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1 Executive summary

This deliverable (4.1) of the FP7 UrbanFlood project describes a prototype of the Decision
Support System (DSS) that has been developed in the first year of the Project by Work
Package 4 teams (UVA, HRW, TNO, CYF) in close collaboration with the teams working in
other Work Packages, especially WP5 and WP6.

The DSS has been demonstrated during the Joint UrbanFlood & SSG4Env Workshop on
Monitoring and Flood Safety (November 11-12, 2010. Amsterdam, The Netherlands).
Participants of the Workshop have been actively experimenting with the system and
discussing its functionality and usability during the eight "Demo & Info Market" sessions. The
feedback from stakeholders and UrbanFlood Advisory Board indicated that the system has
great potential for dike management authorities and pointed at areas for improvement. In
the remaining two years of the Project, we plan to incorporate all the suggestions from end-
users, in addition to the initially planned activities for the development of a more mature
DSS with rich functionality and wide access for the targeted groups of users.

This report describes the UrbanFlood DSS architecture and the workflow that connects an
interactive user-friendly interface with sensor data streams and with a cascade of models
developed for scenario-based predictions of dike failure, breaching and inundation. One of
the top concerns was the choice of interaction and visualization technologies. In this
deliverable, we describe two technologies developed in the Project: a multi-touch table
application, suitable for Control Rooms and flood management centres; and a Web-based
application, available to a wider range of users, but having a simplified functionality.

The key challenge in building a reliable DSS is the development of advanced modelling and
simulation tools for accurate predictions of dike (in)stability, and for simulation of dike
breaching and flood propagation. For fast predictions and routine dike quality assessment,
hydrological engineering models are employed. Some of the models had been developed
within EU FP6 project FLOODsite, and within the UrbanFlood project they have been adapted
and integrated into the UrbanFlood Early Warning System. These modified models can take
real-time streams of sensor data as input parameters and communicate with other modules
via the Common Information Space.

For advanced research into dike stability and failure mechanisms, the Virtual Dike software is
developed. The role of the Virtual Dike is two-fold: (1) It can help experts to build and
calibrate simplified engineering models by providing fundamental and detailed simulations
of structural mechanics coupled to the fluid dynamics; and (2) It can generate the "virtual
sensor" signals observed in a dike alarming conditions for training the Al modules. The
Virtual Dike simulations are based on the finite element method and require substantial
computing resources (supercomputers in case of 3D simulations of fluid-structure
interaction). To this end, we have secured access to the SARA supercomputing centre and
deployed some of the simulation components on SARA Clouds within the Big Grid initiative.

The design and prototyping of a decision support system for flood control UrbanFlood Report
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2 Introduction and Stakeholder's view on Decision Support
Systems

One of the main goals of the UrbanFlood project is to develop a Decision Support System
(DSS) that will help making informed decisions in case of emergency and in routine dike
quality assessment, thus reducing flood risk and providing advanced tools for flood-
management stakeholders. Together with the sensor network and the ICT platform
developed in other work packages, the UrbanFlood decision support system ultimately
constitutes an Early Warning System (EWS) for disaster management. The UrbanFlood DSS
provides interactive access to sensor data, relevant documents, analysis tools, modelling
software, advanced scientific visualization and expert opinion.

The stakeholder analysis [UrbanFlood-D2.1] has concluded that the system should detect
potentially dangerous conditions, predict dike breaching probability and mechanism, and
provide real-time information during all stages of dike monitoring, including the process of
dike damage, failure and subsequent inundation. According to the list of key requirements
from the dike-management boards and governmental authorities, the DSS has to provide:

intuitive and interactive access to all the data, modelling tools, and other related

information;

- an alert level for dike owners so they know which areas require attention;

- an expert opinion (from a model) regarding the possibility, the type and size of a breach
in a particular dike section;

- anoverview of the flooded area in case of a dike breach;

- an estimate of the number of people affected, damage costs, impact on businesses, etc.;

- a possibility to explore alternatives for emergency dike blow-ups, to save critical

infrastructures and high-value property by flooding some less important areas, like the

fields upstream the river.

It was also emphasized that the development of advanced modelling and simulation tools is
paramount for making reliable predictions and winning the trust of public to the semi-
automated systems in critical areas of civil life. The tasks of modelling and simulation are the
key challenges in DSS development.

In this report, we present the first prototype of the UrbanFlood DSS, including a cascade of
models developed for scenario-based predictions of dike failure, dike breaching and
inundation. Chapter 3 describes a DSS functional workflow and visualization technologies
employed; Chapter 4 presents the Virtual Dike for expert-level modelling; Chapters 5-7 detail
the DSS models for dike reliability analysis, dike breaching and flood propagation; Chapter 8
describes the integration of the DSS components within the Common Information Space and
the overall EWS infrastructure. In Chapter 9 we list the publications, presentations and
demonstrations of the UrbanFlood WP4 activities. Chapter 10 concludes the Report.

The design and prototyping of a decision support system for flood control UrbanFlood Report
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3 Decision support for UrbanFlood early waning system

3.1 DSS workflow and components overview

We have developed a prototype Decision Support System framework that allows easy access
to sensor data, modelling and simulation tools, as well as advanced visualization from
interactive graphical devices. This framework forms the basis upon which interactive
applications can be built that act as the user-interface for a Decision Support System (DSS).
The EWS workflow is presented in Figure 3-1.

Dike
Sensors Sensor
) X monitoring
| Cabinet /\
Reliability " Al Anomaly | . _
Analysis L Detection Virtual Dike
l Fast response e— |

Breaching
Simulation

Experienced user
Advanced simulation

L

High risk? ——
Yes .

\ Wy

Flood ]
' Support
u System Assessment ,l,

Evacuation
Simulator

Figure 3-1. Early Warning System (EWS) workflow.

The ‘Sensor Monitoring’ component receives sensor data from the sensors installed in the
dike. Raw sensor data is filtered by the ‘Al Anomaly Detector’ that identifies abnormalities in
dike behaviour or sensor malfunctions. The ‘Reliability Analysis’ module calculates the
probability of dike failure in case of abnormally high water levels or an upcoming storm and
extreme rainfalls. If the failure probability is high then the ‘Breach Simulator’ predicts the
dynamics of a possible breach, calculates the water discharge through the breach and
estimates the total time of the flood. After that, the ‘Flood simulator’ models the inundation
dynamics and (if necessary) the ‘Evacuation Simulator’ calculates the escape routes from the
affected areas. Information from all the modules is visualized in the 'Decision Support
System', which works as an intelligent interactive interface from the raw data to the users.
All these modules are linked into a fast-response workflow branch (left branch in Figure 3-1,
marked "Fast response").

The design and prototyping of a decision support system for flood control UrbanFlood Report
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For the advanced research into dike stability and failure mechanisms, the ‘Virtual Dike’
component is available for experienced users. It can provide more fundamental and accurate
simulations, but requires substantial computing resources, ranging from a powerful
computer cluster to supercomputers in case of 3D fully coupled fluid-structure interaction
dynamics. Due to possibly long computational times, this module is shown as a separate
branch in Figure 3-1. After validation, the Virtual Dike can help experts to build and calibrate
simplified engineering models and can generate the "virtual sensor" signals observed in the
pre-failure conditions for training the Al modules.

The simulation modules and visualization components are integrated into one interactive
graphical environment described in the next sections. The computational models behind the
software components are described in detail in Chapters 4, 5, 6, 7 and in scientific
publications listed in Chapter 9. Section 8.4provides a table summarizing the technical
specification of input and output data, configuration and implementation status of the DSS
components.

3.2 Interactive simulation and visualization framework

A DSS requires a careful design that ensures timely feedback in response to user interaction,
collaborative access from distributed locations and consistent representation of simulation
results. This is reflected in the design of the software framework under development for this
DSS.

The main components in the interactive simulation and visualization framework are shown
in Figure 3-2:

1. the Common Information Space (CIS),

2. the Visualization Service,

3. the client applications (Multitouch Table application or Web Interface).

Y
ars Visualization | Multitouch
Service Table
\
Web
Interface

Figure 3-2. Schematic representation of the visualization framework (in gray) and its connection to the
Common Information Space (CIS).

The Common Information Space (CIS) provides an abstract interface to the simulation
components described in Chapters 5-7. In order to be able to perform a new simulation and
to retrieve simulation results for visualization, the CIS provides three services:

1. start a new simulation,

2. getalist of available simulation results,

3. retrieve a simulation result.

The design and prototyping of a decision support system for flood control UrbanFlood Report
UFD4.1UvA



UrbanFlood 7 June 2011

Communication with the CIS is done through two ActiveMQ (http://activemg.apache.org/)
message “topics”, one used as a request communication channel, the other as a response

communication channel. The names of the topics are:
e simulation-request, and
e simulation-result.

All requests to the CIS are published via the simulation-request topic. This request
includes parameters for the simulation. The CIS provides response through a
simulation-result topic.

The Visualization Service communicates with the CIS to retrieve and store simulation results,
and acts as a middleware between the CIS and visualization applications. This service
provides four operations:

start a new simulation,

N

get available simulations,
3. retrieve simulation result,
4. visualize simulation result.

Several visualization services can be created simultaneously, each implementing methods
corresponding to the results produced by a particular simulation service. Internally, a
Visualization Service is structured into three components (see also Figure 3-3):

1. The Data Receiver receives data from the CIS. Each message it receives will be
handled by a separate thread so that communication is non-blocking. This
component is implemented in Jython, a Python implementation of Java, so that it
can use the ActiveMQ Java library to communicate with the CIS.

2. The Manager manages all simulation results received from the CIS. This component
supports a REST Interface for the communication with external client applications,
such as a Multitouch Table application or a Web Interface.

3. The Renderer is responsible for rendering simulation results. This component
produces images of simulation results for client applications that are themselves
incapable of producing images, such as, for example, a web interface.

The design and prototyping of a decision support system for flood control UrbanFlood Report
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Visualization Service

Renderer

request

Manager

REST Interface

CIs

data
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report

[ Multitouch Table J[ Web Interface J

Figure 3-3. Schematic structure of a visualization service.

3.3 Client applications

The Visualization Service can be used by one or more client applications. The client
applications act as the user interface for end-users. The applications allow users to create
new simulations by first defining simulation parameters and then submitting the simulation
to the CIS for execution. Several client applications have been created: a prototype of a
Decision Support System (DSS) for a multi-touch device, a web-based interface that
visualizes pre-executed simulation results and an application for the visualization of sensor
data.

3.3.1 Interactive simulation and visualization on a multi-touch device

We have created an interactive visualization client application for an interactive graphics
device called the “Microsoft Surface” (see Figure 3-4). The Surface is a “multi-touch” system,
which means that interaction with applications running on the device is done by direct
manipulation of images projected on the surface with one or more fingers. The combination
of direct interaction and the lack of external interaction devices make the use of this device
very intuitive, provided the applications are designed appropriately. Its size and horizontal
position enables collaborative use of this device by more than one person simultaneously.

The design and prototyping of a decision support system for flood control UrbanFlood Report
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Microsoft Surface technical specifications
e (CPU:2.13-GHz Intel Core 2 Duo
e Memory: 2GB dual-channel DDR2
e Graphics: ATI X1650 with 256 MB memory
e Operating System: Windows Vista
e Dimensions: 108 x 69 x 54 cm
e Display: 30 inch 1024x768 back-projected
DLP projector

Figure 3-4. The Microsoft Surface.

The application developed for the Microsoft Surface provides the following functionality:

Define a new simulation. By long-touching a point on a map, a “breach” can be
added on that location. Through pop-up windows, the inflow of water over time (the
so-called “hydrograph”) for that location can be defined, the characteristics of the
dike (material, crest level, ground level, length), total simulation time and simulation
step length. Once defined, the simulation is delegated to the CIS by the touch of a
button.

Visualize the results of a simulation. A selection of pre-executed simulations can be
recalled from a list. Once selected, the application loads the simulation results and
visualizes the results overlaid on a map of the area. The topology of the map can be
selected from a range of sources, including Bing, Yahoo and OpenStreetMaps. The
visualized area can be changed by dragging a finger over the area, as well as
enlarged, shrunk or rotated through a “pinch” gesture. A long-touch provides a
graph showing the water level over time at that location.

The Multitouch Table application is built on the PyMT (http://pymt.eu/) software
framework. The advantage of using PyMT over conventional software development tools for

the Microsoft Surface is that this application can also be run on other multitouch devices. In

fact, development of this application started on an in-house developed device called the
“UvA Multi-Touch Table”.

The application is structured around three main components (see Figure 3-5):

1.

The Data Provider provides data to the visualization application; this component
abstracts the data source of flood simulation results. The result data can originate
either from the visualization service or from a local data store.

The Renderer renders images; this is a separate process dedicated to render flood
simulation results into images. This component can also be used to perform
calculations that require more computation time.

The Visualization component is a PyMT application that implements the user
interface to the user. This component reads data from the Data Provider and uses
the Renderer to render images or to perform other computations it requires.

The design and prototyping of a decision support system for flood control UrbanFlood Report
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e '
[ Cls ) Multitouch Table
Renderer
[ Visualization Service }7—[ Data Provider
f 3

Visualization

[ Web Interface J
\_

Figure 3-5. Schematic representation of the structure of the Multitouch Table application.

3.3.2 Web interface for visualization of the simulation results

A Web Interface was created to generate images and animations from pre-computed
simulations. The interface is very easy to use: one web page provides an interface to request
a visualization of a precomputed simulation, another web page provides a list of
visualizations that have been performed. Clicking on a link produces a page that shows an
animated playback of the simulation as well as links to download the animation in several
formats (Ogg/Theora, MP4/H.264, Windows Media and Adobe Flash). This interface was
actively used by developers during the development of the UrbanFlood integrated system.
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Figure 3-6. Web interface for visualization of the Flood Simulator results.

3.3.3 Sensor data visualization

One of the decision support system purposes is data interpretation and meaning extraction.
This enables the user of the system to know which inputs the system has used to determine

The design and prototyping of a decision support system for flood control UrbanFlood Report
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the results of the expert models based on down-drilling. The user first gets a screen that has
a high-level overview of the cascade level of the dike: green indicating normal behaviour,
orange indicating some anomalies, red indicating anomalies and possible dike failure. This is
shown in Figure 3-7(A).

The user is then able to select different cross sections of the dike, see the layout of the
sensors inside that part of the dike and select the raw-sensor view or results from the Al
anomaly prediction for each sensor, as shown in Figure 3-7(A,B). Once the user has selected
a sensor (Figure 3-7(C)), the data from that sensor is shown in a graph with an adjustable
scale (zoom-in and zoom-out functions) and with an adaptable axis location (panning
up/right/down/left), see Figure 3-7(D).

Figure 3-7. (A): starting screen of sensor data DSS tool. (B): cross section overview of dike with location of
sensors presenting raw sensor data. (C): cross section overview with different mode indicating processed
sensor data. (D): graph showing raw sensor data from a selected sensor.

This part of the DSS tool also allows the user to overlay multiple graphs together, as shown
in Figure 3-8(A), using the same sensor from different parts of the dike. The user is able to
use their own expertise to know when the data is normal or abnormal.

The design and prototyping of a decision support system for flood control UrbanFlood Report
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Bo i L Ma . Tiol

z

Figure 3-8. (A): graphs from multiple sensors of multiple cross-sections for correlation. (B): additional external
data layers from rain radar and sea-vessel traffic for correlation with external events.

The DSS tool also allows user-specific analysis based on external data and statistics. An
example in Figure 3-8(B) shows the rain-radar for correlation of sensor data with the amount
of precipitation, and sea-vessel traffic for correlation of movement sensors with ships
passing by.

3.4 Test-case application: flooding Amsterdam Science Park area

As a test-case application for the UrbanFlood integrated architecture, we have implemented
a prototype DSS that is configured to perform interactive simulation of flood dynamics on a
preselected area. We obtained a Digital Terrain Map (DTM) from “Actueel Hoogtebestand
Nederland” (AHN http://www.ahn.nl/) of the Amsterdam area depicted in Figure 3-9. From

this DTM we selected the Amsterdam Watergraafsmeer area, as illustrated by the black
rectangle in Figure 3-9. This area measures 4.4 by 2.8 kms.

v

Figure 3-9. Digital Terrain Map (DTM) of the south-east area of Amsterdam. Light shades are low areas, dark
shades are high. White areas are undefined due to acquisition errors. The Watergraafsmeer area used in this
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experiment is enclosed in the rectangle. In the north, the area is protected by the Ringdijk, here illustrated by
the dashed line (data: AHN).

3.4.1 Preparation of the Digital Terrain Map (DTM)

The particular DTM used in the prototype application is called “AHN1” which has a
resolution of 5x5 meters for each pixel. The data was acquired by LiDAR (“Light Detection
And Ranging”), a method that measures properties of scattered light to measure distances.
Both the acquisition technique as well as the way the data was acquired (from air by
helicopter and airplane) resulted in acquisition errors that had to be corrected. Specifically:
manual corrections were needed in the DTM for the larger water surfaces (shown primarily
in white in Figure 3-9) and underground structures such as tunnels. Moreover, since the data
was acquired in 2001, the road infrastructures as well as buildings are not completely up-to-
date.

The DTM is pre-processed into a simulation grid consisting of Impact Zones (1Z), as described
in Chapter 7. The output of an inundation simulation contains a time series of water level,
water volume and discharge velocities in all I1Z.

Figure 3-10 shows a screenshot of the multi-touch application visualizing the results of an
inundation simulation. The water level at inundated areas is shown in shades of blue (light
blue for shallow, dark blue for deep water). The simulation results can be played back
animated over time either automatically or step-by-step.

Reset Position  Stop | Play | Add Point | Hide

Figure 3-10. Screenshot of the multi-touch application visualizing the inundation of part of the Science Park (in
blue) after a breach of the Ringdijk.
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3.5 DSS demonstration and feedback from end-users

The DSS system based on the multi-touch platform has been demonstrated during the Joint
UrbanFlood & SSG4Env Workshop on Monitoring and Flood Safety (November 11-12, 2010.
Amsterdam, The Netherlands). Participants of the Workshop have been actively
experimenting with the system and discussing its functionality and usability during the eight
"Demo & Info Market" sessions. The feedback from stakeholders and UrbanFlood Advisory
Board indicated that the system has great potential for dike management authorities and
pointed at areas for improvement. Examples of users' comments and questions are listed
below.

Dike owner end-users:
- Looks very nice, how can | connect this to the people in the field doing inspections?

- Is it also possible to facilitate inspection reports?
- Nice graphs, can it translate into dike safety level and/or send out automated alerts?
- How can | connect my dike to the system?

Dike expert end-users:
- Excellent system, I'd love to try and add/multiply/manipulate and correlate sensor data in

the graphs.

Interested participants:
- Can you add new external data sources and combine these with the sensors?

- Can you also show this on something portable, such as an iPad or Tablet PC, so that | can
easily show this system to the partners?

DSS Developer's ideas:
- Draw simulated version of sensor data inside the graph across the existing data, then run

simulations;

- Configure the models and re-process the data faster than real-time;

- Create a module that predicts the expected values for the next hour/4 hours/day/week/...;
- Shift / align multiple sensors together to see if correlations exist.

In the remaining two years of the Project, we plan to improve the system using the
suggestions from end-users, in addition to the initially planned activities for the
development of a more mature DSS with rich functionality and wide access for the targeted
groups of users.
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4 Virtual Dike: an advanced modelling tool

Virtual Dike is an advanced multiscale multi-model simulation lab for expert users and model
developers. This virtual lab is used for validation of all the models involved in the modelling
cascade, and serves as a research field for experiment planning and understanding the
underlying physical processes influencing dike stability and failure. Real-life experiments will
be used to develop and validate the models of dike macro-stability, erosion, wave over-
topping, seepage and piping effects. Comparison of simulation results with the experimental
data allows determining the material properties and computational model parameters that
best represent real-life dikes, with all their inhomogeneities and special features.

4.1 First test-case: LiveDike, Eemshaven

In the first stage of the project, we have studied the structural stability of the LiveDike, a sea
dike in Eemshaven. LiveDike is protecting a seaport in Groningen, see Figure 4-1. This dike
has been equipped with sensors, and data stream is available in real-time via a LiveDike
Dashboard [Dash]. Sensor GPS locations are shown in Figure 4-2.

Address: 77

more info »

Fale— N
9979 Eemshaven 1 GroBheide
The Netherlands

Directions Search nearby Saveto.. morev

Schiermonikoag

h

Figure 4-1. Location of the LiveDike (Eemshaven) in the Google Maps.

Figure 4-2. LiveDike with marked sensor locations
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| cross section 4 ("raai 4"

| cross section 3 (raai 3"

| cross section 2 ("raai 2 |

cross section 1 ("raai 17 |

Figure 4-3. LiveDike geometry scheme and cross-sections where the sensors are located

Sensors are placed in four dike cross-sections, see Figure 4-3. These cross-sections have
been simulated in 2D models under tidal water loading. Simulation results have been
compared with the pore pressure sensors data in order to calibrate soil properties, so that
virtual and real sensors agree.

LiveDike internal structure is well documented. UrbanFlood community has been granted
access to the data on soil build-up shown in Figure 4-4. The dike consists mainly of sand
(light orange area) with a 60 cm thick layer of clay (blue area). Below the dike lies coarse
sand (yellow area).

A

Figure 4-4. LiveDike soil build-up in the in the central longitudinal cross-section

4.2 Virtual Dike modelling approach
4.2.1 Governing equations

The problem requires modelling of coupled fluid-structure interaction, with non-linear dike
material properties. The fluid part of the model describes the dynamics of flow through
porous soil, with Richards equation [Rich31] for wetting and drying of the area above
phreatic surface:
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€ +0.5) P+ [ 2k V(p+ p0)] =0, o
u

where p is pressure, [Pa]; C =C(p) is specific moisture capacity [1/Pa], given by formula
C = 00/0p; 6,=0, (p) is effective water content; S =64 X is a storage coefficient, [1/Pa]; X
is compressibility of solid particles, [1/Pa]; 65 is porosity; t is time, [s]; u is dynamic
viscosity of water, [Pa-s]; Ks is saturated permeability, [1/m®]; k. = k,(p) is relative

permeability of unsaturated soil; g is standard gravity, [m/s’]; p is water density [kg/m’]; z
stands for coordinate of vertical elevation, [m].

Van Genuchten model [Gen80] is used to describe the properties of unsaturated soil. Water
retention is described by formula

o 1
(14 (ah)™"

where h=p/(0g) is suction head; @, n, m=1—1/n are Van Genuchten parameters, specific

for each type of soil.

Moisture capacity and relative permeability are described by the following Van Genuchten
formulas:

m

10_!mm (05 _Hr)eel/m(l_eel/m)
0, p>0

C= ,p<0,

2
B He'[l—(l—ﬁe”m)m] ,p<0
L, p>0 '
where 6, is residual water content; | is pore connectivity parameter; negative values of p

mean suction pressure.

The structural part of the model describes deformation dynamics of the dike under tidal
pressure load, gravity and volumetric pore pressure load obtained from flow simulation.
Elastic perfectly plastic constitutive behaviour is used for describing sand and clay
properties:

V.o -Vp+p,g=0

o=AeE+2ue¢, if stab>0,

ostab 1 . )
éplz_qﬁ, §=§p|+3—Kll(g), if stab<0,

(2)

stab=c+ o, tang — 7

where o is effective stress tensor [Pa]; ¢ is deformation tensor; ¢ =¢, +e, s volume

expansion; K is bulk modulus; A, 1 are Lame parameters, [Pa]; g is gravity vector, P is soil
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density, [kg/m®]; Vis Hamilton (differential) operator; 2 is plastic deformation rate

tensor; q is a plastic multiplier; stab is a stability parameter, evaluated by the Mohr-Coulomb
yielding criterion:

7

stab=c +‘o" tan¢—‘r

where c is cohesion [Pa] (c is zero for sand), ¢ is friction angle [grad], 7 is maximal shear

stress in the material point, [Pa]; o is effective normal stress in the same point, on the plane
corresponding to the maximal shear stress, [Pa].

In terms of effective mean stresses o,,0, , for 2D case the Mohr-Coulomb criterion can be

written in the form:

stab=c - (o, + 0,)tang — (o, — 0,), Where o, >0, (3)
In (3) mean stresses are defined as negative for compression.
Negative values of the stab parameter mean that plastic slip of the plane occurs.

Yield function Y (o) =—stab .

Graphical illustration of criterion (3) is presented in Figure 4-5. Possible values of t and
o,,0, lie on a Mohr circle; on a strait line stab=0. Stable area is below the line.

shear stress

@ stable

\3_5

—

oz O
normal stress

Figure 4-5. LiveDike soil build-up in the in the central longitudinal cross-section

In case of slope instability, stab values become negative in some global area within the dike.
Numerically that leads to non-convergent equilibrium iterations within FE solver, i.e. no
stable configurations of the dike exist under specified load. Non-convergence of equilibrium
iterations is treated as macro-instability indicator in dike stability analysis.

4.2.2 Finite element model

Partial differential equations (1), (2) are solved by the finite element method: the
computational domain is discretized into finite elements; and original equations are reduced
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to a system of ordinary differential equations solved by implicit time integration scheme.
Simulations have been performed in the finite element software package COMSOL 3.5a.

4.2.3 Computational domain and meshing

We consider a two-dimensional planar model of a LiveDike transversal cross-section. The
simulation domain is shown in Figure 4-6. The domain includes three homogeneous zones:
clay (red layer on top of the dike), sandl (blue area in the middle) and sand2 (grey zone in
the bottom). The model only includes vertical inhomogeneity. Later it will be shown (see
section 4.4) that horizontal inhomogeneity should also be considered in order to obtain a
good agreement between simulation results and sensor data.

The finite element mesh (Figure 4-7) consists of triangular elements of second order.
Refinement zone is located around phreatic line. Number of nodes is about 15000.

30 20 <10 0 10 20 30 40 50 60 70 80 90 100

Figure 4-7. Finite element mesh with refinement area

Figure 4-6. Simulation domain o
near the phreatic line

4.2.4 Boundary conditions

Water level sensor signal h,, (t) is applied as input parameter for the model (at the seaside).

The form of the signal is rather close to harmonic, with the tidal period T = 12 hrs 25 min
(see Figure 4-9). Phreatic surface changes its location and shape in response to the sea water
level that oscillates over the tides or grows during the storm surges.

Boundary condition zones are presented in Figure 4-8. Boundary conditions for structural
simulation are:

At the seaward (green line in Figure 4-8), pressure p = pgh,, (t),

At the vertical borders (red lines in Figure 4-8), a symmetry condition is implied
(displacements normal to boundary are zero). The base of the body is fixed (blue line).
Remaining borders are free (black lines).

Boundary conditions for porous flow simulation are:

At the inlet (black line in Figure 4-8): pressure p = pgh,, (t), where hamp is amplitude of tide
_— . . . 2z .

head oscillation, hamp: 1.5 m; w is radial frequency of tide-cycle, @ = ?, where tidal

period T=12 hrs 25 min.

At the outlet (blue line in Figure 4-8) water level stays at the NAP: pressure p =—pgy .
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Zero flux condition is imposed on the remaining boundaries (Figure 4-8).

« Structural Mi

l gravity
transient pressure

N\

symmetry

seaward

> > s s r > >

s Flow b.c.

Pressure inlet: dynamic water level

2 tides per day 1.5 m amplitude / Walls: zero flux
F_Z/\ Pressure

— outlet:
water at
NAP

seaward

Figure 4-8. Boundary conditions in structural simulation component and in fluid simulation component
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Figure 4-9. Simulation input — water-level sensor signal

4.2.5 Initial conditions

In order to begin transient simulation, we need to obtain initial pressure and saturation
distribution in the dike. For that purpose additional transient simulation with stationary
boundary conditions has been performed. Boundary conditions at the inlet and at the outlet
are p=-—pQy (water level is at the NAP, Netherlands reference sea level). Simulation starts

form arbitrary pressure distribution and converges to initial steady-state pressure
distribution.

4.3 Implementation

The Virtual Dike module has been integrated to Common Information Space (CIS). That

allows to automatically pass input signal from water-level sensor to the VD application in a
real-time mode.
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Simulations have been performed in finite element software package COMSOL 3.5a. All the
simulations are transient. Implicit time integration scheme is applied for solution of the
tasks. Simulations are non-linear due to non-linear constitutive behaviour of the soil.
Iterative Newton-Raphson method has been used to linearize differential equations at each
integration step. Direct parallel PARDISO solver has been used for solving system of linear
algebraic equations within each iteration.

Porous flow simulations typically require up to 2 Gb of operative memory. Each simulation
took about 2 hours to perform on two processors of a laptop AMD Athlon Dual-Core
1.9 GHz, 2 Gb of RAM, under Windows operating platform. Coupled fluid-structure problem
requires up to 8 Gb of memory and 6-10 hours to perform on Intel Xeon Dual Core PC 3 Hz,
8 Gb of RAM. The package has been ported to SARA Clouds to calculate the time-consuming
coupled tasks. Simulations are run under Ubuntu Linux on SARA.

4.4 Simulation results

(A) Time=2.78e5 (B) Time=3e5
Contour: Pressure [Pa] Contour: Pressure [Pa]
20 20
| —
-20 -20
-40 -40
-30 -10 10 30 50 70 90 -30 -10 10 30 50 70 90

Figure 4-10. Pore pressure field: (A) — low tide; (B) — high tide

Pore pressure fields (at high tide phase and low tide phase) are shown in Figure 4-10. The
unsaturated zone is shown with white colour so that the phreatic line is depicted as the
border between saturated and unsaturated zones. Fragments of effective saturation field at
the seaside are shown in Figure 4-11 for high tide phase and low tide phase:

(A) Time=2.78e5 () Time=3e5
Surface: Effective saturation Surface: Effective saturation

-15 - 15 25 35 -15 -5 15 25 35

Figure 4-11. Effective saturation field: (A) — low tide; (B) — high tide
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Stability parameter distribution (at high tide phase) is shown in Figure 4-12. Under tidal
conditions, stab value is positive in the whole domain and the dike is stable.

Max: 8.982e4
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Figure 4-12. Stability parameter (stab) distribution at high tide phase

Numeric results (pore pressure values) are in good agreement with the pressure sensor data
in the second section of the dike that was used for model calibration. Sensors form other
sections give quite different digital data (see Figure 4-13 for comparison for section #1). The
reason for this difference is in local inhomogeneities of the soil, which must be taken into
consideration in further simulations. In Figure 4-13 real sensor signals are shown with bold
lines (green — sensor 1E4_32Ph, blue — sensor 1G2_32Ph). “Virtual” sensor signals (obtained
from simulation) are shown with thin lines. Comparison of the data for sensor 1G2_32Ph
shows that the real sensor is placed in a less permeable zone than the zone of the virtual
sensor is. In virtual model, permeability values will be corrected and G2 sensors will be
surrounded with less permeable soil.
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Figure 4-13. Pore pressure dynamics obtained from real and “virtual” sensors, for cross-section #1.

4.5 Conclusions and plans for the Virtual Dike

A numerical model for finite element analysis of porous flow and macro-stability of a
Livedike has been developed and implemented. The Virtual Dike module has been
integrated into Common Information Space. Automatic sensor input to the application and
automatic output of virtual sensors data in real-time mode have been implemented. A
comparison of numerical results with sensor data has been performed.

Rather high level of uncertainties in porous media properties of Livedike requires performing
a sensitivity analysis. The purpose of the analysis will be estimation of the upper boundary of
errors in soil properties that still provide a satisfying accuracy of simulation results.

For the LiveDike porous flow modelling, we plan to implement a heterogeneous soil model
in order to obtain a better agreement between the pore pressure fields from real sensors
and from simulations. Flood condition is to be investigated, including porous flow modelling
and dike macro-stability analysis. Simulations will be performed on the SARA Clouds. The
results of dike stability analysis under flood conditions will be used for Al training on
abnormal behaviour of Livedike system.

The next stage of our research is modelling dike failure mechanisms based on the 1JkDijk
experiments, including macro-instability, piping and surface erosion. Validation of Virtua
Dike has partially been done on the Livedike data. More validation results are to be
produced on lJkDijk experimental data. We also plan to implement real-time visualization of
simulation results graphically on a MultiTouch Table, as described in Chapters 3 and 8.
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5 Dike reliability analysis (Reliable)

5.1 Theory

Fragility curves are traditionally used to describe the performance of the flood defence
infrastructure, USACE (1996). These are typically developed using standard reliability
analysis, see for example, [Schultz], [Vorogushyn] or [Simm]. In traditional structural
reliability analysis, failure of a structure arises when the loads acting upon the structure,
exceed its bearing capacity, or resistance. The probability of failure is often presented in the
following generalised form [Melchers].

Pf = P[G(X)<0]= j j f, (x)dx

G(X)<0

Where G is the Limit State Function (LSF), X is the vector of random variables associated with
the loads and resistance and fy(x) is the multivariate probability density function of X. For
the development of fragility curves, the probability of failure is derived, conditional on the
loading conditions.

P, =P[G(X)<O|L=1]

In some cases, the relationships between loads and the resistance are known explicitly and G
(X) can be expressed in closed form or the problem can be suitably simplified such that this is
the case. Under the EU funded FLOODsite project (FP6), [Allsop] documented the
formulation of the limit state equations for a wide range of flood defence structures and
their potential failure mechanisms. In other cases more complex models are required to
describe the failure processes. When these models are computationally intensive, vanilla
Monte-Carlo become impractical to implement. Response Surface methods can then be
employed [Melchers], to reduce the computational burden and implement the analysis. An
example of this type of implementation in the context of flood defence is described by
[Kingston], where a neural network has been used to represent the response surface and an
optimisation algorithm has been used to further reduce the computational burden by
focussing the training data along the limit state. Within system risk models, fragility curves
are developed for each discrete defence section and are a primary component.

Under the EU Funded FLOODsite Project, a software tool (RELIABLE) was developed to
analyse the reliability of flood defences and generate fragility curves. The tool includes a
total of 72 failure modes, [Allsop], represented as simple Limit State Equations (LSEs), a
flexible fault tree component, and a probabilistic failure analysis component based on
Monte Carlo simulation (MCS). It is applicable to foreshores, dunes and banks; dikes and
revetments; walls; and point structures, and accounts for hydraulic loading due to water
level difference across a structure; wave loading; and lateral flow velocities. For a given flood
defence structure, values must be supplied for each of the parameters required by the
relevant LSEs. A value may be fixed or specified as a statistical distribution with associated
parameters. Using a Monte-Carlo technique, random sample values are generated according
to the specified distributions. For each sample, the fault tree is evaluated calling subroutines
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for the associated LSEs and using the sample values. To generate fragility curves using the
Reliability Tool, the hydraulic loading conditions are specified as fixed variables. These are
then varied systematically, with a failure probability calculated for each value of loading
considered, leading to the generation of fragility curves.

The software is captured in four main components:

1. Structure specific fault trees — constructed externally by the user within OpenFTA
software.

2. Limit State Equations (LSEs) — comprised within one or more Dynamic Link Library
(DLL) constructed from Fortran subroutines, and based upon the Task 4 failure mode
report. The software does however, provide the opportunity to extend the library of
LSE’s if this is a requirement.

3. Uncertainties on the input parameters of the LSEs— input through a spreadsheet
interface.

4. Numerical integration — Monte-Carlo simulation implemented through C# code.

These components are captured in Figure 5-1. The primary outputs of the software are a
fragility curve for a specific structure or the annual probability of failure.

Structure -specific Structure -specific
parameters , probability Fault tree
distribution functions and (External)
ranges
g Limit state equation
Failure mode 1
_ [ | Limit state equation
Numerical 4 [ Failure mode 2
Integration ;
Limit state equation
Failure mode 3
; Y ;
.'lllr i \'\
| Structure -specific b Limit state equation
|' fragility curve '| Failure mode ..n
| Annual probability |

of failure o

b

Figure 5-1. Components of the Reliability calculator software.

5.2 Example of the LSE model

In this example, we discuss the limit state equations for piping failure mechanism developed
in [FLOODsite]. The flow through and/or under embankment may lead in turn to internal
erosion. The model describing this phenomenon is shown in Figure 5-2.

The reliability function is expressed by: z=h; - Ah, where h.;; = critical pressure head
gradient for piping [-], Ah = existing pressure head gradient [-].
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Figure 5-2. Piping under dikes LSE model.

The loading equation is given by: Ah=h,-h;, and resistance (strength) equations:

h,. =acl, [&-1] tan0 ( 0,68-0,10 Inc )
p\'.-'

i b

0.28
1

28
D |\m; - l -
o=|—" ’ c=mnd,,
Iy Kklp
With:

Parameter definitions: D = thickness of sand layer [m], Iy = length of seepage line [m], hgi: =

critical water level difference between water level in front and behind dike, d70 = diameter
of sand particle [mm], ps = density of sand particle [t/m3], p,, = density of water [t/m3], k =
internal permeability [-], 8z = bedding layer [°], ns = drag coefficient [-], v = kinematic
viscosity of water [Pa.s], g = gravitational constant [m/s2], hy, = water depth at dike foot [m],
Hs = significant wave height [m], AH = overall head difference [m], L = seepage length [m],
¢, = creep factor.

5.3 Implementation

To operate effectively, the reliability calculator requires:

— Windows XP or later

— Microsoft Excel 2003 (earlier versions may be acceptable but have not been tested).

— Microsoft .NET Framework 2.0 (may be downloaded free of charge from
http://www.microsoft.com/downloads/details.aspx?FamilylD=0856eacb-4362-4b0d-
8edd-aab15c5e04f5&DisplayLang=en

— Local Administrator rights for one or two steps of the installation process.

— Afolder C:\TEMP with write access.

The calculator uses a DLL that is constructed from a library of LSEs (each LSE is a separate
FORTRAN subroutine. The calculator comes provided with a DLL (Task7_LSEs.dll) built from
over 60 LSEs based on the FLOODsite Task 4 report [Allsop].
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6 Dike breaching simulation

6.1 Theory

Dike breaching simulation component is a simplified model based on two empirical
equations describing the variation of breach width.

W = 67 logt
e Sand dike: fand = "0 145

e kgt
e Clay dike: cay T T 08

Where ‘W’ is the breach width (m) at time t. ‘t’ is the time (hrs) after breach reached the
lowest invert level.

Equation for the sand dike will give a more rapid growth of breach than for the clay dike.

6.2 Calculation algorithm
1. Whilst the water level is less than the crest level, no breach initiation or flow occurs.

2. Once the water level in becomes higher than the crest level then the breach initiates.
The above breach width equations apply only to lateral widening of the breach, and a
transition state is calculated by decreasing the breach invert and assuming a constant
breach width. This transition state is not contributing significantly to the total breach
discharge.

2.1.Assume an initiation breach width and location

2.2.Assume time from initial overtopping to erosion reaching the base of the
embankment

2.3.Assume linear erosion from crest to toe using equation below:

t

=) = Zopase tover - Ezcwsz levgl — ‘:mﬁt} Kt_
[il]

where z(t) is the breach invert level (m) at time t; Zgrest tevel 1S the river crest
level (m), Zyin is the lowest breach invert level (m), to is the time (s) to reach

Zmin

2.4. Calculate flow using the weir equation:
2= E.'Lﬁ""’,
where C=1.7, L is the breach width (m), h is the head of water on eroding crest (m).
3. Once erosion reaches the base of the dike, use equation for the sand or clay dike to
predict breach width, with ‘t’ starting from zero at that point. Use the weir equation to
predict flow and ignore downstream drowning. A limit on width has to be defined to
avoid getting breach width greater than the defence length with large t values.
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6.3 Output

The output from the dike breaching simulation component is a hydrograph (i.e. flow

(typically m® per unit time). The sample output is shown in Figure 6-1. This data is used as
input to the flood simulator, as detailed further in Chapter 7.

10.5 T
10.0 = WwaterLevel (m} |]3p
—— InvertLevel (m)
T 230 Breachwidth (m)
T 9.0r
>
[
~ 85t
8.0 7 45
?'50 100 200 300 400 500 608
Time (min)
10.5 T T 80
10.0 —— \WaterLevel (m) ({70
E Discharge (m3/s) |[H60 2
= %5 150
g
@ 9.0+ 440
i
= 85|
=
B0 110
?'50 100 200 300 400 500 608

Time (min)

Figure 6-1. Dike breaching simulation results.
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7 Flood Simulator (DRFSM)

There are numerous hydrodynamic models that can be used to simulate the propagation of
floodwater across floodplain areas. These models generally solve a form of the 2D shallow
water equations and range in complexity from raster based approaches, Bates and De Roo
(2000), that assume the flow between cells to be uniform and are based on the Manning
Equation, to more complex finite volume approaches that solve the full 2D equations,
Alcrudo and Mulet-Marti (2005). A rapid flood spreading method (RFSM) has therefore been
developed that is computationally efficient yet is sufficiently robust for use in flood system
risk models, Gouldby et al (2008), Lhomme et al (2008).

The model was originally developed as a volume spreading approach with not temporal
component. This has however, been extended to include the time domain (DRFSM). The
model receives flood volumes discharged into floodplain areas from breached or overtopped
defences and then spreads the water over the floodplain according to the encountered
floodplain topography. The primary output from the model is a flood depth grid of the
floodplain area. The model comprises two main elements, a pre-process and a hydraulic
simulation.

The objective of the pre-process is to generate the model calculation mesh which consists of
a series of Impact Zones that are based on the floodplain topography and therefore typically
irregular in shape. Inputs to this process are the floodplain topography in the form of a
Digital Elevation Model (DEM) and the location of the defences relative to the DEM. Firstly,
low points in the DEM (known as accumulation points) are identified using a search
algorithm (see Accdata below). Then, the floodplain gradient extending outward from the
accumulation point in eight separate directions is analysed. When a peak in the topography
has been reached, Impact Cells located between the accumulation point and the peak are
assigned to the accumulation point. All Impact Cells that are assigned to a single
accumulation point form an Impact Zone. An Impact Zone capacity database is constructed
that contains the volume of water stored in an Impact Zone for different flood levels . The
Impact Cells that form the boundary between Impact Zones are then analysed and the cell
with the lowest ground elevation along the boundary is recorded. The level of this cell
determines the point at which water flows between cells, this is known as a communication
point. The level at which an Impact Zone communicates with its neighbours is stored in a
separate database. The two databases comprise the output of the flood spreading pre-
process.

The use of the level-volume relation means that the computation of the water level in an 1Z
is more precise than the use of an averaged ground level for situations where the 1Z is not
entirely flooded.

Spreading of flood water is achieved by transferring water between IZs at each
computational time-step. The discharge between IZs can be calculated by two methods, the
Manning relationship (i.e. similar to diffusion wave models) or the weir relation. The
computational time-step is constant. Water level, average discharge and average velocity
are calculated in each IZ during the computation.
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The RFSM tool has been developed over the last five years to provide a very fast solution to
the flood spreading problem for use in probabilistic flood risk analysis where multiple runs
are required, or in real time situations (flood forecasting), where the model run time is
critical.

7.1 AccData - topography pre-processing

AccData is the tool that processes the DTM data to create the IZs. The main input file is the
DTM saved as an ASCII grid. Optional input files are a rainfall depth grid (to calculate a total
rainfall depth in every 1Z) and a break-line grid (specifying the extent of each 1Z, if the user
does not want to build the IZs as depressions or want to modify an existing set of IZs).

However for very high resolution information (LIDAR can now be provided at 0.25m
horizontal resolution) the DTM is sampled at an appropriate resolution to prevent data
overload. In this project the DTM data is at 10m and therefore no re-sampling takes place
before the 1Zs are created. However, where this does take place, the revised data set is
commonly referred to as Impact Cells (IC).

The AccData tool goes through the following steps during the processing:

e searching the accumulation cells (low points)

e delimitating the area draining towards every accumulation cell (by following the
steepest slope), this is the extent of the 1Z

e calculating the Communication Levels (CLs) between IZs, i.e. the minimum threshold
level allowing discharge between two IZs

e checking the size of every 1Z, and merging the IZs smaller than a value defined by the
user (a small 1Z is merged with its first neighbour, i.e. the neighbour with the lowest CL)

e checking the lowest CL in every 1Z, and merging the “shallow” 1Zs where the difference
between the lowest point and the lowest CL is smaller than a value defined by the user
(a shallow IZ is merged with its first neighbour, i.e. the neighbour with the lowest CL)

e calculating the level-volume relation in each I1Z

e calculating the shape of the interface between two neighbours 1Zs (described as a level-
width relation)

AccData then outputs four tables containing all the information calculated on each 1Z in CSV
format, plus some diagnostic data in ASCIl grid format. These tables are used to build the
database that the RFSM links to for the modelling.

7.2 Input and boundary conditions

Input data is specified in the form of hydrograph. Any number of hydrographs can be
defined. The hydrograph itself is a time dependence of the water discharge through the
breach in the dike (m>/s). The hydrograph is set in the database table as shown in the Figure
7-1. The hydrograph time-steps do not have to be equal to the computational time-step and
can be variable.
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Time IZID | BCwalue
1 133 0
o 133 0
T 133 0.0625
T 133 0.25
e 133 0.625
o 133 1.3125
e 133 2.4375
o 133 3.5625
e 133 4.625
R 133 5
o 133 5
240 133 4.625
s 133 3.5625
e 133 2.4375
o 133 1.3125
T 133 0.625
e 133 0.25
s 133 0.0625
e 133 0
e 133 0
R 133 0
- am 133 0
© |1s0m0 133 0
* AL At

Figure 7-1. Hydrograph table in the database. BCValue — discharge value in m?>. Time in seconds.

The boundary limits of the model are currently treated as an impermeable boundary.

7.3 Spreading algorithm
The RFSM algorithm performs the following operations at each defined (constant) time-step:

1. Boundary Conditions treatment
Sort IZs on water level
Loop on every wet IZ
3.1. Calculate outlet discharge towards neighbours.
3.2.Discharge limiters
3.3.Use inlet discharge from neighbours
3.4.Transfer volumes
3.5. Calculate velocity
Treatment of IZs newly wets
5. Update water level (volume/level curve) for all wet 1Zs

In task 1, input discharge, rainfall and infiltration are treated in the relevant IZs. Values of
discharge or rainfall intensity are linearly interpolated between the values specified in the
input files.

In task 2, I1Zs are sorted on descending water level (see tasks 3.1-3.3).

Task 3 is the main task of the algorithm. This analysis is only carried out on the wet IZs (in
order to save computational time if some of the study area is not flooded) in order of
descending water level.
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In task 3.1, the outlet discharges are calculated using either the Manning relation (i.e. similar
to diffusion wave models) or the weir relation. The irregular shape of the boundary between
two 1Zs means that the boundary cross section is split into elemental rectangles, and
discharges are calculated in each rectangle which are then summed up.

1 .
Manning equation: Q=—AR3j"?
n
Weir equation: Q=C,2glh*?

3) A is the wet

section (m?), R is the wet perimeter (m), i is the slope of the water surface (m/m), C is the

where Q is the discharge (m>/s), n is the Manning friction coefficient (s.m

weir coefficient, g is the acceleration of gravity (ms™), / is the width of the rectangular weir
(m), his the water depth above the weir crest (m).

In task 3.2, the outlet discharges are limited to prevent oscillation of water levels between
two [Zs, this ensures the stability of the model. Taking two IZs ( Figure 7-2), IZ A having a
higher water level than 1Z B, depending on the values of the water levels and the duration of
the time-step and the discharge calculated in task 3.1, it is possible that this can cause the
water level to become higher in 1Z B than in IZ A. This can create instabilities in the
simulations, as the levels in IZs A and B will result in water oscillating in the following time-
step. The discharge limiter prevents this from happening.

In task 3.3 the inlet discharges are not calculated as in task 3.1, but the outlet discharges
from the neighbouring 1Zs, which were previously calculated in task 3.1, are re-used here.
This is done so that the discharge limiters apply only once between two IZs and there is one
consistent value of the discharge. This why the loop starts with the 1Z with the highest water
level (all interface discharges are outlet ones and are all checked by the discharge limiter)
and ends with the IZ having the lowest water level (all interface discharges are inlet ones and
the values are taken from the outlet discharge of the corresponding neighbouring 1Z).

In task 3.4, volumes are transferred between IZs according to the discharges calculated in
3.1-3.3.

In task 3.5, the average discharge is calculated in each IZ from the discharges at each
interface with the neighbouring 1Zs. The average velocity is then calculated using the average
discharge and an estimation of the average wet section.

In task 4, incoming volumes are transferred to the dry I1Zs that will become wet at the end of
this time-step (as they are not treated as receiving 1Zs in the task 3 looping only on the wet
1Zs).

In task 5 the water level is updated in all IZs using the level-volume relation.
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time step n

time step n+1

Figure 7-2. lllustration of water level oscillation.

7.4 Output
The Dynamic RFSM stores simulation results in three different tables of the database:

e Table 1 contains the maximum values of depth and velocity recorded during the
simulation in each 1Z

e Table 2 contains the time series of depth and velocity in each IZ (the saving time-
step can be defined by the user independently of the computational time-step)

e Table 3 contains the depth and velocity at the end of the simulation in each 1Z

Maximum values are updated at each computational time-step (and not only at each saving
time-step), which ensures that the maximum values will be recorded properly and
independently of the saving time-step.

The results of the Dynamic RFSM are visualized on the “multi-touch” table or on the web
interface of the Decision Support System. Figure 7-3 represents the simulation results of the
Amsterdam Science Park inundation visualised on the web interface.
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Figure 7-3. Flood simulator visualized results, Amsterdam Science Park.

7.5 Implementation

The Flood simulator (DRFSM) is written in C# and therefore requires Microsoft .NET
Framework 2.0.

It communicates with a SQL database where the inputs and outputs are stored. For this,
Microsoft SQL Server 2000 or later version is needed (the Express version can be used but
there are memory limitations).

Flood Simulator has been deployed on two sites of the computational architecture: first, on
a TNO VM server, and later ported to the SARA Cloud system within the Big Grid initiative
[Big Grid].
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8 Integration in the Common Information Space

The Common Information Space (CIS) binds the models together that run somewhere in the
cloud on the internet. The CIS enables the DSS to create and generate workflows on the fly
in different configurations. New models are setup and integrated automatically. This
requires the models to be wrapped functionally, to allow easy communication and wrapped
virtually, to allow generation of the models. Figure 8-1 provides an overview of the context
of an expert model in an Early warning system. A model is based on input data and the
output of the model is evaluated by a value judgement part, which then decides which
action is going to be taken. This action can be an advice to the DSS tool or an act by changing
a configuration or state of the EWS itself.

Execution environment

Anom
I Advi -+ DSS
Value Judg

Figure 8-1. Generic view of the workflow of the expert models in an EWS taken from the CIS deliverable D5.2

Monitoring Expert

!

The models all have never been connected to the internet or are able to be started using
machine interaction. Since this is a requirement for the Urban Flood project, the models will
be wrapped for integration and virtualization. Figure 8-2 provides an example of such a
model that uses various possible input modes.

Mode

commands

=

DB \Scripts‘l

Figure 8-2. Example overview of model functionality using various different types of interaction. This can be
scripts, executables, file configurations, and command line parameters, databases and much more.

8.1 Functional Wrapping

All models have at least three basic functions that they all implement, setting up the
configuration parameters of the model, setting up the input parameters of the model and
outputting the result of the model computation. Since each model (provided by different
parties does this differently using different technologies there is need for a generic way of
interacting with each model without having to know and understand all the different
technologies and model specifics.
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The CIS handles the model specific input, output and configuration and changes them to a
generic input, output and configuration. This is the functional wrapping performed by the
CIS. These generic input/output/configuration can then be used by everyone and all models
will have the same way of interaction.

Next to these three basic functionalities, the CIS also introduces a fourth basic functionality:
the model status. We want to be able to know if the model is waiting for input, still running,
or has somehow mal-functioned. This also allows for model self-checking and remote
monitoring of the model.

Configuration

CIS In/Output Wrapping

Model

— Output

Input — / commands

/
DB ~ Scripts*

l

Status

Figure 8-3. Example overview of wrapped model functionality. The basic integration pattern
is the same for all models simplifying the interaction with the model.

8.2 Virtual Wrapping

The functionally wrapped component can now be integrated automatically, but not yet
generated automatically. That's why the model is also wrapped in a Virtual Machine
template that has configurable connectivity parameters so that when a new instance of the
model is created using for example a different IP address, it can adapt to the new IP address
and stay connected to the workflow of the Early Warning System. The virtual image can then
also be moved, copied, multiplied and activated somewhere in any cloud, creating a generic
facility for any EWS to use.

An EWS can now use multiple models and even run them in parallel with different
configurations. It is also possible to calculate multiple different scenario’s in parallel using
the load balancing facilities the CIS provides.

The CIS provides a single point of entry for each model so that users of these models only
have to interact with the CIS, unaware of the complexity inside the models. This is shown in
Figure 8-4.
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Configuration

¥
Virtual Wr

CIS In/Output Wrapping

CIS — Input — / commands — Output

/
DB ~ Scripts*

l

Status

Figure 8-4. Fully wrapped model that is available through the CIS.

8.3 Combining CIS with DSS

The DSS interface is a visual front end for the models inside an Early Warning System and the
CIS hides the complexity of the interaction with these models. The CIS offers the DSS tool the
needed metadata on which models are active for a particular EWS and what their
configurations are. It also provides the DSS the needed interface to interact with these
models to allow the user to change configurations or setup and initiate new simulations. It
also allows the monitoring of the real-time data stream, enabling an expert user of the DSS
tool to understand the data and model behaviour and drill-down into the raw-data to find
possible causes for the raised cascade level of the dike. Figure 8-5 shows how the
components are integrated by the CIS.

Dike

Sensors

K

a 4
. AnySense Al Anomaly|
Monitoring Detection |
4 b > Data flow

HRW
" Reliable )
> =] O
LN (visualization)

———» Control flow

HRW HRW Action
Hydrograph DRFSM
Figure 8-5. CIS dataflow of current existing expert models.
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8.4 Technical specifications and implementation details for the DSS
components

The following table gives an overview of the input, output, configuration and status of the

models.

Input Output Configuration | Status Technology
used by
model

Dike Water height Failure chance Failure modes | Ready/Processing | C#, Excel,

Reliability and dike executable

analysis parameters for

(RELIABLE) a specific dike

location

Hydrograph | List of List of predicted | Specified in Ready/Processing | Python, file,

(water predicted water | amounts of input script

discharge heights for water and time

through the | specified time | values

breach) steps
Configuration
for this dike

Flood List of List of water Digital Terrain | Ready/processing | C#, SQL,

Simulator Hydrograph heights per Model for a Amount of jobs in | executable,
input geographical geographical queue CIS
parameters for | location per area technology,
specific breach | time step Java, IMS &
location(s) Web-Service

Evacuation List of water People Specified in Processing Executable,

Simulator heights per evacuation input Python,
geographical routes, road script
location per status
time step, road | (open/closed),
network data, building status
buildings data, | (standing/
population data | destroyed)

Virtual Dike | Water height Pore pressure Dike structure | Ready/Processing | COMSOL,
(either fields, structural MATLAB,
predicted or displacements Python,
real-time and stresses Ruby, script

sensor data)

fields
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10 Conclusions and future plans

This report described a prototype of the Decision Support System (DSS) that includes
interactive access to real-time sensor data computational models and visualization tools. All
the components of the DSS are connected in an intelligent workflow by the Common
Information Space. In addition, we presented the Virtual Dike, an advanced modelling tool
developed for fundamental studies of dike stability coupled to the flow dynamics. We have
simulated the LiveDike in Eemshaven under the sea tides and flood conditions. Further, we
experimented with the Flood Simulator in a scenario of the RingDijk breach, in which case
the University of Amsterdam team would be flooded in their Science Park campus. ©

The DSS has been implemented and demonstrated to dike stakeholders and flood
management authorities during the Joint UrbanFlood & SSG4Env Workshop on Monitoring
and Flood Safety. A very positive response and interest in the DSS system showed that the
idea and implementation approach were chosen appropriately.

In the next stage of the project, we will enhance the functionality of the UrbanFlood DSS,
taking into account the feedback from targeted groups of end-users. The simplified dike
breaching simulation will be substituted by a more accurate model, and a new model of city
evacuation will be added for assisting in flood emergency management.

The Virtual Dike simulator will model heterogeneous soils inside the dikes and real sea-storm
conditions. Next, we will model dike failure mechanisms based on the 1JkDijk experiments,
including macro-instability, piping and surface erosion. In addition, we plan to explore the
system identification theory approach to build simplified models based on the sensor data
analysis and advanced modelling. Finally, the Virtual Dike will be integrated into the
Common Information Space to receive sensor input automatically and to produce real-time
simulation results for displaying them on a multi-touch table or a web-based DSS.
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