either distributed using a geometrical weighting (sedimentograph), using
wetted area weighting (sedimentograph__warea) or using wetted conveyance weighting
(sedimentograph_conveyance). Note: When using the pre-factor (factor) described
in Section 1.2.2.3, it is automatically applied to the volumetric flow rate at the
boundary for these types of boundary conditions, i.e. the sediment hydrograph is
scaled by the pre-factor.
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e tramsport_capacity: the sediment inflow is defined by calculating the equilibrium

transport capacity according to the hydraulic state at the boundary. The bedload
is defined as a compact volumetric flow rate (without porosity) Q, [m3/s].
The volumetric flow rate is either distributed using a geometrical weighting
(transport__capacity), using wetted wetted area weighting (transport_capacity__warea)
or using wetted conveyance weighting (transport_capacity conveyance). Note:
When using the pre-factor (factor) described in Section 1.2.2.3, the pre-factor
is implicitly included in the volumetric flow rate at the boundary for this type
of boundary condition, i.e. the transport capacity at the boundary is scaled

by the pre-factor. Additionally, an independent scaling factor can be specified

(boundary__factor), only applying to these types of the boundaries.

For the sediment discharge and transport capacity boundary condition types, the specific

sediment discharge ¢ is distinguished by three weighting schemes:

1. Geometrical weighting with respect to the total nodestring length L,.

2. Wetted area weighting

0 — Qs " [m:s]

Aw,tot

3. Conveyance weighting

Ktot Ss-m

3
QW Qbh crh [m ]

with Kot = Aw,tot\/crh the total conveyance and c; the friction coefficient.

1.2.2.10 Downstream Boundary Condition

One downstream boundary condition is available:

(1.41)

(1.42)

(1.43)

o equilibrium__out: After erosion or deposition up to a user specified reference bed

elevation (reference__bed__elevation) this downstream boundary condition grants a
equilibrium condition, i.e. all sediment entering the last computational cell will leave
the cell over the downstream boundary. This leads to a constant bed elevation at the
boundary condition.
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1.2.2.11 Linked Boundary Condition

One linked boundary condition is available:

o equilibrium__linked: At the upsteam boundary, erosion or deposition is possible up to
a user specified reference bed elevation (reference bed elevation). After reaching the
reference elevation, this boundary condition grants a equilibrium condition, i.e. all
sediment leaving the computational cells on the upstream side is entering at the
downstream boundary with a lag of one timestep. This leads to a constant bed
elevation at the upstream boundary.

1.3 Suspended Sediment Transport

1.3.1 Governing Equations for Uniform Suspended Sediment Transport

Similarly to bedload, the governing equations are also derived under shallow water conditions
ensuring mass conservation extends to the suspended sediment phase. In a Cartesian
reference system (x;y; z) in which the z axis is vertical and the x — y plane is horizontal, the
conservation of suspended sediment mass is ensured by an advection-diffusion equation with
source terms, describing the bed interaction and elevation changes arising from resuspension
and deposition.

0 0
79 S 73 S T D
t0h+ ; (C hu h

ac,

>:SS—|—SZS

where Cj is the concentration of suspended sediment, Ds,; is its diffusivity (tensor), Sis
are local sources and S aggregates the source terms that parameterize vertical exchanges
with the bed.

1.3.2 Closures for Suspended Transport
For suspended sediment transport, the source term S represents the exchange with the bed

and is calculated through the difference between the deposition rate g4 and the resuspension
rate ge.

Ss =qe — qa
1.3.2.1 Deposition rate

The deposition rate is expressed as the a sink flux:

qa = wesCy

where w; is the settling velocity and «; is an adaptation coefficient. The adaptation
coefficient can be determined through two distinct approaches, the first being provided by
Lin (1984) as
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as=m (3.25 4+ 0.551n ( Ws >)
Ky

where £ is the von Karman constant and m is a tuning parameter (default value 1.0). The
the second is based on the critical shear stress approach of Xu (1998)

T
Qs = { (1 a Tc,d) TS Ted

0 T 2 Ted
with
PP ghws
c,d Ds mlU

and where m is a calibration parameter which has been suggested to take a value of 0.0018.

1.3.2.2 Erosion rate

The erosion (or resuspension) rate, ¢, is given by

e = wsﬁsCr

where wy is the settling velocity of particles (see Section 1.3.2.3), /3, is a calibration constant
and C, is a reference concentration which can be determined by multiple options available in
the literature. According to van Rijn (1984b), the reference concentration can be calculated
as

where:

Ty is the dimensionless characteristic number for the bottom shear stress, b is the reference
height above the mean bed bottom, D* is the dimensionless diameter and a, ¢ and d
are calibration constants with default values (a, b, c,d) = (0.015,0.05,1.5,0.3). Another
approach is the one of Zyserman and Fredsge (1994), calculated as

a(fs — 0.)°

=17 b(0, — 0.)2

where a, b, ¢ and d are calibration constants with default values (a,b,c,d) =
(0.331,0.72,1.75,1.75).

1.3.2.3 Settling Velocities of Particles

The settling velocity ws of sediment particles is an important parameter when determining
suspended load. Many different empirical or semi-empirical formulas have been suggested
in literature, with the following being implemented:
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1.3.2.3.1 wvan Rijn

The sink rate can be determined according to the grain diameter after van Rijn (1984b):

— 1)gd?
wy = B DI 0001 < d < 0.Lmm
18v
1 01(s — 1)gd3
ws_?l”(\/uroo(syg)g—l) for 0.1 <d < 1mm

ws = 1.14/(s — 1)gd for d > 1lmm

where d is the diameter of the grain, v is the kinematic viscosity and s = pg/p is the
specific density.

1.3.2.3.2 Wu and Wang
Another approach for the computation of the sink velocity is the one of Wu et al. (2000):

My | 1 /4N n o q]"
= — — *\3 .
YT Na [\/4 + (3M2 (D) ) 2]

where:
M = 53.5¢ 0655
N = 5.65¢~25%
n=0.7+0.9S,

Sy is the Corey shape factor, with a value for natural sediments of about 0.7 (0.3 - 0.9).

1.3.2.3.3 Zhang

The Zhang formula (Zhang, 1961) is based on many laboratory data and was developed for
naturally worn sediment particles. It can be used in a wide range of sediment sizes in the
laminar as well turbulent settling regions:

v\? v
ws = (13.95d> +1.09(s — 1)gd — 13.958

1.3.3 External Source Terms

The source term Sl represents additional sediment mass input or output (sink) that
occurs locally on the computational domain on a set of elements defined by regions. The
source can be specified as total volume flux including porosity [m?/s] or by an imposed
concentration [-]. Different approaches are used to manage the behaviour of the external
sources in case of a negative flux (sink):

o Exact: The specified sediment volume is added or extracted (non conservative)
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o Available: The specified sediment volume to extract is limited by the defined fixed
bed elevation of the elements (conservative)

o Infinity: All available sediment will be abstracted (conservative)

o Concentration: This sink type allows to impose a specified concentration.

Addition of sediment follows the “Exact” behaviour as there is no upper limit. The
abstraction of sediment could also follow the “Exact” behaviour but the simulation might
end abruptly if the available sediment volume is smaller than the volume abstracted.
Therefore, the “Available” behaviour aims to avoid this situation. The “Infinity” behaviour
abstracts all available sediment volume.

1.3.4 Boundary Conditions

For the suspended sediment transport only external boundaries that allow sediment flowing
into or out of the domain can be specified. Boundary conditions of suspended transport
type can be co-located with hydraulic or bedload boundary conditions.

1.3.4.1 Upstream Boundary Condition

Two upstream boundary conditions are available:

e discharge_ in and discharge__in_warea: based on a suspended sediment discharge
inflow, either as a constant or a function of time, the prescribed volumetric flow rate
[m3/s] is imposed at the boundary. The volumetric flow rate is either distributed
using a geometrical weighting or a wet-area weighting.

e concentration_in: the suspended sediment inflow is defined by forcing a target
concentration. The suspende sediment input rate is thus given by the target
concentration paired with the total hydrodynamic mass flux.

1.3.4.2 Downstream Boundary Condition

e zero_gradient_out: this downstream boundary allows the free outflow of any tracer
quantities in the flow. Note: If this condition is not prescribed, a wall condition is
assumed and the tracer quantities will be retained (no outflow).

1.4 Passive tracers

1.4.1 Introduction

A multitude of dissolved species are present in environmental flows. In the context of
hydraulic and environmental engineering, numerical modelling of scalar transport becomes
a relevant tool mostly because of its versatility. In terms of advective phenomena, the most
common applications include
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e Pollutant fate and transport
e Accumulation or depletion of nutrients
o Calculation of water residence times

o Flow visualization

1.4.2 Transport of passive species
1.4.2.1 Governing Equations for passive specie transport

The governing equations are obtained under the shallow water framework and impose mass
conservation for both fluid and dissolved phases.

In a Cartesian frame of reference (z;y; 2) in which the z axis is vertical and the horizontal
lies in the x — y plane, the system of governing equations is formed by (eq. 1.1) for
hydrodynamics and is coupled with multiple equations for the conservation of the total
tracer masses. The conservation of each tracer mass is ensured by the scalar continuity
equation (eq. 1.44), which is tightly coupled to the shallow water equations. This equation
allows to describe the evolution of the specie concentration as:

0 0 ICk

where C}, is the concentration of specie k, Dy, is it’s diffusion tensor and Sl is the local
source term, specifying additional sources or sinks of the specie k.

1.4.2.2 External Sources Terms

The source term Sl conveys an input or output (sink) that occurs locally on the
computational domain over elements limited by regions. It can be specified as total
volumetric flux [m3/s] or by an imposed concentration [-]. Different approaches define the
behaviour of external sources if it imposes negative fluxes (sink):

Exact: The specified volume is added or extracted (non conservative)

Available: The specified volume to extract is limited by the available tracer volume

(conservative)

Infinity: All available tracer volume will be extracted (conservative)

Concentration: This sink type allows to impose a specified tracer concentration.

Additionally, there is the option of forcing a target concentration C,{ homogeneously across
all cells defined by the region.
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1.4.2.3 Boundary Conditions

The system of governing equations (eq. 1.1) and (eq. 1.44) can be solved within the modeling
domain described in Figure 1.1, provided that boundary conditions (hydrodynamical and
tracer boundary conditions) are specified at the domain boundary I'. For the tracer
transport only external boundaries that allow tracer flowing into or out of the domain can
be specified. A tracer boundary condition should be co-located with a hydraulic boundary
condition. Otherwise, the boundary will behave as a wall and tracer transport will not
occur.

1.4.2.4 Upstream Boundary Condition

Two upstream boundary conditions are available:

e discharge_in and discharge_in_warea: based on a tracer discharge inflow, either
as a constant or a function of time, the prescribed volumetric flow rate Q. [m?3/s]
is imposed at the boundary. The volumetric flow rate is either distributed using a
geometrical weighting or a wet-area weighting, and the specific tracer discharge ¢z is
thus given by:

1. Geometrical weighting with respect to the total nodestring length L,,.

_ @k m’
Qk_Ln s-m

2. Wetted-area weighting

qr = Q -h [m?’]

Aw,tot S-m

e concentration__in: the tracer inflow is defined by forcing a target tracer concentration
C’,{ . The volumetric flow rate is thus given by the target concentration paired with

the total hydrodynamic mass flux ¢ through that boundary as ¢; = q¢£.

Note: If the hydrodynamical mass flow at the boundary is not inward directed then no
tracer flux is imposed.

1.4.2.5 Downstream Boundary Condition

One downstream boundary condition is available:

e zero_gradient__out: this downstream boundary allows the free outflow of any tracer
quantities in the flow. Note: If this condition is not prescribed, a wall condition is
assumed and the tracer quantities will be retained (no outflow).
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1.5 Riparian vegetation

1.5.1 Introduction

Riparian vegetation is known to play an important role in mediating river morphodynamic
processes at various spatial and temporal scales. Predicting river morphology has to
account for the feedbacks between plants, flow, and sediment transport. On one hand,
vegetation can modify the flow resistance and the shear stresses acting on the riverbed,
thus influencing the overall flow pattern and rate of sediment transport. On the other hand,
erosion and deposition processes may cause plant mortality through uprooting and burial
during floods. Including vegetation into river morphodynamic simulations has potential
applications for

e estimating sedimentation and erosion processes
o restoration projects
e riparian forests dynamics

e flood hazard mapping

1.5.2 Description of Vegetation

Vegetation is described by a dimensionless aboveground biomass density, B. (subscript ¢
stands for canopy), belowground density, B, (subscript r stands for roots) and a rooting
depth, D, (see Figure 1.9). The sum of B, and B, should ideally be 1 at maximum, while
there is no specific limit for the rooting depth. The model accounts also for the vegetation
height, H, which is derived as H = an;, where a and b are constant parameters. B, and
B, are considered to distribute linearly along the main vertical axis of the plant. The
uprooting depth, D, namely the depth at which uprooting occurs, is defined as Byp- D,
with Bypr a constant input parameter that decreases the maximum erosion that vegetation
can withstand. The burial height, Hp,,, represents the effective plant height when the
plant is submerged (due to bending) and is defined as Hy,, = BpurH, with Sy, a constant
parameter (see Section 1.5.5).

1.5.3 Effect of Vegetation on Water Flow

The aboveground vegetation is assumed to change the bed roughness. This is included by
modifying the Strickler’s coefficient k- [m!/3/s] (Bertoldi et al., 2014), such as

kstr(t) = ks,g + (ks — ks g)Be(t) (1.45)

where kg 4 represents the roughness of the bare bed, which depends on the sediment grain
size, while k,, (< ks4) is the roughness of a completely vegetated bed assumed to vary
with species-specific canopy characteristics. The Strickler’s coefficient can change during
the simulation as B, changes (see Section 1.5.5) (Caponi et al., 2020).
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Figure 1.9 Schematic representation of vegetation in the model. The vegetation state is
described by an aboveground, belowground biomass, and a rooting depth. The other
variables (uprooting depth, burial height, and plant height) are derived thought specific
functions and input parameters. Adapted from Caponi et al. (2020)
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1.5.4 Effects of Vegetation on Bedload Transport
1.5.4.1 Bottom Shear Stress

The presence of vegetation is also known to affect the shear stresses acting on the bed
surface and responsible for sediment transport. The reduction of bed shear stress is included
in the model by multiplying the total shear stress by a factor v < 1 and computing the
sediment flux using a reduced dimensionless bed shear stress (Shields parameter), v0. The
parameter y ranges between 0 and 1 and it is chosen according to v = kg (t) /ks g, With
kst evaluated as in eq. 1.45, (Caponi and Siviglia, 2018).

1.5.4.2 Critical Shear Stress

The role of root-enhanced riverbed cohesion is taken into account by increasing the critical
Shields parameter (Bertoldi et al., 2014). Assuming an MPM-like formula (eq. 1.26), the
critical Shields parameter 6, is defined as

Ocr(t) = Ocr.g + (Ocr — Ocrg) Br(t) (1.46)

in which 0.4 and 0., (> 0crg) represent the values used for bare bed and completely
vegetated riverbed, respectively (Caponi and Siviglia, 2018).

1.5.5 Effects of Bed Changes on Vegetation

Bed level change causes three effects on vegetation in the model: uprooting, burial, and
biomass redistribution.

1.5.5.1 Biomass Redistribution

As soon the bed level changes, the portion of vegetation above and below ground changes
as well. The model assumes that the total biomass remains constant during a simulation,
unless uprooting occurs. This means that in case of a positive bed level change, Azg > 0
(deposition), B, will decrease by Azp(B./Hpy,,) and B, will increase by the same amount,
where Hy,, is a fraction of the plant height. On the contrary, in case of bed level erosion,
B, will increase by Azp(B,/D,) and B, will decrease by the same amount (Caponi et al.,
2020). Changes in B. and B, during the simulation will change the effects on flow and
sediment transport associated with these values following eq. 1.46 and eq. 1.45.

1.5.5.2 Plant Burial

Plant burial is the mechanism by which a plant get covered by sediments, that is, when
the bed level increases in a cell until reaching the burial plant height Hp,,. This value
takes into account the bending of the plant when submerged, which reduces the effective
height of the plant. In case the bed level change reaches Hy,,, B, will go to zero, causing
the kg, value to equal kg 4. In case the bed level decreases again during the simulation,
B, can increase as well (Caponi et al., 2020). Plants can in fact resist well sedimentation
processes, thanks to the high flexibility of the stems that prevents breakage.
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1.5.5.3 Plant Uprooting

Plant uprooting occurs when the pulling forces applied on the plant by the water flow
equal the resisting forces of the plant, which are given by the root system anchoring. We
consider that this can occur only when part of the plant roots are already exposed to the
flow, that is, when the bed level has decreased during the simulation (type II of uprooting,
following the conceptual model of Edmaier et al. (2018)). Therefore, the uprooting is
modelled by defining a critical depth at which the plant is removed. This depth is currently
defined as a percentage of the rooting depth as D, = ByprD,, where By, is a parameter
that modulates the resistance of the plant and depends on soil characteristics and plant
species. When uprooting occurs, B, and B, are set to zero and vegetation cannot influnce
flow and sediment transport anymore during the simulation.
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2

Numerical Models

2.1 General View

The governing equations of hydro- and morphodynamics are conservation laws expressing
conservation of mass and momentum. The aim of the numerical simulation is to solve
these equations over the computational domain and for a given time. The computational
domain is discretized by a computational mesh consisting of elements and conservation
equations are applied on each domain element. In order to numerically solve the conservation
equations, the mathematical model is approximated by numerical schemes, i.e. the numerical
approximation consists of the spatial and temporal discretization of the conservation
equations including an algorithm that solves the discretized equations.

For BASEHPC::BASEplane, the spatial discretisation of the domain is based on an
unstructured mesh made of triangular elements (Figure 2.1). For the conservation
equations, the spatial discretisation follows the finite volume scheme, while for the temporal
discretisation an explicit first order Euler scheme is used. The numerical model processes
the hydro- and morphodynamic equations in a decoupled way (Figure 2.2).

The discretization and the solution method for the hydro- and morphodynamic equations
will be presented in the following sections.

2.2 Discretization

The problem is discretised adopting a finite volume approach over unstructured triangular
meshes. A conforming triangulation Tq of the computational domain Q C R? by elements
Q; such that Ty = |J€);, is assumed. Hereafter we will use the following notation: given a
finite volume €;, j = 1,2, 3 is the set of indexes such that €); is a neighbour of €);; I';; is
the common edge of two neighbour cells ©; and €5, and l;; its length. n;; = (nij2, nijy)
is the unit vector which is normal to the edge I';; and points toward the cell §2; (see
Figure 2.3). Data are represented by cell averages U}' and the numerical solution sought
at time "1 = " 4+ At, is denoted by U+

37



2.2. Discretization BASEMENT System Manuals
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Figure 2.1 Modeling domain, types of boundary conditions and computational mesh. The

flow is from right to left and a side weir (green line) divides the channel into a lower and

an upper channel through the weir. External boundary conditions must be provided at I'y,
'y and I's while internal boundary conditions can be specified in any place within €

Y

Hydrodynamics - 2D shallow water equations

- continuity equation (conservation of water)
- momentum equation

Morphodynamics - Exner equation

Time loop

- continuity equation (conservation of sediment)
- sediment transport
- bank collapse (gravitational transport)

Figure 2.2 Overview of the numerical model

Figure 2.3 Element (shaded triangle) of unstructured triangular mesh and used notation.
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2.3 Numerical solution of Hydrodynamics

2.3.1 Vectorial Form of the Governing Equations

For numerical convenience, the system of governing equations (eq. 1.1) is rewritten in
vectorial form in terms of the water surface elevation H = h + zg. It now reads:

oU OF, OF,

= —Yy_9 2.1
o T or T oy (2.1)
where the vector of unknowns is
H
U=1|q: (2.2)
dy
the vector fluxes are
) dx qy
Fo=|ug+59(H* =2Hz) | ; Fy= L (2.3)
ug, vgy + 59<H2 —2Hz,)
and the vector of source terms is
Sh
S=|gHS, | . (2.4)
gHS,

The motivation of using H instead of A lies in the fact that it is easier to develop numerical
schemes which preserve depth positivity and satisfy the well-balanced property.

2.3.2 Spatial Discretisation

In order to discretise the system of governing equations, the domain is meshed by a set of
triangular elements. The spatial discretization of the conservation equations is carried out
by the finite volume method, where the differential equations are integrated over the single
elements, i.e. control volumes. The water surface elevation is defined at the element center
and is equally distributed over the element.

By integrating the governing system of equations eq. 2.1 in the control volume V =
[Q] x [t", "], we obtain

At

€%

3
Ut = U7 — == 1 [Fy) + AtS; . (2.5)
=1

;
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2.3.3 Flux Estimation
2.3.3.1 Rotational Invariance of the Shallow Water Equations

The flux F;; are evaluated taking advantage of the rotational invariance property of the
shallow water equations. According to this property the two-dimensional homogeneous
shallow water equations satisfy the following equality (Toro, 2009):

nij - [Fo(U), Fy(U)] = T~ (0) Fo [T (0)U] (2.6)

where 0 is the angle between the vector n;; and x-axis, measured counter clockwise from
the z-axis (see Figure 2.3) and

1 0 0
T@) =10 cosf sinf (2.7)
0 —sinf cosé

being
T 1(0) = inverse of T(6) .

2.3.3.2 Computation of the Flux

The flux F;; is obtained at every edge of the finite volume mesh, as the solution of
the one-dimensional projected Riemann problem along the normal direction of the two
conservation laws eq. 2.1. The computational steps can be summarized as follows:

e First, the vector of conserved variables U is transformed into the local coordinate
system (Z, y) (see Figure 2.3) at the edge with the operation T'(6)U .

e A one-dimensional, local Riemann problem is formulated and solved in the normal
direction of the edge. From this calculation the new flux vector over the edge
F[T(0)U] is defined.

e The flux vector, formulated in the local coordinate system is transformed back to
the global coordinates (Cartesian) with T~ 'F[T(0)U]. The sum of the fluxes of all
edges of an element gives the total fluxes in the x- and y directions.

The fluxes are calculated in the normal direction of the element edges. The normal direction
of the edge is defined positive from element ¢ (L) to element j regarding the edge direction.

2.3.3.3 The HLLC approximated Rieman Solver

The HLLC approximate Riemann solver (Toro, 1994) is a modified HLL (Harten, Lax and
van Leer) approximate Riemann solver that includes the shear wave.

The numerical flux at the cell interface is computed as follows:
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F; if 0<5;,
grrie _ ) Fui=Fi+S5(U. —Ui) if Si<0<3, (2.8)
v F*J:Fj—i—Sj(U*R—Uj) if S*§0§Sj, )
F, if 0>,

The wave speed velocities are estimated as:

S; = u; — v/ ghi&; ; Sj =u; + \/ghj Ji (2.9)

where {r—(; ;) is defined as:

1
2

W] if hye>hg,
K

1 if e < hi.

§x = (2.10)

with h., an estimate for the exact solution of the water depth in the star region obtained
using the depth positivity condition. It reads as

he = (e + hw) — g (u — wr) (e~ ) [(Vghz +/ghr) (211)

In case of dry-bed conditions, the wave speeds are estimated as the exact dry front speed,
ie.

S,_{ wi—2vghi if hi=0,

usual estimate if h; >0,
(2.12)

usual estimate if h; > 0.

Sl_{uj+2,/ghj if hj=0,
=

And the middle estimated wave speed S, corresponds to the front wave speed in case of
dry-bed problem.

The expression of the states U,;, U,; and the middle wave speed S, can be found in the
book of Toro (2009).

2.3.4 Numerical Stability

Numerical stability is assured by choosing the time step At for time integration such that
it obeys the Courant-Friedrichs-Lewy (CFL) condition. In 2-D the Courant number (CFL)
can be defined as follows:

(Vu? +v? 4 c)At

T

CFL = (2.13)

where r; is the radius of the inscribed circle that defines the element center (Figure 2.3),
u,v are the corresponding velocities of the element and ¢ = v/gh. The HLLC scheme is
stable for
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0<CFL<]1 (2.14)

2.3.5 Discretisation of Source terms
2.3.5.1 Bed Slope Source Term

The bed slope source term (eq. 1.2) is discretized using the robust modified-state approach
proposed by Duran et al. (2013). The discretization presents a motionless steady
states-preserving scheme:

m m O
Spi=S1:Sii =S Ui [ ... L 2.15
> ; 7o0 ]z::l ! (gHij(Zi_Zij)nij> (2.15)

where Zz;j; = Z;; — Aj; with Z;; = max (2, 25) the maximum bed elevation between cells
i and j and A;; = max(0, Z;; — H;). H}; is the approximated value of the water surface
elevation H at the cell interface I';;.

2.3.5.2 Friction Source Term

We handle the inhomogeneous character of system eq. 1.1 due to the presence of frictional
source terms by adopting a robust splitting technique Toro (2001). We initially consider
the initial value problem (IVP)

PDE : A(U) = SU)
I1C: U(z,y,0) = U} P
where A represents the advective operator

_a£+8Fx %_
ot ox oy

AU)

and S represents the frictional source term operator.

The numerical solution is then obtained by subsequently integrating two initial value
problems (IVPs):

ODEs: Y = S(U)
ICs: U(z,y,00 = U7}

PDEs: A(U) =0 At rnt1

ICs : U(z,y,0) = U; }:>Ui+ VP2,

The initial condition (IC) for IVP1 is U7, corresponding to the initial condition of the full
problem IVP. The solution of IVP1 is obtained solving a system of ordinary differential
equations (ODEs) after integration by a time step At and is denoted by U;. IVP2 is then
integrated by a time step At, with initial condition given by the solution of IVP1 U;. The
solution of IVP2 U ?H is obtained solving an hyperbolic homogeneous system of partial
differential equations (PDEs) and represents the approximate solution of the full problem
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IVP.\ Since we adopt an implicit second-order Runge-Kutta method for solving the ODEs
systems IVP1 and an explicit finite volume method for solving IVP2, the integration time
step At is determined accordingly with the C'F'L stability condition for IVP2.

2.3.5.3 External Source Term

An external source is defined as specific mass flux § (m/s), uniformly distributed over a
number of elements of the domain with a specific surface area. The external source can
either be specified as discharge (m?3/s) or precipitation intensity (mm/h) for a specific
region of the domain. The external source value is divided among the cells composing the
region and converted to cell specific mass flux §;. The volume allocated is characterized by
different behaviors:

Exact: S}m =9;

Available: S}w‘ =6; if 6;-At>0

Shﬂ' = max(éi, —hi) if (SZ At <0 (2.16)
Infinity:  Sh,; = 6; if 0;-At>0

Shi=—h; if 6;-At <0

Where h; is the water depth of the element i. The external source volume is added to the
initial water volume.

R = bt + Sy - At (2.17)

2.3.6 Solution Procedure

The numerical solution procedure of BASEMENT explains how the discretised shallow
water equation (eq. 1.1) is solved inside a defined time step At through a sequence of loops
over the edges or cells (Figure 2.4).

First, a global minimum time step At should be defined. Then, the hydraulic fluxes (liquid
mass, x-momentun and y-momentum) are calculated with a HLLC Riemann solver at
the element edges according to the initial states of the left and right cells (Section 2.3.3).
Subsequently, the hydraulic state variables i.e. cell centered quantities are updated and
finally, the friction (source term) is calculated using an implicit scheme, thus looping twice
over the cell.

2.4 Numerical solution of Morphodynamics

2.4.1 Numerical solution of the Exner equation
2.4.1.1 Fundamentals

The Exner equation assures that sediment mass is conserved in the bed and is used to
model the riverbed time evolution. The rate of sediment transport is determined using
a closure equation. The cell centered finite volume approach is used to discretise the
Exner equation and in particular the HLL approximate Riemann solver with a wave speed
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1 Find the global min time step
comply with the CFL criterion

2 Calculate the hydraulic fluxes

3 Update of the momentum
fluxes and wse

L 4 Friction calculation

Loop over the edges
Loop over the cells

Figure 2.4 Numerical solution procedure of hydrodynamic simulation for each time step

At

estimator defined in Soares-Frazao and Zech (2011) is adopted. The shallow water and the
Exner equations create a system of equations that is solved in a decoupled way (Figure 2.2).
This approach makes the assumption that the bed load flux is much slower than the water
flow velocity (Soares-Frazao and Zech, 2011).

2.4.1.2 Spatial discretization

In order to discretise the the Exner equation, we use the same unstructured mesh adopted
for the hydrodynamic part and the same finite volume approach. As a consequence, the
bed level zp is defined at the element center and is equally distributed over the element.

By integrating the Exner equation in the control volume V = [;] x [t",#""!], we obtain

At
1
il “
J

3 [QBij-liJ + AtS; . (2.18)
—1

The calculation of the sediment flux at the cell interface proceeds as follows:

1. loop over the cells and calculate:

1. correction terms for the bed-load vector directions (if selected by the user),
therefore:

o calculation of the local bed slope, for the lateral-transport correction (see section
Section 1.2.2.4.1)

e calculation of the local curvature of the flow field, for the spiral flow correction
(see section Section 1.2.2.4.2)
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Figure 2.5 a) Sign convention for the edge direction: counterclockwise b) Positive
morphological fluz direction at edges: from left (L) to right (R)

2. loop over the cell interfaces and:

1. calculate the flux projection along the normal vector (n;z,ni5, of edge I';;, i.e.:
qBin = qBix Nijx +qBiy Nijz a0d (Bjn = qBja Nija +qBjy Nije With j=1,2,3

2. compute the flux at the interface using the approximate HLL Riemann solver
at the interface

o Evaluate the wave speeds at the interface. this is obtained following the approach
proposed by Soares-Frazao and Zech (2011), for which the wave speeds can
be calculated as an approximation of the smallest eigenvalue of the system of
governing equations, i.e. Shallow water and Exner. They read:

A= 1/2(un — ¢ =/ (un — )2 + daze?) (2.19)
N = 1/2(up — ¢4/ (un — )2 + daze?) (2.20)
aQb,n

where u, = u-n;jz +v-n45,y, c=+/gh and az = which is the derivative of the

0q,

bed load discharge in the normal flow direction with respect to the hydraulic flux
direction. Then the speeds estimate are

ST = min()\LL, )\173) (2.21)
and
S+ = max(/\zL, )\2,R> (2.22)
e Flux calculation:
4Bin if ST >0,
gt _gp S 4+ §—GF .
qg{;L 4Bin 4Bjn + _ (zB] sz) if 8- <0< S+,
St -8
4Bjn if St <o.

(2.23)

The convention for the positive bed load flux direction is the same as for the hydrodynamic
flux and is presented on Figure 2.5
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2.4.1.3 Discretization of External Source Term

The source term Si, describes a local input or removal of sediment mass into a river.

An external source is defined as specific mass flux ¢ (m/s), uniformly distributed over a
number of elements of the domain (region) with a specific surface area. The external source
can be specified as the total volume flux (m3/s) for a specific region of the domain. The
external source value is divided among the cells composing the region and converted to
cell specific mass flux §;. The volume allocated is characterized by different behaviors:

Exact: Sb,i =;

Available: Sb,i = 0; if 6;-At>0

Sbﬂ' = max(éi, —(ZFm — Zi) if 9;-At <0 (2.24)
Infinity: Sb,i =9; if 9;-At>0

Sbﬂ' = _(ZFia: — Zi) if 9;-At <0

Where z; is the bottom elevation and zp;; the fixed bed elevation of the element i. The
external source volume is added to the initial bottom elevation of element i.

2 = 2l Sy - At (2.25)

2.4.2 Solution procedure

The numerical solution procedure of BASEMENT explains how the discretised Exner
equation (eq. 1.15) is solved through a sequence of loops over the edges or cells (Figure 2.6).

In the numerical simulation, the hydrodynamic and morphodynamic simulations are
performed in a decoupled way. The morphodynamic simulation is executed after the
hydrodynamic simulation, using the hydraulic fluxes to calculate the morphological
fluxes. This approach assumes that the sediment transport is much slower than the
water velocity, which is an accurate assumption for the numerical modelling of slow flood
with morphological changes occurring over a long period (Soares-Frazao and Zech, 2011).
The numerical solution procedure of Figure 2.6 is performed after the step 4 of Figure 2.4
inside the same time step At.

The numerical solution of the Exner equation starts with a loop over the cells in order to
find the bedload transport capacity ¢, with a potential correction due to a curvature effect
or lateral bed slope. Then, the morphological fluxes F); are calculated at the element
edges and finally, the bed elevation z; is updated over the cells.

2.5 Numerical solution of Advection-Diffusion equation

2.5.1 Numerical solution of the advective part

The scalar advection equation assures that scalar masses are conserved in the flow column
when moving with the surrouding fluid. The same cell cell-centered finite volume approach
used for the SWE is employed in scalar advection, namely the HLLC approximate Riemann
solver. In order to discretize the scalar advection equation, the same unstructured mesh
adopted for the hydrodynamic and morphodynamic parts is used, as is the same finite
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1 Calculate the bedload
transport capacity

2 Calculate the morphological
fluxes
— 3 Update

Loop over the edges
Loop over the cells

Figure 2.6 Numerical solution procedure of morphodynamic simulation for each time step
At

volume approach. As a consequence, the scalar concentration ¢, is defined at the element
center and is equally distributed over the element. This numerical approach is applied to
turbulent kinetic energy quantities (k, €), suspended sediment and tracers.

By integrating the scalar advection equation

gt%h + 9 (qﬁkhui —hD ad)k) =S¢, (2.26)

Siq R
81‘i ” 8$j

in the control volume V; = [€;] x [t",¢"*1] for a generic quantity defined by ¢, we obtain:

At &
n+l _ n
Ui = Goni ~ gy Zl o - lig| + Dt (2.27)
J:

where fg;; is the intercell scalar advective flux. The scalar advective fluxes at the cell
interface are defined by:

fors; = qq;l”qm if gm >0 (2.28)
o = %Qm if gm <0 (2.29)

where ¢, is the hydrodynamic mass flux. This approach significantly reduces the numerical
effort involved in the computation of the numerical fluxes for each species, without sacrificing
accuracy or stability.

2.5.2 Numerical solution of the diffusive part

The diffusion equation ensures that quantities are conserved in the flow column due when
turbulent or molecular exchanges originate some form of mixing. By integrating the scalar
diffusion equation
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0 B, r\
o0k~ (hD ) =0 (2.30)

g ——
a.%'i * 8a:j

in the control volume V; = [Q;] x [t", " 1] we obtain:

T
i = opi — ‘Qz| 2 1: |:d¢k,ij 'lij} (2-31)
]:

where dg, .. is the intercell scalar diffusive flux. To compute the solution of the diffusive
terms, the SVT solver Vanzo et al. (2016) is employed. It involves the augmentation of the
existing system with a set of new conservation quantities and equations for each diffusive
specie ¢r. The role of these new variables is to allow a relaxation of the diffusive part,
such as

lim F = Dy, lim Yok = Oy (2.32)

where 1 denotes a relaxation variable, subject to the following relations

ok P or U

¢ ¢’ ¢ ¢
which are formally denoted as the relaxation sub-system. The main purpose of this
relaxation is to preserve the hyperbolicity of the numerical scheme, as demonstrated by
Vanzo et al. (2016). To construct the diffusive numerical fluxes, the following Riemann
problem is considered along some edge normal as

5{‘/1?’“ - 8;18

Opblr — 9,

(2.33)

at<I>k+8§Dnij:0, EeR, t>0,

®," if £<0, (2.34)

®i(6,0) { & it £>0,

where ®;, is the conserved variables vector and D,, is the diffusive numerical flux vector.
The structure of this Riemann problem is composed of three unique waves (from a total of
six). One of these is always a stationary contact discontinuity and the two remaining waves
are symmetrical, with the same propagation speed in opposite directions. The problem
thus becomes characterized by a single intermediate state @ where the fluxes are directly
evaluated. The exact expression for the intermediate state ®; and numerical D(®}), can
be found in Vanzo et al. (2016).

2.5.3 Discretization of external source terms

The source term Sy, describes a local input or removal of scalar mass into a river. An
external source is defined as specific mass flux § (m/s), uniformly distributed over a number
of elements of the domain (region) with a specific surface area. The external source can be
specified as the total volume flux (m3/s) for a specific region of the domain. The external
source value is divided among the cells composing the region and converted to cell specific
mass flux §;. The volume allocated is characterized by different behaviors:
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Exact: quk’i =0;
Available: Sors = 0; if 94, - At >0

S¢k,i = max(di, _q¢k,z‘) if 9;-At<0 (235)
Infinity:  Sg,, =4 if 9;-At>0

Sd)k,i =~y if 6;-At<0

The external source volume is then added to the initial value of element i through a
first-order Euler approach.

1t
Qgr; = Uprs T Son A (2.36)

2.5.4 Solution procedure

The numerical solution for all modules involving scalar advection and diffusive terms —
turbulence, suspended sediment and tracers — is obtained as follows:

1. Loop over the cell interfaces and compute the advective flux at each interface:

e Retrieve the hydrodynamic fluxes F';; at the interface between cells 7 and j and
extract the fist component of the flux vector (mass fluxes) to the variable g,.

e For each specie, perform the advective flux calculation through the simplified HLLC
solver described above

2. Loop over the cell interfaces and compute the diffusive flux at each interface:

¢ Retrieve the hydrodynamic and scalar quantities @Q; and ®, at the interface between
cells ¢ and j perform the flux calculation using the SVT solver

3. Define the diffusion specific timestep and update the global minimum time step At

4. Loop over the cells and update the conserved quantities with the fluxes at each of its

interfaces:

e Retrieve and add the advective fluxes fy4;; and diffusive fluxes dg;; at each of the
three interfaces.

e For each specie, perform the update as prescribed in Equations 2.27, 2.31, and 2.36.

5. Add the external source terms
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1

Introduction to BASEmesh

1.1 Introduction to BASEmesh

What is the goal of these tutorials? The following tutorials introduce to the creation
of computational meshes using BASEmesh and the integrated mesh generator Triangle.
Besides mesh generation, features for loading and editing existing meshes are presented.
Not all features of BASEmesh can be covered, but using the available tutorials will give you
an impression of its workflow and its capabilities. For specific questions, a help function
describing the necessary input layers and parameters is included in every tool of BASEmesh
and can be accessed under the tab Help. Furthermore, these tutorials introduce to several
basic GIS - operations using QGIS. As all features and aspects of QGIS cannot be covered,
we recommend the excellent documentation of QGIS for specific features or tasks.

What is the philosophy of mesh creation with BASEmesh? BASEmesh is a free
and open source pre- and postprocessing QGIS plugin. It generates meshes for the numerical
simulation software BASEMENT using Jonathan Richard Shewchuk’s mesh generator
‘Triangle’. The focus of BASEmesh is on the automatic generation of unstructured meshes
based on specific quality criteria. BASEmesh follows the philosophy of separating the tasks
of high-quality mesh generation and the generation/use of elevation models.

What is the workflow of BASEmesh? The Please take a look at the figure below to
see the workflow in BASEmesh. There are 3 main steps of the mesh generation process:
(1) Create Elevation Mesh (2) Create Quality Mesh (3) Create Computational Mesh

For further details, please refer to Section 2.2 “2D grid generation with BASEmesh QGIS
plugin” of the BASEMENT User Manual.

This tutorial covers the following BASEmesh workflow:

e Tutorial 1: Creation and export of a computational mesh for BASEMENT using
pointwise elevation data.

Future tutorials will cover the following workflows in BASEmesh:


https://www.qgis.org/en/docs/index.html
http://www.basement.ethz.ch
http://www.cs.cmu.edu/~quake/triangle.html

1.1. Introduction to BASEmesh
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22

Quality meshing
using 'Triangle' parameters

Meshing of raw elevation data
without quality criteria

-1

Digital elevation map / )
in raster format +<4

A\ 4
\Z/T\: Interpolation of elevation data on
— quality mesh
A\ 4
Attribution of material indices
VL_/‘ via QGIS functions
A\ 4
. Export 2dm file
2dm for use in BASEMENT

A 4

A

Simulation in BASEMENT

A 4

%

Visualization in QGIS

Figure 1.1 General workflow for the creation of a computational mesh with BASEmesh.

e Tutorial 2: Modifying of a computational mesh and using raster elevation data.

o Tutorial 3: Using dividing constraints along boundary cross sections and setting up
a BASEMENT simulation.

e Tutorial 4: Create 1D cross sections with HEC-RAS and use BASEmesh to convert
them into BASEMENT format.
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1.2 Mesh Generation based on Pointwise Elevation Data

The following tutorial illustrates the consecutive steps to create a high - quality
computational mesh based on pointwise elevation data stored in a text file. The elevation
data in this tutorial is represented by cross section data, gathered in a river restoration
project in Switzerland by terrestrial survey. All other files have been edited or created
based on this elevation data. Therefore this tutorial exemplifies the mesh generation based
on given river cross section data. Another typical task, e.g. for flood simulations with
overland flow, is the generation of meshes based on a digital elevation model (DEM) in
raster format .

Input Data The data needed to complete this tutorial comes as ZIP - file and needs to be
extracted to a location of your choice. All screenshots and figures in this document were
taken from QGIS version 3.16 Hannover. All data files have to be loaded into the QGIS -
project before executing the different tools, as it is not possible to select files directly on
the hard drive by browsing. Furthermore, those files must be activated in the QGIS Table
of Contents (TOC- this abbreviation will be used often in this tutorial) on the left side of
the screen. To prevent the selection of wrong shapetypes, the available fields are populated
with the corresponding data type.

Rule of thumb Only data that is displayed on the map can be used for meshing.

Only 2 shapefiles are needed as input data for this tutorial. All other input files are created
using BASEmesh and other QGIS functions. In case of difficulties, the result files for each
step are additionally provided in the subfolder called ‘additional_files’.

1.2.1 Project Settings

(1) Start QGIS and make sure that the plugin BASEmesh is successfully installed (see
Section 2.2.1 of the BASEMENT User Manual).

It is advisable to create a QGIS project with a meaningful name. The project’s name is
used as basis for most of the files created with BASEmesh.

(2) Go to Project — Project Properties.

(3) Under General — General settings you will find the field Project title. Enter a name

of your choice. Here the name ‘Tutorial’ was chosen.

In this tutorial we need the Swiss projection ‘CH1903 / LV03’ In the following steps, the
project’s coordinate reference system (CRS) will be changed.

(4) Under CRS you can see the coordinate reference system settings for this project.
Check Enable 'on the fly CRS’ transformation only to change the reference system.

(5) Enter the EPSG code ‘21781’ in the field Filter.

version 4.0.2 VAW - ETH Zurich 7
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@ Project Properties — CRS X
) P

Project Coordinate Reference System (CRS)
- CRTGIE] No CRS (or unknown/non-Earth projection)
Bl Metadata Filter |
Recently Used Coordinate Reference Systems

@ s Coordinate Reference System Authority ID
CH1903 /LV03 EPSG21781
Bern 1898 (Bern) / LVO3C EPSG:21780
R Default Styles CH1903+ /LVa5 EPSG:2056

WGS 84 / UTM zone 32N EPSG:32632

B8 Data sources WGS 84 EPSG:4326 v
4 »

#2 Transformations

g Relations Predefined Coordinate Reference Systems Hide deprecated CRSs
Vel Coordinate Reference System Authority ID =
WGS 84 / UPS South (EN) EPSG:5042
& Macros WGS 84 / UPS South (N,E) EPSG:32761
World St hi ESRI:54026 E
QGIS Server « o Slerecaraphic >

CH1903 / LVO3 -
&8 remporal

KT
PROJCRS["CH1903 / 103",

| ok || cancel| | Apply | Help

Figure 1.2 Project Properties, CRS

(6) Select the coordinate reference system ‘CH1903 / LV03..
(7) Click OK.

(8) Again go to Project — Project Properties — CRS.

(9)

Close the project properties window. If everything went well, you should see the
chosen project name at the title of the QGIS main window and the EPSG code of
your coordinate system at the lower right corner of the QGIS desktop.

(10) Now save the project: Go to Project — Save. The project name chosen before is
automatically proposed.

1.2.2 Coordinate Reference System Configuration

Now we need to check how QGIS determines the coordinate system of added layers. This
may vary between QGIS versions and operating systems.

(1) Go to Settings — Options

(2) Under CRS fill in the dialog as shown in Figure 1.3. Make sure that Use project CRS
under CRS for new layers is checked.

(3) Close the dialog.

Now that the project and coordinate reference system properties have been set successfully,
we can start adding data to the current project.

1.2.3 Loading Input Data for Elevation Model

In this tutorial the elevation model is represented by a triangulated irregular network TIN,
in the following refered to as ‘elevation mesh’. Thus, our first step is loading the elevation
data into our QGIS project. This data originates from cross sectional data and is stored in
a delimited text file, where the values are separated by a comma. We will load this text
file and convert it to a shapefile, which is more suitable for working in a GIS environment.
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(X Options — CRS X
[ < CRS for Projects

\(\ General “* When a new project is created
5 Use CRS from first layer added
A System @ Use a default CRS EPSG:21781 - CH1903 / LV03 v |

@ CRS v CRS for Layers

,-.‘Qg e anslormations Default CRS for layers EPSG:21781 - CH1903 / LV03 v | &
When a new layer is created, or when a layer is loaded that has no CRS

E Data Sources Leave as an unknown CRS (take no action)

Prompt for CRS
® ' Use project CRS
& canvas & Legend Use default layer CRS

05/ Rendering

“ Map Tools Planimetric measurements

=
e
1

HH Colors

“Digitizing ‘ OK | Cancel = Help

Figure 1.3 Settings, CRS

(1) Go to Layer — Add layer — Add Delimited Text Layer.

(2) Fill in the dialog that shows up (see Figure 1.4): Browse for the file containing the

elevation data, ‘XS_ points_ straightened.txt’ provided with this tutorial. Be sure to
select Comma as delimiter. Otherwise QGIS will not be able to separate the values
found in the file. Under Geometry definition select Point coordinates and verify if
the X, Y, and Z coordinates are set correctly.

(3) Be sure to check Use spatial Indez.

(4) At the bottom of the dialog a preview of the file content using the selected delimiter

and coordinate fields is given. If everything seems to be correct and according to
Figure 1.4 , click OK.

(5) After successful import you will see the river cross sections displayed in the QGIS

map canvas. The flow direction is from the bottom left corner to the upper right
corner.

1.2.4 Converting Input Elevation Data to 3D Points

The loaded elevation data must be convereted into a format that can be used by BASEmesh.
We will first convert the data into a shapefile.

Right-click on layer ‘XS_ points_ straightened’ in the TOC.
Go to Ezxport — Save Featues As. ..
Fill in the dialog according to Figure 1.5 and click OK.

You will now see two layers in the TOC with the same name. The layer that represents
the data from the text file can now be deleted by right-clicking on it in the TOC and
selecting Remove Layer. 1f both layers have the same symbology, you can check its
properties by right-clicking and selecting Properties.
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(2 Data Source Manager | Delimited Text X

[ Browser
o, Vector

Raster

N/
o Mesh

, Delimited Text
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" Oracle
D82, DB2
' | Virtual Layer
&2 wmswmrs

- WFS / OGC API -
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E;‘_ WCS

& XYZ

Vector Tile

* File name /\Documents\BASEMENT \Tutorials\tutorial1\XS_points_straightened.csv
Layer name XS_points_straightened Encoding UTF-8 v

~ File Format

®) Csv (comma separated values)
D) Regular expression delimiter

| Custom delimiters

~ Record and Fields Options

Number of header lines to discard 0 = Decimal separator is comma
v/ | First record has field names Trim fields
/| Detect field types Discard empty fields

v Geometry Definition
X field X v Zfield Z v
Y field Y v M field v

DMS coordinates
' No geometry (attribute only table) Geometry CRS EPSG:21781 - C v %

@ Point coordinates

! Well known text (WKT)
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X Y g7 <
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Figure 1.4 Add delimited text layer

Q Save Vector Layer as... X
Format |ESRI Shapefile o
File name  tuments\BASEMENT\Tutorials\tutorial1\XS_points_straightened.shp < 7
Layer name fi
CRS |EPSG:21781 - CH1903 / LV03 v &
Enceding System >

Save only selected features

v Select fields to export and their export options

~Name Type 4
Vv X double
VY double
V7 double b
Select All || Deselect All
» Geometry
» Extent (current: none)
» Layer Options
» Custom Options
v/ Add saved file to map ‘ OK ‘ Cancel Help
Figure 1.5 Save vector layer
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Q Convert Legacy Layer (Point) X
,

Parameters | Log Convert legacy layer (Point)
2D input point layer Converts 2D points with elevation attributes to
*°XS_points straightened [EPSG:21781] v || .. D Points

i . . This algorithm reads each point in the input

Elevation attribute of the input layer layer and creates a corresponding point in the
127 = output.

) The X and Y coordinates are copied from the
3D output point layer source point, the Z coordinate will be read from
1ts/BASEMENT/Tutorials/tutorial1/3D_points.shp @ | . the attribute provided.

This can be used to convert input data used for
BASEmesh 1.X to the format expected by
BASEmesh 2.

v/ Open output file after running algorithm

0% Cancel

Run as Batch Process... Run Close

Figure 1.6 Convert points to 3D

The shapefile that we just generated contains 2D points. Now we will convert the 2D
points into 3D points.

(1) Open the BASEmesh “Convert legacy layer (Point)” tool. Processing Toolbox —
BASEmesh — Converters — Convert legacy layer (point).

(2) Fill in the dialog according to Figure 1.6 and click run.

This 3D points file can be used in the BASEmesh FElevation Meshing tool.

1.2.5 Creating 3D Lines for Elevation Meshing
We will now use the elevation points to create 3D lines, which can also be used by the

BASEmesh FElevation Meshing tool. First, we create a digital elevation map using the
points shapefile.

(1) Open the Natural neighbour tool from SAGA.

(2) Fill in the dialog according to Figure 1.7 and click run (this may take a few minutes)

Now we will use the elevation points to create 2D lines, which represent each cross section
of the river.

(1) Open the QGIS points to path tool.

(2) Fill in the dialog according to Figure 1.8 and click run (this may take a few minutes)

You will now see lines representing each cross section, plotted on top of the DEM, as in
Figure 1.9. The 2D lines can now be converted to 3D lines, using the DEM.

(1) Open the QGIS drape tool

(2) Fill in the dialog according to Figure 1.10 and click run

version 4.0.2 VAW - ETH Zurich 11



1.2. Mesh Generation based on Pointwise. . .

BASEMENT System Manuals

(2 Natural Neighbour X
Parameters Log
Points
2 XS_points_straightened [EPSG:21781] )] % >
Selected features only
Attribute
1217 v
Method
[0] Linear ha
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Not set .
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Target System [optional]
v
Grid
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0% Cancel
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Figure 1.7 Natural Neighbor
} (X Points to Path X
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Selected features only
Close path

Order field

12X
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/Documents/BASEMENT/Tutorials/tutorial1/path.shp @
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[Skip output]
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>
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w

w
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Figure 1.8 Points to Path
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Figure 1.9 2DLines on DEM

G Drape (Set Z Value From Raster) X
,
Parameters  Log Drape (set Z value from

Input layer raster)

1/ path [EPSG:21781] v | €83 R [ 7l| his algorithm sets the z value of every vertex in
the feature geometry to a value sampled from a

Selected features only band within a raster layer.
Raster layer The raster values can optionally be scaled by a
—| |preset amount.

| 5" DEM [EPSG:21781] v |[.J

Band number

|Band 1 v

Value for nodata or non-intersecting vertices

10.000000 3 &,

Scale factor

11.000000 3 €.

Draped

|[Create temporary layer] ==

/| Open output file after running algorithm

[ 0% Cancel

‘Run as Batch Procesv..‘ | Run Close ‘ Help ‘

Figure 1.10 Tutorial 1.1 Drape
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Figure 1.11 Breaklines

1.2.6 Loading the Breaklines

(1) Go to Layer — Add Layer — Add Vector Layer... (or Ctrl-Shift-V).
(2) Browse for the shapefile provided with this tutorial ‘breaklines.shp’.
(3) Click Add.

The color schemes of newly added layers are randomly chosen by QGIS. You can change
them by double-clicking on a layer and selecting Symbology.

(4) Pull the newly added layer ‘breaklines’ below the initial file ‘XS_ points_ straightened”
Your QGIS canvas should now look like in Figure 1.11.

This breaklines shapefile contains several features, including one labeled ‘model_boundary’.
This feature gives the extents of the computational domain. Please note that for generating
a computational mesh, the model boundary should not lie outside of the elevation points.
Otherwise, there might be interpolation errors in the following meshing steps. A suitable
model boundary can be created by using the Convez hull(s) feature of QGIS. For more
information, please refer to the Tips and Tricks (Section 1.3) of this Tutorial.

1.2.7 Editing the Model Boundary

All vertices of the model boundary polygon must lie within the extents of the elevation
points. Otherwise there might be interpolation errors in the following steps. In our example,
a portion of the model boundary does not satisfy this criteria (see lower right region of the
model data). Therefore we have to move/add nodes of the boundary layer:

(1) Right-click on layer ‘breaklines’ in the TOC and go to Toggle Editing. The layer can
now be edited.
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Q Al Layers, “.° Vertexy 12 < |lpx ¥ | 7 Topological Editing @Allow Overlapy *_Snapping on Intersection | i Self-snapping

Figure 1.12 Snapping

(2) Zoom into the area of interest. You should see small red ‘x’ for each polygon vertex.
We must ensure that the new/moved vertex will lie on an elevation point:

(3) Go to Project — Snapping Options. Fill in the form as shown in Figure 1.12 and click
OK. Depending on your QGIS version and installation, the window with snapping and
digitizing options might be docked. In this case, your edits are applied immediately
and there are no Apply or OK - buttons available.

(4) Go to Edit — Vertex Tool.

(5) Click on the vertex of the boundary which is free. The polygon feature gets selected
(all vertices turn to a red square).

(6) Drag & drop the free vertex to a neighbouring elevation points (see Figure 1.12).

We need to add a vertex to the polygon to include the remaining cross section end-point
into the boundary:

(7) Hover over the segment somewhere between the two boundary vertices where you
want to have the new one. In the middle of the segment, a small plus sign (+) will
appear. Click on that plus sign to create a new node. (Be careful with clicking: as
you may move the entire segment by mistake. This can lead to meshing errors or
very fine triangulations in the following steps.)

(8) Again, drag and drop the vertex to the wished position.
(9) We are done with editing, go to Layer — Toggle Editing. Click Save.

The breakline shapefile is now ready for Quality Meshing. But first, the Region Markers
must be defined.
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1.2.8 Creation of the Elevation Mesh

Using the data that we have loaded and processed, we can now create the elevation model
as a triangulated irregular network using the plugin BASEmesh. We call it Elevation
Meshing. There are 3 methods for Elevation Meshing:

(1) Creation of the Elevation Mesh with 3D points

(2) Creation of the Elevation Mesh with 3D lines

(3) Using a DEM as the Elevation Layer

In this tutorial, we will show how to perform the first 2 methods.

1.2.8.1 Creation of the Elevation Mesh using 3D points

First, we will create an elevation mesh using the 3D lines that were created in Section 1.2.4.

(1) Go to Plugins — BASEmesh — Elevation meshing, or click the respective button
=
1 in the toolbar.

On the left side of the dialog (Figure 1.13) you can define the input layers. See Section
2.2 “2D grid generation with BASEmesh QGIS plugin” of the BASEMENT User Manual
for further explanations. On the right side status messages as well as Triangle’s output
messages are displayed during meshing. Tool-specific help can be found in the Help-tab.

(2) Select the different fields according to Figure 1.13.
(3) Choose an output filename. The default is the name of the project.
(4) Click run.
This newly generated elevation mesh is an intermediate step and will be used as basis for

the further interpolation of the elevation data. Due to it’s low mesh quality, it should not
be used as computational mesh for any numerical simulations!

At this point it is advisable to check whether the Elevation meshing worked correctly. To
do so:

(5) Right-click on the new layer ‘Tutorial FElevation_nodes.shp’ in the TOC and go to
Open Attribute Table.
(6) Check if an elevation (column Z) has been assigned to every single node of the layer.

(7) In case of a Z-value equals 0, you defined a vertex in your layer ‘model_boundary’
and/or ‘breaklines_elev_mesh’ which doesn’t lie exactly on an elevation point.

(8) Check the vertices at the location of the respective points missing an elevation and
make sure to use the snapping option.

16 VAW - ETH Zurich version 4.0.2



BASEMENT System Manuals 1.2. Mesh Generation based on Pointwise. . .
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Figure 1.13 BASEmesh Elevation Meshing

(9) If necessary, Repeat the Elevation meshing (steps 1 - 4).

In case the problem cannot be solved by redoing the snapping, try to vary the Relative
snapping Tolerance in the Elevation meshing dialog (Figure 1.13). Increase the tolerance
and try a value of -3 for example. Check the Tipps and Tricks (Section 1.3) for further
explanations on this important parameter.

1.2.8.2 Creation of the Elevation Mesh using 3D Lines

Now we will create an elevation mesh using the 3d points that were created in Section 1.2.4.

(1) Go to Plugins — BASEmesh — Elevation meshing, or click the respective button
—
"1 in the toolbar.

(2) Select the different fields according to Figure 1.14.

(3) Follow the same steps as in the previous section.

1.2.9 Adaption of the Breaklines for Quality Meshing

For most tasks, quality meshing requires the same basic breaklines as elevation meshing
does. Neverthless, some content might be added, e.g. building outlines or lines along which

version 4.0.2 VAW - ETH Zurich 17



1.2. Mesh Generation based on Pointwise. ..

BASEMENT System Manuals

3,' i BASEmesh - Elevation meshing
Triangulation constraints

v Line segments /" 3D_lines v
Fixed points 3D_points

The input data is required to be 3D. See the migration

guide to see how you can convert your input data.

Mesh domain

®) Keep convex hull
Shrink to segments
Use custom boundary
Note: To get the old mesh boundary behaviour,

include your boundary polygon outline in the break
lines and choose 'Shrink to segments'.

Settings

Output log Help

Elevation meshing utility

This tool triangulates the provided input geometries
using the mesh generator 'Triangle'. The resulting
mesh can be used as an elevation source for mesh
interpolation.

Important: The resulting mesh will be
generated without any mesh quality
constraints applied and is not suitable for
any kind of numeric simulation.

Parameters

Triangulation constraints

These layers serve as the input constraints to the
'Triangle' mesh generator. They are required to
contain 3D geometries as they are also used to
interpolate the elevation data.

Line segments. A 3D line layer serving as the main
i . ded

Log level Basic statistics i for tri Itisre
only use this layer whenever possible.

V' Snapping tolerance 6 v Fixed points. An auxiliary 3D point layer allowing for

finer control of the interpolated elevation. Generally
used to "pad out" the mesh in places where only
following the break lines would result in artifacts.

Mesh domain
Output This controls where the resulting mesh ends.

'Triangle' always generates the convex hull as part of
its triangulation algorithm. It then carves away the
outermost mesh elements to reach the desired shape.

\lT/TlfeIevation-meshjromjDLLines.Zdn'; Browse...

Keep triangle files v/ Add saved file to map

Cancel

Ready Run Close

Figure 1.14 BASEmesh FElevation Meshing with 3D Lines

we wish to have special outputs from the future numerical computations. In the following,
the breakline layer used before will be duplicated and a building outline will be added:

(1)

Right-click on the layer ‘breaklines’ in the TOC and go to Ezport — Save Feature
as. ..

In the next dialog choose an appropriate name and location for the new layer
(e.g. ‘breaklines_ w_ building.shp’). Be sure to check Add saved file to map at the
bottom of the dialog (compare with Section ?7?).

Load the shapefile ‘building.shp’ into QGIS (provided with this tutorial).

Select the layer ‘building’ in the TOC.

Go to View — Select — Select Single Feature.

Click on the building outline in the map (it should get colored differently).

Go to Edit — Copy Features (or Ctrl-C).

Right-click on the layer ‘breaklines qual mesh’ in the TOC and go to Toggle Editing.
Go to Edit — Paste Features (or Ctrl-V).

As copying the new line feature is completed, select Edit Toggle Editing. QGIS asks
to save the changes. Click Save.

Having activated only the ‘breaklines_w__building’ layer in the TOC, the lower
part of your model should now look like Figure 1.15. If the building outline is still
highlighted, select View Select Deselect Features from all Layers.

18

VAW - ETH Zurich version 4.0.2



BASEMENT System Manuals 1.2. Mesh Generation based on Pointwise. ..

Figure 1.15 Breaklines and building
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1.2.10 Creation of Region Marker Points

In this new Point-Shapefile, three attributes are defined that will be used for the Quality
meshing (Figure 1.18) afterwards: mazimum area, material index and holes. The atrributes
have to be set individually for each region, which is embraced by breaklines or boundaries
and are specified by placing a point into this area. Be careful, a misplaced region marker
point can lead to very fine and computationally intensive meshes or wrong definition of
Material Indexes respectively.

maximum area: The area attribute of the layer constraints the maximum area of the
elements created during Quality meshing. If left blank, no maximum area constraints will
be taken into acount for this particular region (see Figure 1.17)

material index: This attribute determines the material index of a certain region. If
left blank, the material index is by default set to 1. The material indices are used in
BASEMENT to group elements into zones with similar properties, e.g. to set different
friction values or soil properties in certain mesh regions. These material indices are stored
in the attribute field MATID of the mesh elements layer during mesh generation.

holes: These points define regions that will be neglected during meshing. These areas will
be cut out and therefore not be integrated in the final mesh, preventing water flow through
these regions.

(1) Create a new point layer: Go to Layer — Create Layer — New Shapefile Layer. .. .

(2) Fill in the form as shown in Figure 1.16. Be sure to define the correct CRS
(EPSG:21781).

(3) Add an attribute for the mazimum area with name e.g. ‘max_area’ and type ‘Decimal
Number’ (e.g. Length=10 and Precision=3).

(4) Add a second attribute for the material index with name ‘MATID’ and type ‘Whole
Number’ (e.g. Length=3).

(5) Add a third attribute for holes with name ‘hole’ and type ‘Whole Number’
(e.g. Length=1%).

(6) Optionally add another attribute with name ‘Type’ and type ‘Text data’

(e.g. Length=20) to assign a specific description for each region (e.g. ‘River bed’, ...)

7) Save the layer with name ‘regions_ points’.

(7)
(8) Right-click on the layer ‘regions_points’ in the TOC and go to Toggle Editing.
(9) Go to Edit — Add Feature
(10) Add six features (points) inside the regions displayed in Figure 1.17
)

(11) Click somewhere inside the particular region. Enter an arbitrary id and fill in the

attributes like shown in Figure 1.17
(12) Go to Layer — Toggle Editing and save the changes.
The value of the attributes ‘max_ area’ (left) and ‘MATID’ (right) are used as label. In

this example three different region ‘Types’ have been defined: ‘river bed’, ‘embankment’
and ‘surrounding’
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Figure 1.16 New point layer ‘region__points’

() New Shapefile Layer X
File name ‘regionsﬁpointi a ‘ |:\
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max_area Real 10 3
MATID Integer 3)
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type String 20
< >

Remove Field

OK ‘Cancel‘ | Help ‘

(@ regions_points — Features Total.. — O X
J R = HEERYESP -
id * max_area MATID type hole
1 |] NULL NULL hole 1
2 1 10.000 1 river_bed 0
3 2 50.000 3 embankment 0
4 3 50.000 3 embankment 0
5 4 30.000 3 embankment 0
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7 6 NULL 4 surrounding NULL

? Show All Features,

Figure 1.17 Region marker points
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1.2.11 Creation of Quality Mesh

We can now use BASEmesh to generate a mesh with high quality properties by controlling
cell sizes, using breaklines and holes and other parameters. Please note that the quality
mesh created in this section does not incorporate any elevation data. This information will
be added in the next step of the tutorial.

(1) Go to Plugins — BASEmesh — Quality meshing, or click the respective button @
in the toolbar.

On the left side of the dialog (Figure 1.18) you can define the input layers. See Section
3.2 “2D grid generation with BASEmesh QGIS plugin” of the BASEMENT User Manual
for further explanations. On the rights side status messages as well as Triangle’s output
messages are displayed during meshing. Tool-specific help can be found in the Help-tab.

(2) Select the different fields according to Figure 1.18

(3) Check the optional button for Breaklines, and Regions. Within the Layer
‘region_ points’ check the attributes mazimum area, material index and holes like
shown in Figure 1.18.

In this tutorial a minimum triangle angle of 28 degrees was chosen. This means that no
elements with angles smaller than 28 degrees are created. Therefore a smaller value leads
to a smaller number of elements in the mesh, while a larger value leads to a higher number
of elements but less distorted triangles.

(4) Finally, click on run to generate the quality mesh.

If the mesh contains regions with almost infinitely dense triangulation, again check the
snapping of your model boundary and the breaklines used for quality meshing or increase
the Relative snapping tolerance (see Tipps and Tricks Section 1.3).

1.2.12 Generation of the Computational Mesh

The quality mesh generated in the previous step still lacks any elevation data. Before it
can be exported and used for simulations, elevation data has to be interpolated on the
nodes of the quality mesh. For this purpose, the elevation mesh created in a previous step
will be used. Alternatively, one could also use raster data as source for the elevation model.

V\,
(1) Go to Plugins — BASEmesh — Interplolation, or click the respective button 2in

the toolbar. A new dialog will open (Figure 1.19).
(2) As input for Mesh layer to interpolate choose the quality mesh.

(3) To make the computational mesh using an elevation mesh, check the radio button
Interpolation via elevation mesh, and select the desired elevation mesh. If you wanted
to make the computational mesh using a DEM, you could check the radio button
Interpolation via DEM (raster) and select the DEM.
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2% BASEmesh - Quality meshing X

Triangulation constraints Output log Help
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v/ Minimum angle constraint 280 |5
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Region marker layer & : regions_point: ¥
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v Maximum area field 'max_area v
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Qutput

storials/tutoriall/Tutorial_quality-mesh.2dm Browse...

Keep triangle files /| Add saved file to map Export log...| | Clear log

Cancel

Run Close

Figure 1.18 BASEmesh Quality Meshing

(4) Click on Browse and input a name for the computational mesh.

(5) Click on run. On Windows systems, the interpolation dialog might be marked as Not
Responding. On Linux systems, the interpolation dialog might be darkened. This
does not necessarily mean that the process stopped or had errors: The system is
simply busy.

In case of a large number of elements (>10’000), the interpolation might take up several
minutes. In general, the interpolation from raster data is faster than the interpolation
from the elevation mesh. For every node of the quality mesh, the elevation has been
interpolated based on the elevation mesh given. Therefore, the locations of the newly
created interpolated nodes are identical to the nodes of the quality mesh, but contain
the interpolated elevation data as attribute. The result can be checked for plausibility by
labeling the elevation nodes layer and the interpolation result layer with their elevation
attributes and comparing the values.

1.2.13 Viewing the computational mesh

During the interpolation step, elevation data has been added to the mesh. With this
additional information we are now able to view both the elevation data and the mesh itself.
This can be useful to check for plausibility.

(1) The elevation data of the computational mesh will be visible. To view the mesh, right
click on the computational mesh in the layers toolbar, select Properties — Symbology
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Input
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Output
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v/ Add saved file to map

Cancel
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Figure 1.19 BASEmesh Interpolation

— select Native Mesh Rendering — OK. The computational mesh for this tutorial

should look as it does in Figure 1.20.

(2) The computational mesh is now ready for use in a BASEMENT simulation.
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Figure 1.20 Computational mesh
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1.3 BASEmesh Tips and Tricks

1.3.1 Recommended Plugins

QGIS offers the possibility to extend its features using plugins from various sources. We
recommend in particular the following plugins.

Core plugins:

fTools This is the main plugin for many common vector-based GIS tasks. Core plugin,
which can be activated in the plugin manager.

Spatial Query Plugin Core plugin of QGIS, which can directly be activated in the QGIS
plugin manager without downloading. Spatial Query is comparable to ArcGIS’ Select by
Location feature and enables the user to select features in a target layer with reference to
another layer. Possible operators are: contains / equals / overlap / crosses / intersect /
touches / within.

Select Within Another spatial query plugin that runs through each geometry you want
to select from and tests if the centroid falls within the selected geometry. This plugin is
especially useful to select mesh elements for the assignment of material indices.

Processing Spatial data processing framework, which gives access to a large number of
analysis algorithms. It can also connect external algorithms from other GIS packages, such
as GRASS, SAGA or Orfeo Toolbox. One of the main features is the graphic modeler, where
frequent workflows can be graphically represented by the user and executed automatically.

Python plugins:

Python plugins are mostly contributed by the worlwide QGIS user community. Most of
them are stored in the official repository and available as stable or experimental versions.

Crayfish plugin Visualizes result data on structured or unstructured meshes using color
maps and vectors. Crayfish is able to directly visualize result data from the numerical
simulation software BASEMENT (see Post-Processing tutorial Section 2.1).

Point to One Converts a series of points to lines or polygons based on a common attribute
or a sequence field.

Point Sampling Tool Samples polygon attributes and raster values from multiple layers
at specified sampling points.

Dxf2ShpConverter Conversion and import of dxf files.

Interpolation plugin Very useful for interpolating raster maps of given elevation data,
e.g. point clouds.

1.3.2 Tips and Tricks

The following list contains some basic tips and tricks for problem handling and the daily
work with BASEmesh.
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Creation of polygons out of intersection polylines: In many cases, polygons must
be created out of intersecting polylines, e.g. for the definition of model boundary polygons
based on breaklines. For completing this task, two features are available in QGIS:

e via fTools: Select Vector — Geometry Tools — Lines to polygons. Quite simple
menu, no parameters or options can be chosen (standard option). Prone to errors
with complex geometries.

e via the Processing toolbox: Select Processing — Toolbox — QGIS geoalgorithms —
Vector geometry tools — Polygonize. Complex geometries are handled well by this
tool, multiple options and a log are available.

Creation of a model boundary based on elevation data: When creating an elevation
mesh, all vertices of a model boundary polygon must lie on elevation points. Otherwise,
there might be interpolation errors in the following meshing steps. Therefore, it is advisable
to create a model boundary using the Convex hull(s) - feature of QGIS. Below is a short
example using the input data provided with Section 1.2.

o Select Vector — Geoprocessing Tools — Convex hull(s)

o As Input vector layer select ‘XS__points_ straightened’.

e Check the radio button Create single minimum convex hull.
e Select an appropriate name for the output shapefile.

e Check Add result to canvas.

e Select OK, after completion close the dialog. Your result should now look like
Figure 1.21 .

What to do if Triangle creates (almost) infinitely dense triangulations:

e Polylines that are used for the segmentation of boundary polygons must end in
vertices of the polygons. Otherwise, Triangle creates an almost infinitively dense
triangulation to ensure its angle and area criteria.

e Be aware that using the vertexr editing tool generates a new vertex point at each
double-clickg. This can easily lead to the generation of two or more points at the
same location or very near to each other. In such a case, Triangle creates a very
dense triangulation due to its angle and area criteria.

o Prevent situations where breaklines (and corresponding vertices) have very short
distances to each other. The resulting mesh will be very fine in these regions. Meshing
sometimes requires to manually adapt the input data and to make compromises
between mesh quality and accuracy in certain regions.

e Use the Relative snapping tolerance provided in the BASEmesh dialogues FElevation
meshing Yﬂ Quality meshing @ and String definition N The mesh shown in
Figure 1.22 on the right was generated with the default Relative Snapping Tolerance
of -6. This led to a very dense triangulation at the intersection of breakline and
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Figure 1.21 QQGIS Convex hull

model boundary since the breakline is not exactly snapped to the vertex of the model
boundary. Futhermore MATID 3 was not considered for the embankment as desired.
To prevent such behaviour, increase the tolerance to -3 for example. This allows you
to generate a proper mesh like shown in Figure 1.22 on the left.

Do not group layer in the table of contents (TOC): Grouping layers in the TOC
may lead to errors because the resulting shapefiles cannot be generated after triangulation.

Conversion of 3D shapefiles to 2.5D shapefiles with elevation attributes This
special kind of shapefile is sometimes used in ArcGIS. The 3rd dimension value is not
stored in the attribute table (as in 2.5D shapefiles), but in the geometry definition itself.
The x and y coordinates of such shapefiles can be displayed in QGIS, but the elevation
information is inaccessible and lost. In the following, three workflows are illustrated how
to convert 3D shapefiles to 2.5D shapefiles:

e GDAL - ogr2ogr: On Linux systems, this GDAL command line tool is directly
accessible on the shell. On Windows systems, the tool can be used in the
OSGEO4W-shell. For further information, please visit the GDAL homepage

o Spatialite:

— Open QGIS, add your shapefile and save it as Spatialite (or alternatively use
the QGIS DB Manager to drag and drop the shapefile to an already existing
Spatialite Database).

28 VAW - ETH Zurich version 4.0.2


http://http://www.gdal.org/

BASEMENT System Manuals 1.3. BASEmesh Tips and Tricks

Legend

D model_boundary
breaklines_qualMesh

Quality_elements.shp

[ maTD 1
B vATID 3
I vaTID 4

Relative snapping tolerance = -3 Relative snapping tolerance = -6

Figure 1.22 Quality meshing using the Parameter ‘Relative snapping tolerance’

— Add the newly created Spatialite vector and through the QGIS vector properties
(‘fields’ tab) add a new column, that will store the z-values.

— In the QGIS DB Manager SQL Window use this command: update tablename
set columnname = st_z(st_pointn(geom,1)).

— If at the end of the process you really need to have a shapefile (shame on you)
then just use the ‘save as...’ function of QGIS.

o PostGIS:

— Import the shapefile to your PostGIS database

ogr2ogr -f “PostgreSQL” PG:“host=yourhost user=user dbname=dbname
password="*****" shapename.shp

— Connect to your database

psql -h yourhost -U user dbname

— Add a column

— ALTER TABLE tablename ADD COLUMN columnname numeric(19,11);
— Fill the column with the z-values

— update tablename set columnname=st_z(ST PointN(wkb_ geometry,1));

— Save result as shapefile
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2

Post-Processing of 2D simulation

results

2.1 Introduction

In the following tutorials it is demonstrated how to do the post-processing of 2D results
generated by a BASEMENT simulation. For this purpose the free and open source GIS
software QGIS is applied.

In addition, the free and open source application ParaView is used to generate 3D views of
the BASEMENT simulation results.

2.2 2D result visualization with QGIS

2.2.1 Input data

The data needed to complete this tutorial comes as ZIP-file and needs to be extracted to
a location of your choice. All screenshots and figures in this document were generated
with QGIS version 3.16 ‘Hannover’. Along with the computational grid (Flaz_mesh.2dm),
the results of the unsteady flow simulation of the tutorial ‘Hydrodynamics and
sediment transport at the river Flaz’ (Section 4.1) are used for visualization. In the
SPECIAL _OUTPUT Block of the BASEMENT model file select format ‘sms’ to generate
result files that can be visualized in QGIS (see Figure 2.1). QGIS can handle both types
node__centered and element__centred results. Be aware that most of the data (e.g. depth,
velocity, wse,...) is calculated on the elements during simulation. When chosing type
node__centered, these results are interpolated to the nodes by BASEMENT and written to
the solution files (*.sol).
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€D BASEMENT — [m] X
File Help
a Scenario Directory: |Ci/tmp/Flaz-2D/Flaz-02-hydraulic-transient i J
Setup Define Scenario Parameters
Sbiaton Parameter > Value Validation
Results v SETUP
v BASEMD
v BASEPLANE_2D
v [0
GEOMETRY
HYDRAULICS
v OUTPUT
v SPECIAL_OUTPUT
[0]
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format P “sms"
output_time_step P 1000.0
threshold_wse » -1000000.0
type P “node_centered"
values
2]
E]]
4
console_time_step » 500.0
restart_time_step P 1e+32
TIMESTEP
region_name » “Flaz"
PHYSICAL_PROPERTIES
multiregion » “Flaz"

simulation_name » 2D _Tutorial*

0% | Configuration File: model.json | Setup File: setup.hS Write
BASEMENT

Figure 2.1 Settings defined in the SPECIAL__OUTPUT Block of BASEMENT to
generate time dependend result-files (*.sol) of a 2D simulation

2.2.2 About Crayfish

Crayfish is a plugin (extension) developed by Lutra Consulting for the free and open source
GIS platform QGIS. The Crayfish plugin aspires to be a complete set of post-processing
tools to support numerical modelling within QGIS. With the functionalities of Crayfish,
users can load time varying mesh into QGIS. In more recent editions of QGIS version 3, the
Crayfish functionalities come incorporated automatically into the QGIS core. Currently,
QGIS supports a number of hydraulic modelling software packages including BASEMENT.

The functionalities of Crayfish allow for loading and rendering of results directly, rather
than converting them to other GIS formats before viewing. This allows users to flick
quickly through the various output steps in the result files and to create animations.

2.2.3 Installation

For recent editions of QGIS version 3, the Crayfish functionalities come incorporated
automatically into the QGIS core. Therefore, installation of a separate plugin is not
needed.

For older versions of QGIS, Crayfish can be installed from the official QGIS plugin repository.
It requires binary libraries specific to your platform. Lutra consulting distributes Windows
(32-bit and 64-bit) DLL files and Linux libraries (64-bit) for Debian-based distributions
(Ubuntu, Debian, Linux Mint, etc). If your operating system is one of these, the plugin
should automatically download the required libraries. To install Crayfish from the QGIS
plugin repository, follow these steps:

(1) Start QGIS
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(2) Load the QGIS plugin manager by choosing Manage and Install Plugins. .. in the
menu Plugins in the QGIS main toolbar

(3) In the tab All type ‘Crayfish’ into the search field and click Install plugin

Once Crayfish is installed successfully, a new icon } should be added to your Layers
toolbar.

2.2.4 Load and visualize data
2.2.4.1 Project Settings

In order the display the provided geodata correctly, some settings regarding the coordinate
reference system (CRS) have to be defined. In this tutorial we use the same CRS
(CH1903/LV03) like in the tutorial of BASEmesh (Section 1.1). With the following
steps, the project’s CRS can be changed:

(1) Go to Project — Properties.

(2) Under the tab CRS you can see the coordinate reference system settings for the
current project.

Enter EPSG code ‘21781’ into the field Filter.

Select the coordinate reference system ‘CH1903 / LV03’ and click OK.

Define a Project title under the tab General — General Settings*.

Close the Project Properties window. If everything went well, you should see the
chosen project name at the title of the QGIS main window and the EPSG code of
your coordinate system at the lower right corner of the QGIS desktop.

(3)
(4)
(5) Again go to Project — Project Properties — CRS.
(6)
(7)

2.2.4.2 Loading results of unsteady flow simulation (river Flaz)

The provided data is stored in the ‘QGIS’ subfolders ‘background_ data’, Flaz_mesh’ and
‘2D _ results’ You can either use these data or visualize your own mesh and/or simulation
results of the BASEMENT 2D tutorial ‘Hydrodynamics and sediment transport at the
river Flaz’.

Loading geodata

(1) Go to Layer — Add Layer — Add Raster Layer (Alternatively press Ctrl4+Shift+R
= =

or use the Add Raster Layer icon = k& in the Manage Layers toolbar).

(2) Browse to the folder ‘background_ data’ and load the areal image ‘Flaz_ si25.tif"
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Figure 2.2 Project Properties, CRS

(3) Go to Layer — Add Layer — Add Vector Layer (Alternatively press Ctrl+Shift+V

\

(4) Browse to the folder ‘Flaz_mesh_data’ and load the provided shapefiles (*.shp).

or use the Add Vector Layer icon in the Manage Layers toolbar).

The color schemes of newly added layers are randomly chosen by QGIS. You can change
them by right-clicking on a layer — Style — select a color from the palette. QGIS displays
the loaded layers according to their order in the Layers control panel.

Adding Results layers

To view 2D results, first, we load the computational mesh of the 2D simulation. If you
use your own data, make sure to load the latest mesh file (*.2dm) you used for your
simulations. Otherwise the node ids of the mesh won’t match those of the result files and
the visualization won’t be correct.

(1) Go to Layer — Add Layer — Add Mesh Layer or use the Add Raster Layer icon
in the Manage Layers toolbar).

(2) Browse to the folder ‘03_2D_ results’ and load the mesh ‘Flaz_ mesh.2dm’.
Now load the result files of the 2D simulation:

(1) Double-click on the mesh layer. Go to Source — Available Datasets Layer — Assign
extra dataset to mesh

(2) Browse to the folder ‘03__2D_ results’ and load the solution files ‘Flaz_nds_ depth.sol’

and ‘Flaz_ nds_ velocity.sol’

The appropriate mesh file should be loaded automatically when the user opens a .dat or
.sol file. If the mesh file is named differently, users will be prompted to locate the mesh file
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Layer Styling 4
@ Flaz_mesh

" Groups

Bed Elevation

depth

velocity ~

Figure 2.3 Layer Styling Panel Groups

manually. In this case, browse to the location of your mesh and double-click on the file
(*.2dm).

If a quantity contains time-varying data, you will be able to browse through the output
times defined by the ‘output_ time_step’ in the BASEMENT command file (see Figure 2.1)
and change the timing through the time control.

2.2.4.3 Display properties

The style of the displayed quantities can be modified in the Layer Styling panel. On the
1st tab of the Layer Styling Panel, you can select which layer associated with your 2dm
that you would like to edit. To select a layer, click on the icon to the right of the layer
name (see Figure 2.3).

Contour styles

Styling of contours can be done in the 2nd tab of the Layer Styling Panel (see Figure 2.4).
In this tab you can:

e Create your own color ramp
e Set the interpolation in the color ramp
e Save and load color settings

o Fill values below or above min/max

Vector Styles

To activate the vectors, Go to the 1st tab of the Layer Styling Panel — Click on the arrow
to the right of ‘wvelocity’. Vector styling of the velocity vectors can then be done in the 3rd
tab of the Layer Styling Panel (Figure 2.5).

In this tab you can:

e Set the color, length, and width of the vectors
o Filter by min/max
e Set vector head size

e set an arbitrary grid, where vectors will be displayed by activating Display on User
Grid. This is particularly useful to view a smoother vector interpolation.
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Figure 2.4 Layer Styling Panel
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Figure 2.5 Vector Options window of the Layer Styling panel
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Figure 2.6 Rasterize

2.2.4.4 Export results to raster

For further results analysis, it might be useful to export the simulation results into raster
format. Crayfish offers the possibility to directly resample the results data at a desired
output time step on a desired output resolution.

(1) In the Processing Toolbox, search for ‘Rasterize.’ Select the Crayfish Rasterize tool.
(Figure 2.6)

(2) Set the “Minimum extent to render” based on Calculate from layer —
Flaz_model_boundary (make sure QGIS window is zoomed to show entire
model domain).

(3) Select the mesh layer that contains the results data.
(4) Select the desired data, timestep, and grid resolution.

(5) Click OK .

(1) Right click on the newly created layer — Click Export — Save as. . .

(2) Save the raster layer as a GeoTIFF (Figure 2.7)

The generated raster is stored in Geo-Tiff format (*.tif) and will cover the extent defined by
the model boundary. The flexible raster format allows further post processing steps of the
simulation results. After having exported both quantities depth and velocity, you can easily
calculated the product depth * velocity using the QGIS Raster Calculator for example.
This might be of particular interest when generating flood hazard maps for example.

(1) Go to Raster — Raster Calculator.
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Figure 2.7 Save as GeoTIFF

(2) Specify the Raster calculator expression as shown in Figure 2.8 by double-clicking on
the Raster bands depth and velocity in combination with the required Operators.

(3) Define the Output layer and press OK.

The new calculated raster dataset will cover the same extent like the two input datasets
and will be stored in Geo-TIFF format as well.

2.2.4.5 Profile tool

If you want to analsye the temporal change of a variable along a certain cross section of a
river reach during a BASEMENT simulation, in principle there are two options:

e Define a STRINGDEF along the desired location within your computational grid
and chose a SPECIAL_ _OUTPUT of type stringdef history with the reqiured
stringdef _values.

e Use the QGIS plugin ‘Profile Tool” and analyse the results of a Crayfish layer.

The advantage of option two is a fast and easy evaluation at any location of the modelled
domain, without having definied any stringdef history outputs beforehand.

Installation

The Profile Tool plugin can be installed via the official QGIS repository:

(1) Load the QGIS plugin manager by choosing Manage and Install Plugins... in the
menu Plugins in the QGIS main toolbar.

(2) In the tab All type ‘Profile tool’ into the search field and click Install plugin.
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Figure 2.8 Applying QGIS Raster Calculator
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Figure 2.9 Velocity profile along a temporary polyline generated with the ‘Profile Tool’
plugin

Once the ‘Profile Tool’ is installed successfully, a new icon Il should be added to your
Layers toolbar.

Usage

In general, there are two options to use the ‘Profile Tool’:

1. Using a temporary polyline:

With this option, you can draw an arbitrary polyline at the location of your choice.
Along this line the data of the selected Quantity will be extracted.

(1) Click on the Terrain profile icon rﬁ-—\" and the Profile Tool window pops up.
(2) In the field Selection chose Temporary polyline from the dropdown menu.

(3) Use the black cross to draw a red line along the desired location of your displayed
Quantity (see Figure 2.9).

(4) Start drawing the line with a click and finish the line with a double-click

Now the profile of the chosen quantity should be displayed in the Profile Tool window
(see Figure 2.9 below). From there you can save the graph in different formats or
export the raw data via the tab Table.

2. Using a selected polyline:

With this option you can chose an existing polyline feature e.g. a certain cross section
to extract the desired quantities.
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Figure 2.10 Velocity profile along the red line drawn at the location of cross section
‘CS10’° generated with the ‘Profile Tool’ plugin

(1) First make sure to Deselect Features from All Layers pressing the respective

toolbar button k<

(2) Again click on the Terrain profile icon Il and the Profile Tool window pops
up.

(3) In the field Selection now chose Selected polyline from the dropdown menu.

(4) Right-click on the layer ‘Flaz_ cross_sections’ and go to Open Attribute Table.

(5) Select the feature with name ‘CS10’ and left-click into the map displayed in the
QGIS main canvas.

Again the profile of the chosen quantity should be displayed in the Profile Tool
window (see Figure 2.10). Note that the profile also contains entries with value 0
since the extent of the cross section is wider than the wetted main channel.

2.2.5 Creating maps and animations

An important step of the post processing of simulation results is the creation of maps for
example of flow depths or velocities to be published in reports or presentations. For this
purpose QGIS offers a powerful tool called ’Print Layout which allows you to take your
GIS layers and package them to create professional maps including legend, scale bar or
text boxes. It is possible to display and export BASEMENT results layers using the QGIS
"Print Layout. This tutorial can’t cover the whole functionality of the 'Print Layout, but
some of the main features, needed to create proper figures and animations of 2D simulation
results are explained subsequently. Check the online User Guide of the software QGIS for
further documentation.
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Figure 2.11 QGIS Print Layout with some of the basic control features

2.2.5.1 Customized layout (QGIS print Layout)

After loading all the layers to be exported in a map into the main QGIS canvas, we can
start to assemble our map. Note, that only layers which are checked / enabled in the
Layers control panel of the main canvas can be displayed in the Print Layout.

|

(1) Go to Project — New Print Layout or press the New Layout icon ““ in the toolbar.

(2) You will be prompted to enter a title for the layout e.g. ‘export_ figure’ If left blank,
a default name will be applied.

A new Print Layout opens up (see Figure 2.11). The main control buttons to add and
modify maps can be found in the toolbar on the left site. You can also specify the layout
and export resolution in the tab Layout on the right site.

After defining a proper layout a new map can be added:

(1) Press the Add map button “ £, hold the left mouse button and drag a rectangle
where you want to insert the map.

The rectangle window will be rendered with the currently active map from the main QGIS
canvas. In this example the ‘depth’ results shall be displayed together with the background
areal image, breaklines and mesh elements (see Figure 2.12). The rendered map might not
cover the desired extent of interest. To alter the displayed map extent and/or zoom:

4
(1) Select Move item content *= to pan the map in the window to desired position.

(2) Once Mowve item content is active, you can change the map zoom using the mouse
wheel.
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Figure 2.12 QGIS Print Layout with displayed results layer ‘depth’. Orthophoto: © 2016
swisstopo (JD100041)

The map is now listed as ‘Map 1’ in the Item dialogue box. Further map properties can be
defined via the tab Item properties. Additionally, we want to add a legend to our map:

(1) Press Add legend =':, hold the left mouse button and drag a rectangle where you
want to insert the legend.

(2) The legend will appear as new Item ‘Legend’ in the Items dialogue box (see
Figure 2.13). Go to Item properties in order to modify the legend entries.

(3) Under Legend items uncheck/disable the auto update function. Now you can remove

the legend items that shall not be displayed using the minus button & In this
example everything but the ‘Flaz__mesh’ and the ‘model_boundary’ is removed. The

order of the legend items can be changed with the up “® and down ¥ buttons.

So far no units of the ‘depth’ are displayed in the legend. Furthermore, we want to add
scale bar and a north arrow to our map:

(1) Click on ‘depth’ in the Legend items dialogue box and press edit A
(2) Type ‘depth [m]” and press OK

(3) With the additional Item properties you can modify Fonts size and style of the legend
entries as well as the size of the symbols or spacing of the columns and rows.

[ ===}
(4) To insert a scale bar press the Add new scalebar button and click to the map at
the desired position.

(5) A new [tem ‘scale bar’ appears in the Items dialogue box and again properties of the
scale bar can be modified via the Item properties tab.
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Figure 2.13 QGIS print layout with displayed results layer ‘depth’ after inserting the
legend. Orthophoto: © 2016 swisstopo (JD100041)

(6) To insert a north arrow, press the Add image button "2 and click to the desired
location.

(7) A new Item ‘picture’ is listed in the Items dialogue box.

(8) A new Item ‘Picture’ appears in the Items dialogue box. In the Item properties tab
you will find a preview of different arrow styles offered by QGIS, it is also possible to
Add and Remove Image search paths manually.

If everything went well, your Print Layout should now look like shown in Figure 2.14. The
map is now ready to be exported or printed. You can add additional features like text or

images to the map at your convenience. Just use the Add image " or Add label buttons

[T,
=d. You can save your map properties as template for further QGIS projects.
=]

(image.png) Go to Layout — Save as Template or use the button in the main toolbar.

In general the Print Layout is stored together with the main QGIS Project. If you open a
project in which you defined a Print Layout in, you will always be able to access it via the
main QGIS canvas.

(1) Go to Project — Layout manager where you can find a table of all print layouts
defined within the main QGIS Project.

For the export of your map several formats are available in the Print Layout.

(1) Go to Laout — Ezport as Image to export the map as raster image e.g. png, jpeg,
tif,. ..

(2) Alternatively chose export as PDF or export as SVG to save the map in vector
format.
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1 item selected

2.2.5.2 Export animation

If your simulation results are time dependent like those provided in this tutorial, you might
not just want to export selected time steps as maps, but rather create an animation over
the whole run time of the simulation. Before exporting your time-dependent result, you
have to define the layout of your animation in the QGIS Print Layout.

We can continue from the Print Layout of the previous section (Section 2.2.5.1). Using the

A
Mowe item content @, zoom the map out to see the entire model domain. You may want
to change the size of the scale bar, which can be done in the Item properties tab. You may
also set the paper size and orientation: Right click on the map — select “Page Properties”.

In order to display the runtime of the simulation some additional steps are required:
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(1) Press Add label Il.l:' and add a text field below the Legend.

(2) Go to Item properties and type ‘run time:’ into the Main properties field.

(3) Define Font size, Frame, and Background as desired.

(4) Again press Add new label and insert a second text field to the right of the first.
(5) Don’t change the default expression ‘Lorem ipsum’ in the Main properties field.

(6) Go down to Item ID and type ‘time’ into the ID field

Now the text field is linked to the simulation runtime, which will be displayed during the
animation.

(1) Go to Layout — Save as Template or use the button

The customized layout of the animation is saved as QGIS layout template (*.qpt) and will
be used during the animation export.

The final export of the animation is done from the QGIS main canvas:

(1) Right click the ‘Flaz_mesh’ layer, select Export animation... and a new window
will appear (see Figure 2.16).

(2) In the tab General you have to specify the start and end times of the animation, the
frame rate in frames per second (fps), and the output directory.

(3) In the tab Layout chose Custom layout (.gpt) and browse to the location where you
saved the Print Layout template (step 56).

(4) In the tab Video you can chose the Quality of the animation. The choice will affect
the time to generate the animation as well as the resulting file size.

(5) Under Video encoding utility (FFmpeg) to use: chose custom.

(6) Press OK to begin generation of the animation.

A window may pop up saying that “The tool for video creation (FFmpeg) is missing ...”

(Figure 2.17). Follow the instructions depending on your system (Windows or Linux).

(1) Finally press OK. QGIS will inform you that the export of the simulation was
successful.
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Figure 2.16 QQGIS Ezxport Animation window

The tool for video creation (EEmpedq) is missing. Please check
your FFmpeg configuration in Video tab.

Windows users: Let Crayfish plugin download FFmpeg
automatically or download FFmpeg manually and configure
path in Video tab to point to ffmpeg.exe.

Linux users: Make sure FFmpeq is installed in your system -
usually a package named £fmpeg. On Debian/Ubuntu systems
FFmpeg was replaced by Libav (fork of FFmpeqg) - use libav—
tools package.

Figure 2.17 QGIS Ezxport Animation FFmpeg
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2.3 3D result visualization with Paraview

2.3.1 Input data

The data needed to complete this tutorial comes as ZIP-file and needs to be extracted to a
location of your choice. All screenshots and figures in this document were generated with
ParaView version 4.3.

The result files (*.vtk) used for visualization in this tutorial come from the River Flaz. In
the SPECIAL_OUTPUT Block of the BASEMENT command file select format ‘vtk’ to
generate result files that can be visualized with ParaView (see Figure 2.18).

2.3.2 About Paraview

ParaView is an open source application for visualizing 2- and 3-dimensional data sets. The
size of the data sets ParaView can handle varies widely depending on the architecture
on which the application is running. The platforms supported by ParaView range from
single-processor workstations to multiple-processor distributed-memory supercomputers or
workstation clusters. Using a parallel machine, ParaView can process very large data sets
in parallel and later collect the results.

More Information

In this tutorial, only a very small part of the enormous functionality of ParaView will be
covered. The documentation as well as a number of tutorials is available online as Public
Wiki. ParaView also offers an online help that can be accessed by clicking the help button

B in the application.

2.3.3 Installation

To use ParaView on your own computer simply go to the Download page of ParaView.
The software is available for Windows, Linux and Mac.
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Figure 2.19 ParaView GUI

2.3.4 User Interface

The layout shown in Figure 2.19 is the default layout given when ParaView is first started.
The GUI comprises the following components:

Menu Bar As with any other program, the menu bar allows you to access the majority of
the features.

Toolbars The toolbars provide quick access to the most commonly used features within
ParaView.

Pipeline Browser ParaView manages the reading and filtering of data with a pipeline.
The pipeline browser allows you to view the pipeline structure and select pipeline objects
for visualization. To toggle visibility of single objects, click on the ‘eye-symbol’.

Properties Panel The properties panel allows you to view and change the parameters of
the current pipeline object. Use the Toggle advanced properties button to show and hide
advanced options. The properties are by default coupled with an Information tab that
shows a basic summary of the data produced by the pipeline object.

3D View The remainder of the GUI is used to present the data so that you may view,
interact with and explore your data. This area is initially populated with a 3D view that
will provide a geometrical representation of the data.

Note that the GUI layout is highly configurable. To toggle the use of a toolbar, go to View
— Toolbars and check/uncheck the available options.
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Figure 2.20 ParaView GUI with 3D view of the domain Flaz

2.3.5 Import Data

The provided results are stored in the subfolder ‘ParaView’ Although the folder contains
91 vtk-file representing 91 output timesteps, we can load the results as one single data
package:

(1) Go to File — Open or use the Open button Iﬁ in the toolbar.

(2) Browse to the ‘ParaView’ folder, select the file ‘Flaz_nds_vtk_all-..vtk’ and press
OK.

Note that opening a file is a two step process in ParaView, so you don’t see any data yet.
(3) In the Properties Panel, click on Apply to load the data.

Now a 3D preview of the domain Flaz should be rendered to the 3D view. From the
dropdown in the toolbar, we can select, which quantity shall be visualized. Alternatively,
the quantities can also be selected under Coloring in the Properties panel. In this example
the quantities ‘depth’, ‘velocity’ and ‘wse’ are available (see Figure 2.20). With the option
‘Solid Color’, just the geometry of the domain without any time depending quantity can be
displayed. To visualize the mesh elements, select ‘Surface with edges’ instead of ‘Surface’
from the dropdown menu. The color of the mesh elements can by modified under Edge
Styling, which is enabled by toggeling the advanced properties (see Figure 2.20).

2.3.6 ParaView Filters

2.3.6.1 Overview

In ParaView a large number of so called Filters can be applied. Filters are functional units
that process the data in order to generate, extract or derive features from the data. Here
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are some of the most common, which are available by clicking the respective icon in the
filters toolbar.

Calculator I ' Evaluates a user-definied expression on a per-point or cell basis.

Contour @ Extracts the points, curves, or surfaces where a scalar field is equal to a
user-definied value. This surface is often also called an isosurface.

Clip C Intersects the geometry with a half space. The effect is to remove all the geometry
on one side of a user-defined plane.

=2l
Slice % Intersects the geometry with a plane. The effect is similar to clipping except
that all that remains is the geometry where the plane is located.

Threshold m Extracts cells that lie within a specified range of a scalar field.

g
Extract Subset ' Extracts a subset of a grid by defining either a volume of interest
or a sampling rate.

q'\.
Glyph =4 Places a glyph, a simple shape, on each point of the mesh. The glyphs may
be oriented by a vektor and scaled by a vector or scalar. With this Filter it is possible to
visualize velocity vector for example.

For further information about available Filters, please refer to the documentation of
ParaView.

2.3.6.2 Applying Filters to data

After introducing the basic concept of Filters, we are now ready to apply three different
Filters to our dataset. The goal is, to generate a 3D view of the time depending water
surface elevation (wse) superimposed on the mesh geometry. First we want to display the
geometry with vertical exaggeration for better contrast.

(1) In the toolbar chose ‘Solid Color’ and ‘Surface’ from the dropdown menu (see
Figure 2.21)

(2) Go to Transforming in the Properies panel (advanced properties) and alter the Scale
in the third column (z-direction) from 1 to 2 and press Enter.

(3) Reload the 3D view by clicking on the eye symbol in the Pipeline Browser.

Filter: Warp by Scalar

This Filter moves point coordinates along a vector by a distance determined by a user
defined scalar for the active data set.

(4) Select the data set ‘Flaz_nds_vtk_all-*’ from the Pipeline Browser.

(5) In the menu bar go to Filters — Alphabetical and select Warp By Scalar.
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Figure 2.21 Vertical exaggeration of solid mesh
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(6) In the Properties panel chose ‘depth’ as Scalars and press Apply (see Figure 77)
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(7) Select the data set ‘WarpByScalarl’ from the Pipeline Browser.
(8) In the toolbar chose ‘depth’ and ‘Surface’ from the dropdown menu (see Figure 2.22)

(9) Again alter the Scale in z-direction from 1 to 2.

Filter: Threshold

Applying a Threshold Filter, we are able to blank out elements with a water depth below
a certain threshold:

(10) Select the data set ‘WarpByScalarl’ from the Pipeline Browser.

(11) In the menu bar go to Filters — Alphabetical and select Threshold or directly access

the Filter pressing the respective button @ in the toolbar.

(12) In the Properties panel for ‘Threshold1’ chose ‘depth’ as Scalars and specify the
Minimum and Mazimum as shown in Figure 2.23, than press Apply.

(13) Repeat the steps 1-3 for the layer 'Threshold1’in order to adjust the coloring and the
vertical exaggeration.

(14) Toggle visibility of the layers ‘Flaz_nds_vtk_all-*” and ‘Threshold1’ in the Pipeline
Browser.
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Annotate Time Filter

So far our 3D preview of the simulation results is missing a time annotation, which shows
the current simulation runtime of the selected output timestep. To add this information:

(15) Select the data set ‘Thresholdl’ from the Pipeline Browser.
(16) In the menu bar go to Filters — Alphabetical and select Annotate Time Filter
(17) Specify the Properties like shown in the Properties panel of Figure 2.24 and press

Apply.

Note that the definition of Format, Shift and Scale is highly dependent on the data you
want to visualize. For the provided data a runtime of 1800 seconds and an output timestep
of 20 seconds have been defined in the SPECIAL OUTPUT Block of the BASEMENT
command file. This leeds to 90 time steps you can browse through with the time control
buttons in the toolbar (see Figure 2.24).

o Format %4.0f: Double with a width of 4 characters and a precision of 0 decimal
places.
e Shift 0: Time annotation starts at 0.
e Scale 20: The timespan between the single output steps in 20 seconds.
If everything went well, your 3D view should no like like Figure 2.25. At the beginning
(Time: 0) only the geometry is visible due to the initial condition ‘dry’. From time step 1
to 27 water enters the domain at the upstream boundary and a backwater profile appears

upstream of the inner weir boundary. After time step 28 the weir is overtopped and water
is visible also downstream of the weir boundary.

2.3.7 Exporting figures and animations

One of the most important products of any visualization is screenshots and movies that
can be used for reports and presentations.

2.3.7.1 Save Screenshot (picture)

(1) Go to File — Save Screenshot and a new window with several controls will appear.
(see Figure 2.26)

The Select resolution for the image to save entries allows you to create an image that is
larger (or smaller) than the current size of the 3D view.

(2) Press OK and specify a location for the file to be exported. From the dropdown you
can select several file types. It is recommended to save images as PNG file though.
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Figure 2.26 Export Screenshot

The save screenshot option saves the image as a raster graphic, which is natural for rendered
images and very efficient for large data sets. Howerver, elements like text and other labels
often become disfigured. These elements are better represented as vector graphics, which
use geometrical primitives to draw the shapes. To create a vector graphic:

(3) Go to File — Export Scene and specify an output location. Several file types are
available e.g. *.pdf or *.svg.

2.3.7.2 Save Animation (movie)

(1) Go to File — Save Animation and a new window with several controls will appear.
(see Figure 2.27)

Again, you can create an animation that is larger (or smaller) than the current size of the
3D view modifying the Resolution (pizels) entries. It is advisable to reduce the Frame Rate
(frs) from 15 to 8, otherwise the animation might run to fast.

(2) Press Save Animation and specify an output location.

(3) Select AVI files (*.avi) as file type and press OK.
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