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1 Executive summary 

This deliverable (D4.2) of the FP7 UrbanFlood project describes an internet-based Decision 
Support System (DSS) that has been developed by Work Package 4 in close collaboration 
with the Work Packages WP5 and WP6.  

According to plan, in the second year of the Project we have enhanced the functionality of 
the DSS, taking into account the feedback from stakeholders and UrbanFlood Advisory 
Board. Several new modes of the interactive system have been developed and tested by 
end-users during the seventeen (17) DSS demonstrations. With the new functions, users can 
manipulate model parameters and create new early warning functions to experiment with 
different scenarios.  

Some other highlights of the second year are as follows: 

- New essential models have been implemented in the RELIABLE module for slope stability 
analysis. 

- A simplified breach model has been replaced by a more advanced HR BREACH model. 

- A city evacuation model LSM has been added to the modelling workflow. 

- Evacuation of Science Park Amsterdam has been simulated for different dike breach 
scenarios and different road conditions (open and closed gates). 

- Three cities have been prepared for Flood Simulator: Amsterdam, The Netherlands, 
St. Petersburg, Russia and Boston, United Kingdom.  

- Several inundation scenarios have been simulated for Amsterdam and St. Petersburg. 
These two flood early warning systems have been integrated in the Common Information 
Space (CIS) and are available for online experimentation. For Boston, first simulations 
have been performed. Integration in the CIS is the next step. 

- For advanced research into dike stability and failure mechanisms, Virtual Dike model has 
been integrated in the CIS and connected to the real-time sensor data streams. Sensor 
readings are used as boundary conditions (water levels outside the dike) and as 
calibration tool.  

- Virtual Dike model has been calibrated with the use of sensor data. Additionally, 
extensive sensitivity analysis has been performed. The results show highly non-linear 
response of the dike to changing soil properties.  

- Artificially generated instability of a dike has been simulated by the Virtual Dike module. 
The virtual sensor data predicted by the simulation has been used for training the 
Artificial Intelligence module and for testing the operability of the complete early 
warning system (see also D3.1b). 

- First simulation results for the IJkDijk slope instability experiment revealed dike weak 
spots. The first stage of excavation has been modelled so far. 
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- Model cross-validation has been started for three models: RELIABLE, Virtual Dike and 
SLOPE. Boston Dike was selected as a validation site. 

- Most models have been fully integrated in the Common Information Space: AI anomaly 
detection, RELIABLE, Breaching, Flood Simulator, and Virtual Dike. Integration of HR 
BREACH is in progress. 

- The individual computational models involved in the DSS system have been tested and 
validated. Detailed information on complete EWS and software testing is reported in the 
revised deliverables D5.4 and D6.5.  

- For advanced interactive visualization, Visualization-as-a-service web tools have been 
developed; Flood visualization was into integrated Google Maps; several videos 
produced for promotion and demonstration purposes.  

- SARA high-performance Cloud computational resources have been integrated in CIS 
resource management system, thus allowing dynamic resource allocation for computer-
intensive simulations.  

- Published 12 papers, presented 15 lectures and conference talks, and showed 17 
demonstrations. 
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2 Decision support for UrbanFlood early waning system 

2.1 DSS workflow and components overview 

During the first year of the Project we have developed the prototype of the Decision Support 
System framework that allows easy access to sensor data, modelling and simulation tools, as 
well as advanced visualization from interactive graphical devices [D4.1]. In the second year 
we have updated the simulation models and upgraded the user interface. Virtual Dike and 
Evacuation Simulator have been integrated in the EWS. The EWS workflow is schematically 
shown in Figure 2-1. The scheme is used as a visual guide to the explanation of model 
connections given below. The dataflow of the system, e.g. the interaction between signal 
processing and Al, and the overall EWS system architecture are described in detail in the 
reports of other workpackages: WP3 for signal processing and AI, WP5 and WP6 for 
integration and system architecture (D5.4, D6.5). 

 

Figure 2-1. 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 ‘AI 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.  
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'Risk analysis' is mainly based on the estimated dike failure probability (calculated by the 
‘Reliability Analysis’ module) and on the damage assessment: (a) damages to the flooded 
property and critical city infrastructure (as predicted by the 'Flood Simulator') and (b) the 
number of people affected: evacuated, trapped in the flooded area or drowned (calculated 
by the 'Evacuation Simulator'). 

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 2-1, marked "Fast 
response").  

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 2-1. 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 AI 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 3, 4, 6, 7, 8 and in scientific 
publications listed in Chapter 9. Section 2.4 provides a table summarizing the input and 
output data, configuration and implementation status of the DSS components. 

2.2 Progress in decision support interactive functionality 

During several sessions with end-users we learnt that they require additional functionality to 
get real-time dike stability information, being able to trust this information and to integrate 
the DSS into daily operations. What they most importantly require is:  

• Insight in the model parameters that enables end-users to correlate the parameters 
with what they understand in their field of expertise. 

• A possibility to explore various scenarios, new parameters or expose the flood 
defences to different loads and see the results without interfering with the real-time 
monitoring. 

• Visual feedback on sensor values and stability indicators, instead of looking at raw-
sensor data. Users want to look at processed sensor data integrated with their 
knowledge on the structure of the dike. This leads to new insights and new ways of 
understanding the flood-defences. 

• New ways to interact with the sensor data and to do different forms of 
mathematical manipulations with sensor values enables new ways of looking at the 
same sensor data. This can lead to new models to calculate the stability of the flood 
defence. 
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To accommodate these most important requirements we have included several new view 
modes in the DSS to enable: 

• Viewing and manipulating the parameters for the models that are currently active 
for an Early Warning system. 

• Creating new Early Warning Functions that allow to setup a separate set of models 
where the user is able to manipulate parameters for different simulations and then 
play-out various scenarios such as: expected storms, high tides, possible flood 
defence failure, etc. 

• Presenting sensor data in different ways inside the flood defence overview. 

• Sensor Fusion functionality which enables pre-processing and combining raw sensor 
data. 

In the final year, WP4 in collaboration with WP2 (Stakeholder Analysis) and WP7 (Dissemination 
and exploitation) will systematically collect the feedback from end-users. It will be presented 
in D4.3 "Experiences with an online decision support system" and in corresponding reports 
from WP2 and WP7. 

2.3 Visualization service 

In the second year of the project, we have improved the Visualization Service that previously 
only acted as an interface to the CIS. Now it also manages flood simulations and 
visualizations. It acts as a central registry of simulation areas, results, and also visualization 
that can be queried and used by various visualization applications. The service also provides 
a simulation submission service that can be used to start a new flood simulation. 

The Visualization Service is implemented as a RESTful [REST] web service that primarily uses 
JSON [JSON] to exchange structured data. Services provided by the Visualization Service are 
categorized into the following groups: 

1. Simulation Area service provides simulation area list and information, such as area 
position, size, and projection. 

2. Flood Simulation Result service provides list of simulations, information about 
simulation, and raw simulation result data. 

3. Flood Visualization service provides images in different visualization methods, such 
as water level and water volume visualization, and format, such as raw image 
generated from the map and tile map images. 

4. Flood Simulation Submission service for running a new inundation simulation. 

Two of the previous tasks of the flood simulator were to keep records of simulations and 
store the simulation results. These tasks have been moved to the visualization service to 
remove data storage redundancy since the visualization service also keeps track of 
simulations and stores the results locally for visualization purposes. This also made the 
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inundation service in the CIS only need to provide one service: start a new simulation, 
instead of the previous three services: start a new simulation, get list of available simulation 
results, and retrieve a simulation result. 

New visualization method was also added to the service. Tile map images in multiple levels 
of details are produced by the service to support large-scale visualization. Using this method, 
the image from inundation simulation is cut into several smaller images that form tiles. This 
allows client applications to retrieve only parts of images that are needed (visible) and thus 
relaxing the connection requirements between the application and the service. 

One of the inundation simulation data is a topographic map of area where the inundation is 
simulated. The visualization service has been improved to support topography map that 
comes in different map projections. This support is important because a topography map 
obtained from an area survey usually follows map projection that is used locally in the 
region, which can be different from other regions. Being able to handle different map 
projections, images from the visualization can be laid out correctly on a map. 

2.4 Implementation and validation status 

The Common Information Space (CIS) binds the models together that run in the cloud on the 
internet. The CIS enables the DSS to create and generate workflows on the fly in different 
configurations. Models are wrapped to allow easy communication. This year we have 
successfully wrapped and connected to CIS Evacuation Simulator and the Virtual Dike. 
Table 1 gives an overview of the input, output, configuration and status of the models.  

The individual computational models involved in the DSS system have been tested and 
validated (see corresponding subsections in this report). Detailed information on complete 
EWS and software testing is reported in the revised deliverables D5.4 (Chapter 3. Testing and 
validation procedures) and D6.5 (Chapter 4. Testing Results). 

In Year 3, we will perform the DSS validation for the pilot sites, including the IjkDijk failure 
experiments. The test scenarios and results of these tests will be included in the Deliverable 
D4.3 "Experiences with an online decision support system".  

Table 2 describes the status of all simulation modules for all UrbanFlood pilot sites. 
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Table 1. Overview of the input, output, configuration and status of the models. 

 Input Output Configuration Status Technology 
used 

Dike 
Reliability 
analysis 
(RELIABLE) 

Water height Failure chance  Failure modes 
and dike 
parameters for 
a specific dike 
location  

Ready C#, Excel, 
executable 

Hydrograph List of predicted 
water heights; 
dike 
configuration  

Predicted water 
discharge 
through a dike 
breach 

Specified in 
input 

Ready Python, file, 
script 

Flood 
Simulator 

List of 
Hydrograph 
input 
parameters for  
specific breach 
location(s) 

List of water 
heights per 
geographical 
location per time 
step 

Digital Terrain 
Model for a 
geographical 
area 

Ready C#, SQL, 
executable, 
CIS technology, 
Java, JMS & 
Web-Service 

HR BREACH Water levels; 
dike parameters 

List of predicted 
amounts of 
water and time 
values 

Specified in 
input 

NEW: 
Integration 
in progress 

Executable 

Evacuation 
Simulator 

Water levels per 
geographical 
location per 
time step, road 
network data, 
buildings data, 
population data 

Evacuation 
routes, road 
status 
(open/closed), 
building status 
(standing/ 
destroyed)  

Specified in 
input 

NEW: 
Ready 

Executable, 
Python, script 

Virtual Dike Water height 
(either predicted 
or real-time 
sensor data) 

Pore pressure 
fields, structural 
displacements 
and stresses 

Dike structure NEW: 
Ready 

COMSOL, 
MATLAB, 
Python, Ruby, 
script 
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Table 2. Status of simulation modules for the pilot UrbanFlood sites. 

Status of simulations for the pilot UrbanFlood sites: 

Modules Boston dike, UK 
(validation site) 

Ring dike, 
Amsterdam, 
The Netherlands

Rhine dike, 
Germany 

Other sites 

1. Zeeland Dike –Done 
2. Stammer Dike –Done 

AI Anomaly 
detection 
(developed in 
WP3) 

Done Done 
Planned in 
Year 3 3. IjkDijk –Planned in 

Year 3 

Dike Reliability 
analysis 
(RELIABLE) 

Done, needs 
adjustments 

Done, needs 
adjustments 

Planned in 
Year 3 

Not planned 

Hydrograph 

Replaced by a 
more advanced 
HR BREACH 
model 

Done 
Planned in 
Year 3 

St. Petersburg, Russia –
Done 

HR BREACH Done Not planned 
Planned in 
Year 3 

Not planned 

Flood 
Simulator  

Done Done 

Planned in 
Year 3, if 
relevant data 
obtainable 

St. Petersburg, Russia –
Done 

Evacuation 
Simulator  

Planned in Year 3 Done 

Planned in 
Year 3, if 
relevant data 
obtainable 

St. Petersburg, Russia –
Done 

Done for section 
A-A.  

1. LiveDike, Groningen, 
The Netherlands –Done 

Virtual Dike Detailed soil 
layers will be 
simulated to 
improve accuracy 
in Year 3. 

Not planned 

Planned in 
Year 3, if 
relevant data 
obtainable 

2. IjkDijk (calibrated dike 
built and destroyed 
during several dike 
failure experiments) –In 
progress 
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3 Virtual Dike 

Virtual Dike is a computational module developed for advanced research into dike stability 
and failure mechanisms. Descriptions of the model and implementation details were given in 
our previous report [D4.1]. 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 AI 
modules. The module has been integrated to Common Information Space and deployed on 
SARA Clouds within the Big Grid initiative. 

This chapter reports on the Virtual Dike progress: 

• Integration of Virtual Dike module to Common Information Space and 
implementation of automatic sensor input from CIS to Virtual Dike, as well as 
automatic output of virtual sensors data from Virtual Dike to CIS (see section 3.1) 

• Sensitivity analysis. Influence of uncertainties in soil parameters on filtration 
characteristics (see section 3.2) 

• Calibration of soil parameters for Livedike (see section 3.3) 

• Training AI system for abnormal behaviour of the dike on a Livedike’s prototype 
under flood condition (see section 3.4) 

• First results of IJkDijk slope instability experiment modelling (see section 3.5) 

• Parallel efficiency benchmarks (see section 3.6) 

• Validation of Virtual Dike model (section 3.7) 

3.1 Automatic sensor input implementation 

The Virtual Dike module is using input from water level sensors, which are stored in CIS. 
Water level dynamics are used to specify transient boundary conditions for the model (see 
[D4.1] for a mathematical description of the model and its boundary conditions). The Virtual 
Dike module has been integrated in the Common Information Space (CIS). When simulation 
is started, CIS launches Linux Ubuntu virtual machine with Virtual Dike on SARA HPC Cloud 
servers (see [D5.2] for the specification of the architecture and interfaces of the Common 
Information Space). Then CIS software writes sensor input (water level values) to a specified 
directory, in real-time mode (every 5 minutes). The Virtual Dike module monitors the 
directory for new files, reads them and produces the output (flow and structure parameters 
dynamics) in real time mode. The output also comes via hard drive files written by Virtual 
Dike to the output directory. 

Within the Virtual Dike module, automatic sensor input is implemented by running MATLAB 
script which monitors the input directory for new input files, reads input data, starts Virtual 
Dike simulation, stores virtual sensor output which is then passed to CIS. The workflow of 
simulation with automatic sensor input is shown in Figure 3-1. 
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 Figure 3-1. Workflow of simulation with automatic sensor input.  

 

3.2 Sensitivity analysis 

3.2.1 Problem description 

Sensitivity analysis has been performed to calibrate soil parameters for Livedike and to study 
the influence of uncertainties in soil properties on simulated pore pressure dynamics, 
characterized by amplitude of local pore pressure within the dike and phase shift between 
tidal load and local pore pressure in the dike.  

A homogeneous dike has been considered. The geometry of the dike is similar to that of the 
Livedike, a sea dike near Groningen. 2D porous flow problem has been considered. Harmonic 
tidal pressure head is applied at the seaside. Constant pressure head (zero meters to 
average sea level) is applied at the landside. 

For Livedike, E4 sensor is the most important for studying pore pressure dynamics, as it is 
located in fully saturated zone, and there is historic data for E4, in all sections. Two more 
sensors in each section, E3 and G2, are also in saturated zone. But G2 data does not look 
reliable, and there is no E3 dynamics for some sections. The key pore pressure sensor 
location is shown in Figure 3-2. 

The results of sensitivity analysis have been used for more precise calibration of soil 
properties for the Livedike modelling, based on virtual E4 sensor dynamics. 
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Figure 3-2. Key pore pressure sensor location.  

 

3.2.2 Influence of permeability 

Here we have performed a number of porous flow simulations changing the value of 
saturated permeability of the dike in the range 10-7-10-11 m2. Horizontal distribution of pore 
pressure amplitudes in the dike (at the level -6 m to NAP) is presented in Figure 3-3. For 
relatively high values of permeability (10-7-10-9 m2) pressure amplitude is almost linear, with 
a very small non-linear part close to inlet sea-side slope. Starting from value 10-10 m2 and 
lower, significant non-linearity appears. Real pore pressure amplitude for E4 sensor, located 
at x=50m, is about 30cm = 3000 Pa (see Livedike data dashboard [Dash]). This corresponds 
to permeability values 10-7-10-8 m2 in Figure 3-3. Horizontal distribution of pore pressure 
phase shifts in the dike (at the level -6 m to NAP) is presented in Figure 3-4a,b. The time shift 
between the tides and E4 pore pressure observed in the LiveDike is 30 min, which 
corresponds to permeability value in range between 10-8-10-9 m2 (Figure 3-4b). Hence 
transversal heterogeneity should be included in the model. Calibration of Livedike soil 
parameters based on sensitivity analysis is described in section 3.3. 
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Figure 3-3. Pressure amplitude distribution along the dike, y = - 6 m.  
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(x=50 m,y=-6 m) 
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Figure 3-4. Phase shift distribution along the dike, y = - 6 m. (a) 5 values of permeability;  
(b) Logarithmic scale for phase shift at 3 values of permeability closest to observed experimental data. 

 

Vertical distributions of pore pressure amplitude, phase shifts and effective saturation in the 
dike (at x=50 m) are presented in Figure 3-5 and Figure 3-6. Vertical distribution of effective 
saturation characterizes the height of capillary rise in the material, which differs from 55 cm 
to 85 cm, for a given range of permeabilities. The capillary rise is influenced by van 
Genuchten parameters. Van Genuchten parameters have not been altered in the present 
analysis as they mostly affect porous flow in unsaturated zone, which is relatively small 
compared to the dike volume. And we are mostly interested in pressure dynamics in the 
saturated zone, because a change in time shift between tidal load and local pore pressure 
may indicate an onset of piping.  
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Figure 3-5. Distributions in a vertical direction, x = -50 m. (a) Pressure amplitude. (b) Phase shift. 
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Figure 3-6. Effective saturation distribution in the vertical direction, x=50 m 
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3.3 Calibration of soil properties for Livedike 

Soil parameters of Livedike have been calibrated for a good agreement between sensor data 
and simulation results. Comparison of pore pressure dynamics for real and “virtual” sensor is 
presented in Figure 3-7. Real E4 sensor data are shown with light green, simulation results 
are shown with dark green line. 
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Figure 3-7. (a) Water level input from sensor, (b) comparison of pore pressure obtained form sensor (light 
green) and from simulation results (dark green) 

3.4 Virtual Dike for training Artificial Intelligence 

For testing a hybrid AI+FEM model approach [Pyayt], we have considered a prototype dike 
similar to the LiveDike, Groningen. In order to generate a training set for the AI component, 
an abnormal behaviour of the dike has been simulated. The dike has been subjected to flood 
loading. Flood condition has been modelled by linearly increasing the water level from a 
Mean Sea Level (MSL) to the artificially extremely high level of +6.6 m above the MSL. The 
top of the dike is at 9 m. 

The geometric configuration and boundary conditions of the model dike are similar to those 
of the LiveDike, while material properties have been artificially set weaker, to obtain a more 
pronounced plastic zone under the condition of a simulated flood. A model dike is composed 
of homogeneous sand. A two-dimensional plain stress structural problem is solved on 
second-order triangular finite elements. The problem size is 29788 degrees of freedom.  

Boundary conditions are: (a) roller constraint on the dike’s base (allowing x-movement only) 
and roller constraints on the vertical cuts in the sand (allowing y-movements); (b) water 
pressure acting both on the seaside and landside. The landside is subjected to water 
pressure because of the channel behind the dike. 

Time dynamics of stresses in the dike are non-linear due to the plastic deformation. This 
nonlinearity is illustrated in Figure 3-10 a,b that shows principal stresses and stability 
function dynamics for six "virtual sensors" located at the land-side slope of the dike (see 
Figure 3-8 for these locations). Stability function becomes negative with plastic deformations 
taking place. 

 
Figure 3-8. Locations of six “virtual” sensors where simulation results are probed for stresses and stability 

(a) (b) 
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Figure 3-9. Distribution of stability function in the dike. Plastic zones are shown with dark red.  

(a) water at NAP, (b) water at 6.6 m above NAP 

A distribution of stability factor in the dike is presented in Figure 3-9 for two moments in 
time. Pore pressures in the dike grow with the height of water level, which reduces the 
magnitude of effective normal stresses, compressing the sand. Zones of plastic yielding grow 
as water level increases. Plastic zones are shown as dark red areas in Figure 3-9. When water 
level reaches 6.6 m above the reference level, the stiffness matrix becomes singular. This 
means that a significant part of the dike has yielded to plastic deformation, which may 
indicate the onset of a failure process.  

  

Figure 3-10. (a) Simulated dynamics of "virtual" sensors measuring principal stresses.  
(b) Stability criterion dynamics, for six virtual sensors located as shown in Fig. 3-8 

The first principal strain and X deformation measured by the virtual sensor located at point 
(X=55 m, Y=-4.2 m) were used as input parameters for the one-side classifier by Neural 
Clouds, see Figure 3-11. A more detailed description can be found in [Pyayt] and [D3.1b]. 
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Figure 3-11. Detection of anomaly using the Neural Clouds (NC) approach. (a), (b) – training data set; (c) - 
calculated confidence values. Blue lines indicate the training period (time steps 1-460), black lines indicate the 

testing period (times steps 461 and further). 
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3.5 IJkDijk slope instability simulation 

IJkDijk project [Ijk] is a unique project on experimental physical study of dike failure 
mechanisms. The tests are carried out on full-scale experimental dikes equipped with large 
sets of sensors. The tests include: slope instability, piping and surface erosion failure tests. 
We have started modelling the slope instability experiment. The dike has a height of 6 m, a 
length of 100 m and a base width of 27 m, with a crest width of 3 m and side slopes 1:1.5 on 
the dry side and 1:2.5 on the wet side. The dike was built on top of a 1.3 m to 3 m of clay and 
peat. The core is sand, with a thick clay cover (see Figure 3-12). The dike is equipped with 
pore pressure and soil deformation sensors.  

 

Figure 3-12. Effective saturation distribution in the vertical direction, x=50 m 

A full-scale 2D finite element model of the IJkDijk cross-section has been developed the in 
Virtual Dike module. The model contains 5 types of soil: sand, clay, peat, sub-clay, and sub-
sand. Soil properties are taken from the IJkDijk documentation package. Some of them have 
been measured, while others are not known and thus require reverse-modelling to find the 
right parameter values. Elastic-plastic Mohr-Coulomb model of material behaviour is used. 

3.5.1 Slope instability experiment  

Slope instability experiment simulates loading of a dike in polder. The experiment was 
performed in the following three steps [Koel]: 

1. Excavating drainage channel at the land side, in several stages, followed by soil 
compaction; 

2. Pumping the water into the core of the dike form infiltration tubes located in the 
lowest part of the sand volume of the dike, simulating polder conditions; 

3. A section of the land-side slope has finally failed at the critical water level, equal 
to 2/3 of dike’s height. 

3.5.2 Simulation results for slope instability  

The first excavation stage has been modelled so far. Effective plastic strain distribution is 
presented in Figure 3-13. The largest deformations are produced in the most deformable 
peat layer, and partially in the clay cover. The sand core is the stiffest. Next, we plan to 
simulate all the three experimental steps outlined in Section 3.5.1 and to compare 
simulation results with experimental data. 
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Figure 3-13. Effective plastic strain distribution, first excavation stage 

3.6 Parallel efficiency benchmarks 

Parallel efficiency benchmarks have been performed on computational resources of SARA 
HPC Cloud, under Ubuntu Linux. Some results have been presented in [Mel]. 

3.6.1 Parallel speedup benchmarks 

Comsol supports two modes of parallel operation: distributed mode and shared memory 
mode. One simulation used only one computational node with a dual quad-core CPU. 
Shared-memory parallelism (with default processor usage mode) has been tested for porous 
flow uncoupled modelling, employing UMFPACK and PARDISO solvers. Besides the default 
mode, there are three specific modes to control processor usage: throughput mode, 
turnaround mode, and owner mode, which have also been tested (see next subsection).  

Speedup test results are presented in Figure 3-14(a). PARDISO solver provides the best 
parallel efficiency for “small” problem size with number of DOF=60 000. For larger problem 
sizes UMFPACK scalability is better. At the same time, UMFPACK speed itself was 
significantly lower for large problem sizes, see in Figure 3-14(b). Hence, for large problems, it 
is preferable to use PARDISO solver.  
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Figure 3-14. (a): Parallel speedup. (b): Computational time for 2-8 cores. 

The parallel speedup of a particular solver first improves as the number of DOF grows. After 
that, we get speedup saturation or even decrease for number of cores np equal to 8. The 
reason of low scalability may lie in high process synchronization costs and in a relatively high 
amount of sequential operations, for instance the time-step output written on a hard drive. 
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3.6.2 Processor usage modes and BLAS libraries efficiency benchmarks 

Benchmark results presented below have also been obtained for porous flow problem, using 
one computational node of SARA. But here Comsol simulation has been coupled with 
MATLAB for automatic sensor input of water levels. This coupling reduced the performance 
and parallel scalability of the Virtual Dike module. 

Comsol supports three processor usage modes: owner (recommended for processors, not 
occupied with other tasks), turnaround and throughput (both are recommended for multi-
tasking regimes). Benchmark results showed that the owner mode is the worst (see Figure 
3-15a). Turnaround mode was the best for all cases except the case of using 8 cores, which is 
not recommended as it increases computational time, comparing to the cases of using 4 and 
6 cores.  

Results of BLAS libraries efficiency are presented in Figure 3-15b. ACML, Intel and MKL BLAS 
libraries have been tested, for 2, 4, 6 and 8 computational cores. ACML BLAS library is 
optimal for all cases, except the case of 8 cores. Using 6 cores with ACML library provides the 
lowest computational time. 

 

 
Figure 3-15. Computational time. (a): comparison of processor usage modes;  

(b): comparison of BLAS versions efficiency 

 

3.7 Validation of the Virtual Dike model 

Two validation approaches are employed for the Virtual Dike model:  

1. First approach is based on direct comparison of simulation results with sensor data. This 
method is presented in this section, along with some validation results.  

2. The second approach is based on comparing Virtual Dike results with those predicted by 
other computational models. This method is called model "cross-validation" in our 
report. A separate chapter will be devoted to this topic, see Chapter 5. 

This section describes a direct comparison of simulation results with real-life sensor data. 
This approach is the most natural way of model validation, proving that the model correctly 
predicts the phenomena observed in real life.  

Virtual Dike takes water levels continuously measured in the river/sea outside the dike as 
real-time input for dynamically changing boundary conditions as described in section 3.1. All 
other sensors can be used for model validation. To perform this comparison in real time, the 
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Virtual Dike model has been adjusted: a model configuration file now contains a list of 
"virtual sensors" to be compared with the real sensors. The list includes sensor coordinates 
in the model reference frame and sensor types matching model variables (e.g. pore 
pressure, deformations or inclinations). A list of sensors installed in the pilot sites can be 
found in report D3.1A. 

Below we show some results of Virtual Dike validation on sensors installed in the Livedike, 
The Netherlands. Figure 3-16 and Figure 3-17 compare pore pressure dynamics for two 
different sensors. A time span of over 17 days is shown. Simulated "virtual sensors" agree 
very well with the real sensor data. Rare exceptions where simulations overshot 
experimental data are most likely explained by the drainage system that pumps out the 
excess of water. To verify this information, a special feature could be added to the decision 
support system that would indicate water management or technical operational events like 
drainage, sensor relocation, repair and other relevant information.  

 
Figure 3-16. Validation of the Virtual Dike module: Livedike section, comparison of real and simulated pore 

pressure dynamics; sensor 1E3_32Ph 

 

Figure 3-17. Validation of the Virtual Dike module: Livedike section, comparison of real and simulated pore 
pressure dynamics; sensor 1E4_32Ph 
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Another possible reason for little disagreement of simulation results with sensor data is the 
unknown dynamics of ground water table at the landward boundary. Virtual sensors located 
close to that boundary (see Figure 3-2) are directly affected by the correct boundary 
condition. In the model we specify a slowly changing ground water level computed by 
averaging sea levels over one-day period. The obtained transient function is then scaled by a 
number reflecting the dissipation of low-frequency pressure waves in lateral direction. In 
real life, there is a time shift between these low-frequency oscillations and sea level 
dynamics. Since this time shift is also unknown, it was not considered in present model. One 
approach to correct this is to find this time shift. Another approach is to locate landward 
boundary so that it includes a pore pressure sensor G2 (see Figure 3-2).  Then the dynamics 
of pore pressure in G2 can be used directly to specify the boundary condition. This approach 
will work fine for the dikes where several rows of sensors are installed in each cross-section 
(like in the Livedike, but not in the Boston dike).  A drawback of this solution is that 
simulation will depend on operability of a sensor. If G2 sensor fails then on-line simulation 
will also stop. For a robust application, the first approach is preferable, or a combination of 
the two. 

The overall good agreement of simulated results with real sensor data proves that the fluid 
sub-model of the Virtual Dike is valid for simulation of this dike. To validate the structural 
sub-model, other sensors will be used, unavailable in the Livedike but available in Boston 
dike. For description of Virtual Dike sub-models, please see [D4.1]. We are presently working 
on validation of the Virtual Dike for Boston dike and IjkDijk. In addition to the pore pressure 
sensors, these two dikes have been equipped with inclination and displacement sensors that 
will allow us to validate the structural sub-model. 

3.8 Conclusion and plans for the Virtual Dike 

Virtual Dike module has been integrated to Common Information Space; with support of 
automatic real-time sensor input form CIS to Virtual Dike and virtual sensor output from 
Virtual Dike to CIS. Sensitivity analysis has been performed in order to calibrate Livedike soil 
properties and estimate solution errors coming from uncertainties in soil parameters. For 
Livedike, soil parameters have been adjusted, good agreement between sensor data and 
simulation achieved. A prototype of Livedike, with weakened soil strength, has been 
simulated under flood condition, to train the Artificial Intelligence anomaly detection 
module. Parallel efficiency benchmarks were performed to estimate solver parallel efficiency 
and to employ optimal processor usage mode and optimal BLAS library. 

Validation of the Virtual Dike module has been performed by simulating tidal dynamics in 
the Livedike and comparing sensor data (pore pressures) with simulated results. The next 
step of validation will be modelling the IJkDijk slope instability experiments. In addition, we 
plan to perform Boston dike simulations in order to cross-validate different models, as 
described in Chapter 5. Next, we will design a web-console application to launch Virtual Dike 
simulations on-line, with interactive visualization of simulation results. 
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4 Dike reliability analysis (RELIABLE) 

In our previous report [D4.1] we have described the structure and the models included in 
the RELIABLE tool: 72 failure modes, represented as simple Limit State Equations (LSEs), a 
flexible fault tree component, and a probabilistic failure analysis component based on 
Monte Carlo simulation (MCS). Analysis of the real dikes revealed the need for other models. 
In the second year of the project the new essential models have been implemented in the 
RELIABLE module. Input data for RELIABLE is generated using a software package called 
Oasys SLOPE version 19.0 [Oasys].  SLOPE generates the slip coordinates needed to be used 
in RELIABLE. 

4.1 Stability assessment methods 

Traditional engineering methods for investigating slope stability are based on several 
assumptions.  Firstly it is assumes a slip surface and a centre about which it rotates  Figure 
4-1), studying the equilibrium of the forces acting on this surface and repeating the process 
until the worst slip surface is that surface which yields the lowest factor of safety.  There are 
several methods that can be used to do this.  

Gravitational and seepage forces tend to cause instability in natural slopes, in slopes formed 
by excavation and in the slopes of embankments and earth dams. 

 

 Figure 4-1. Slope stability assumption (a slip surface and a centre about which it rotates).  

4.2 Fellenius or the Swedish method of slice analysis  

With partially saturated soils the undrained strength envelope is no longer parallel to the 
normal stress axis and the soil has a value of both φ and c.  The total stress analysis can be 
adapted to cover this case by assuming a slip circle procedure and dividing the sector into 
suitable number of vertical slices Figure 4-2). This method assumes that the inter-slice forces 
are equal and opposite and cancel each other out. Therefore only the forces acting on the 
base of the slice on the slip circle are calculated.   

Taking moments about the centre of rotation, O: 

 Disturbing moment = ∑Tr  

 Restoring moment = ∑+ )tan( φφ Ncrr  

Fellenius assumes that for each slice the resultant of the inter slice force is zero [Whitlow].  
The solution involves resolving the forces on each slice normal to the base: 
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N' = Wcosa — ul 

This method is less reliable when there is an irregular slope, irregular pore pressures and the 
soil is no longer homogeneous.   

  

Figure 4-2. Fellenius method of slice analysis.  

Hence the factor of safety in terms of effective stress is given by: 

 

The components W cos α and W sin α can be determined graphically for each slice. 
Alternatively, the value of a can be measured or calculated. Again, a series of trial failure 
surfaces must be chosen in order to obtain the minimum factor of safety. This solution 
underestimates the factor of safety: the error, compared with more accurate methods of 
analysis, is usually within the range 5-20%. 

4.3 Bishop’s (Mohr-Coulomb) Rigorous Method 

The effective stress methods of analysis now in general use were evolved by Bishop [Bishop].   
Failure is assumed to occur by rotation of a block of soil on a cylindrical slip surface centred 
on O.  By examining overall moment equilibrium about O an expression for the factor of 
safety is obtained.  It is assumed that the interslices forces are horizontal.  

Bishops conventional method allows rapid determination of F when sufficient slip circles are 
available to permit the determination of the most critical.  This is an appropriate method for 
analysis an existing slip, however in the instance of the trial sites in the Urban Flood project 
Bishops rigorous method is more suitable. 
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Bishops conventional method of analysis can give errors of up to 15 per cent in the value of F 
obtained, although the error is on the safe side since it gives a lower value than is the case.  
The equation for Bishops Rigorous Method: 
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In order to solve this equation, which has Fs on both sides, the right hand values is first 
calculated using the Simplified method and then the left hand values is calculated until the 
two values converge. 

4.4 Slope Stability Analysis Tools 

The initial stages of analysis a software package called Oasys SLOPE version 19.0 [Oasys] has 
been used to generate factors of safety for the Boston Dike and the Ring dike.  The tool has 
proved useful in the analysis to generate factors of safety, although fails to provide a 
probability of failure.   

SLOPE does not have the ability to produce probability of failure, the project is currently 
looking into the use of a different slope stability analysis software tool that can provide a 
probability of failure in the outputs.   The options under consideration include SLOPE/W and 
the Deltares software package D-Geo Stability. 

SLOPE/W – a slope stability CAD software product for computing the factor of safety of earth 
and rock slopes. SLOPE/W can effectively analyze both simple and complex problems for a 
variety of slip surface shapes, pore-water pressure conditions, soil properties, analysis 
methods and loading conditions. 

D-Geo Stability is a slope stability package for soft soils. 

All of the above packages use the Bishops or Fellenius methods described in 4.2 and 4.3 for 
investigating slope stability.  

4.5 RELIABLE input data sample 

Sample input data for Boston dike reliability analysis is presented in the following tables. 
Pore pressure measurements can be incorporated into the RELIABLE failure probability 
predictions via the effective stress parameter (total stress minus pore pressure). 

1. Soil parameters:  

GeoBead m GL Soil  
GS_AS_1 -2.2 Fine Sand 
GS_AS_2 -4.7 Soft Brown Clay 
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GeoBead m GL Soil  
GS_AC_1 -2.8 Sandy Clay 
GS_AC_2 -4.3 Fine Sand 
GS_AC_3 -6.8 Soft Brown Clay 
GS_AC_4 -9.9 Dark Brown Sand 

 

Sandy Clay - Made Ground 
Unit Weight   γ kN/m3 19.5 
Effective 
Stress  φ deg 30 
Cohesion  C' kPa 0 
Cohesion  Cu kPa 10 
Permeability   K kPa/m 2 
       

Fine Sand - Alluvium 
Unit Weight   γ kN/m3 17.5 
Effective 
Stress  φ deg 28 
Cohesion  C' kPa 0 
Cohesion  Cu kPa 15 
Permeability   K kPa/m 2 
       

Soft Brown Clay - Borroway Drove Beds 
Unit Weight   γ kN/m3 22 
Effective 
Stress  φ deg 32 
Cohesion  C' kPa 0 
Cohesion  Cu kPa 22 
Permeability   K kPa/m 2 
       

Dark Brown Sand - Glacial Till 
Unit Weight   γ kN/m3 22 
Effective 
Stress  φ deg 27 
Cohesion  C' kPa 5.8 
Cohesion  Cu kPa 25 
Permeability   K kPa/m 2 
       

Firm Grey Clay - Kimmeridge Clay 
Unit Weight   γ kN/m3 21 
Effective 
Stress  φ deg 27 
Cohesion  C' kPa 17 
Cohesion  Cu kPa 30 
Permeability   K kPa/m 2 

 

2. Geometry: 

Sandy Clay Fine Sand Soft Brown Clay Dark Brown Sand 
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X Y X Y X Y X Y 
-0.1 6.07 -0.1 2.94 -0.1 1.34 -0.1 -3.06 
0 6.11 0 2.94 0 1.34 0 -3.06 
4 5.9 4 2.94 4 1.34 4 -3.06 
7 5.41 7 2.94 7 1.34 7 -3.06 
9 4.75 9 2.94 9 1.34 9 -3.06 
12.1 3.91 12.1 2.94 12.1 1.34 12.1 -3.06 
14.4 2.6 14.4 2.94 14.4 1.34 14.4 -3.06 
16.4 1.6 16.4 2.94 16.4 1.34 16.4 -3.06 
18 0.7 18 2.94 18 1.34 18 -3.06 
20 0 20 2.94 20 1.34 20 -3.06 
22 0 22 2.94 22 1.34 22 -3.06 

 

3. GeoBeads Coordinates: 

  X Y 
AS1 8.5 -2.2 
AS2 8.5 -4.7 
AC1 0 -2.8 
AC2 0 -4.3 
AC3 0 -6.8 
AC4 0 -9.9 

 

4.6 RELIABLE simulation results  

RELIABLE analyses the dike to determine its fragility as a probability of failure.  The fragility 
of a structure is defined as the ‘probability of failure conditional on a specific loading ‘L’ 
[Casciati].  For this project the loading is the Water level.  Figure 4-3 illustrates one 
simulation result from the Boston dike.  Please note that the results at this stage are with 
test parameters and not the actual outputs for the Boston dikes.  This work will be 
developed in year 3. 

The concept of fragility provides a snapshot of the probability of failure in time.  The 
description of time-dependant reliability requires a series of snapshots in time, and 
therefore a series of fragility curves in time.  The sensors installed at all the sites provide the 
series of fragility curves in time.  It is this series of fragility curves in time that will identify 
shifts and changes in probability of failure due to deterioration or changes to management 
regimes. 

The fragility curves should trigger actions to identify and rectify the cause of the shift which 
might include new works or changes to management regimes. 

 



UrbanFlood                                                                                                                                             March 2012 
___________________________________________________________________________________ 

 

 
An internet based decision support system for flood control                                         UrbanFlood Report UFD4.2UvA 

28

 

Figure 4-3. Fragility Curve for the Boston dike using test parameters 
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5 Approach to cross-validation of dike stability models 

This chapter outlines the approach to cross-validation of dike stability models. We consider 
three models: Virtual Dike (see Chapter 3), RELIABLE (Chapter4) and a software package 
called Oasys SLOPE [Oasys]. Model cross-validation is the second validation approach; first 
being a direct comparison of Virtual Dike simulation results with real sensor data (see 
section 3.7). The validation will be based on comparing dike failure probability as a function 
of water levels. The actual tests will be performed in Year 3 of the Project and reported in 
forthcoming deliverable D4.3. 

5.1 Boston dike as a validation site 

For validation of the models and for testing the UrbanFlood early warning system we 
selected the Boston Dike in the United Kingdom, because it has a history of frequent "toe 
slippage" on the river side.  This mechanism is presumably caused by high pore water 
pressures in the bank when the water recedes.  Recently, the sensors have been installed in 
the dike, making it possible to use the information from the installations to assess the 
internal stability of the dike.  

The sensors installed in the Boston dike are providing good data.  The GeoBeads and the SAA 
tilt sensors are detecting strong elastic response to the tidal forces (see report [D3.2]).  
Looking at the data since installation in May 2011 it is clear that the sensors are detecting a 
reaction in the embankment to the tidal variations, and in particular not just to the high and 
low tides, but also the variations of the spring and neap tides.  

The next section outlines the strategy to model cross-validation and the first results 
obtained for the Boston Dike.  

5.2 Modelling Boston Dike 

In order to cross-validate the computer models, slope stability analysis of the Boston Dike is 
being undertaken. This work has just started. We plan to compare the output of RELIABLE, 
Virtual Dike and a software package called Oasys SLOPE version 19.0 [Oasys].  

SLOPE has been designed primarily to analyse the stability of slopes, and can be used to 
analyse earth pressures and bearing capacity problems.  It is regularly used within the 
engineering industry. The SLOPE programme is being used to calculate the circular failures of 
the dike in Boston, in order to cross validate the methods of analysis used in HR BREACH. 
Figure 5-1 shows some of the outputs seen to date. 
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Figure 5-1.  Section A-A Boston, Slip Circle for the value of Factor of Safety equal to 3.275 
 

In order to undertake the analysis the parameters needed to be defined.  In the absence of 
mean values characteristic values were input into the SLOPE using partial fractions set to 1 
for Eurocode 7 to determine the mean values as the parameters.   

 The pore water pressure distribution can be varied in each stratum, and can be specified in 
any of the 3 following ways: 

• Simple hydrostatic pore pressure distribution below a phreatic surface 

• A user-defined ‘piezometric’ pore pressure distribution below a phreatic surface 

• An overall Ru value (the ratio of pore pressure to total vertical stress). 

The data from the GeoBeads enables us to calculate the pore pressure on the slip surface 
and express it in terms of a single Ru value: 

Ru = (pore pressure) / (Total Overburden Pressure) 

In this case the Slope programme calculates the pore pressure, U, at each point according to 
the equation  

U = p*Ru, 

where p is the total overburden pressure. 

This analysis requires using drained conditions. 

The variation of Factor of Safety (FoS) at different river levels and different groundwater 
levels has been carried out using SLOPE.  Factor of Safety (FoS), also known as Safety Factor 
(SF), is a term describing the structural capacity of a system to withstand loading conditions 
that exceed the expected loads or actual loads. Essentially, how much stronger the system is 
than it usually needs to be for an intended load. A high factor of safety means a structure 
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has been designed to be capable of withstanding loads that exceed the design load by a 
significant margin. Safety factors are often calculated using detailed analysis because 
comprehensive testing is impractical on many projects, such as bridges and buildings, but 
the structure's ability to carry load must be determined to a reasonable accuracy. 

In order to obtain a suite of curves, groundwater levels have been chosen that are below the 
assumed river level.  This required an assumption of the variation of groundwater level 
landward of the bank.  The assumption made is shown on the extract from one of the SLOPE 
files (river level = 4mOD, where OD stands for Ordance Datum, vertical datum used in the 
UK, approximately equivalent to mean sea level) given on the left in Figure 5-2. It is 
acknowledged that groundwater levels as low as considered are unrealistic, but have been 
used to produce the chart. 

 

Figure 5-2.  Section A-A Boston, Slip Circle for the value of Factor of Safety equal to 1.624 
with a river level assumed of 4mOD (Ordance Datum) 

 

The predominant critical slip surface is shallow and is limited to the bank slope - rarely does 
the critical slip surface extend beyond the crest (for the assumptions that have been made).  
Hence, the assumed variation in groundwater level described above has little effect on the 
calculated FoS. Similarly, because of the shallow slip surfaces, increased groundwater levels 
do not always result in changes in FoS. 

Where the assumed ground water profile varies landward water pressures at the position of 
the sensors have been calculated separately. The FoS can be used to establish a set of 
"Traffic Lights" - red, amber and green - to determine the threshold for taking action within 
the early warning system.  Presently, it is suggested that these thresholds be for the Boston 
dike: 

Red - FoS  below1.05 

Amber - FoS between 1.05 and 1.2 

Green - FoS above 1.2 
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These subjective values are suggested because the (Boston) bank would not have been 
constructed in an engineered fashion and will not have modern values of FoS. 

A similar exercise has been undertaken on the Ring dike and further analysis using new 
software will be undertaken for all the Urban Flood sites.  This will look at the probability of 
failure.  The cross validation of the models will then be based on the results of probability of 
failure as a constant. 

5.3 Cross-validation of dike stability in SLOPE and Virtual Dike 

We plan to compare results of slope stability analysis for the Boston dike, obtained by SLOPE 
and Virtual Dike. SLOPE is limit equilibrium analysis software, considering equilibrium state 
of soil slices under the assumption of circular shape of sliding surface. The Factor of Safety 
FoS is calculated as a ratio of restoring moments sum to disturbing moments sum. 

Virtual Dike is a finite element analysis module. During the instability analysis, it does not 
make any assumptions on the shape of critical surface – the shape of the surface can be 
arbitrary and is obtained during simulation. By rising load intensity or weakening soil 
properties, instability is achived in FE solver, in the form of divergence of equilibrium 
iterations.  

There are two possible scenarios for cross-validation of SLOPE and Virtual Dike: 

(a) To use identical material properties and identical geometries, in two models. To increase 
river level or gravity load until instability has been achieved. Critical river level or critical 
gravity acceleration can be compared, for the two models. As Boston dike is stable for 
possible river levels, increasing gravity load looks preferable, as it allows using actual soil 
properties of Boston dike for cross-validation.  

(b) To compare FoS from SLOPE with strength reduction factor SRF, computed in Virtual Dike 
by so called c-fi reduction method [Griff]. In the c-fi reduction method, cohesion and tangent 
of friction angle for every soil strata are divided by some factor SRF > 1 until divergence of 
equilibrium iterations has been reached. All the loadings remains constant during scaling. 
The value of factor SRF, corresponding to a margin of divergence, is a safety factor in the c-fi 
reduction method: 

inminmc
cSRF

argarg tan
tan
ϕ

ϕ== , 

Where c,ϕ  are cohesion and friction angle of soil strata, inminmc argarg ,ϕ  are cohesion and 

friction angle at the margin of instability, under given loadings.  

 There has been published a number of papers, comparing safety factor SRF obtained by c-fi 
reduction method and FoS from limit equilibrium analysis (for example, [Tot]). The 
discussion about the optimal  method to define a safety factor is still open.  Obviously these 
two factors refer to different models (FoS is computed for the original dike, while SRF is 
computed for the dike with weakened soil strength) and they are not completely identical, 
as nature experiments have also proved [Tot]. In physically non-linear structures, like elasto-
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plastic soils, response of structure to the external load is not in linear proportion to the 
strength parameters of soil. Thus we can not expect that scaling of soil properties with 
constant load in c-fi reduction method would give absolutely the same result as scaling loads 
with constant material properties in limit equilibrium analysis. 

In the final year of the project we plan to try and compare the both methods mentioned 
above for the cross-validation of SLOPE and Virtual Dike. 
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6 Dike breaching simulation (HR BREACH) 

6.1 HR BREACH model description 

A simplified dike breaching model based on two empirical equations [ref D4.1] has been 
replaced by the more complex HR BREACH modelling tool. The HR BREACH model was 
originally developed through an HR Wallingford company research project [Mohamed]. The 
model was developed because a gap in the consultancy/modelling market for a truly 
predictive breach model was identified. Existing models breach model were reviewed as 
potential starting points, but ultimately considered too restrictive; hence the HR BREACH 
model was developed from scratch. The aim of the model was to try to reflect the key 
physical processes that occurred during breach development. HR BREACH Graphical User 
Interface (GUI) is presented in Figure 6-1. 

 

Figure 6-1. HR BREACH Graphical User Interface (GUI) 
 

The model is based on the principles of hydraulics, sediment transport, and soil mechanics. It 
predicts the breach characteristics such as size, and shape, and the breach outflow 
hydrograph. It has been formulated to address the following main issues:  

• The breach development during the overtopping of embankments and improve the 
analysis of the breach side slope instability process. 

• The failure of composite embankment and incorporation of the effect of 
embankment surface protection on the breach development process.  

• The piping failure of embankments. 
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The first issue involved developing a new methodology to model the breach growth of 
homogeneous embankments, which is based upon a combination of continuous erosion and 
discrete mass instability. The continuous erosion is due to the erosive action of water. This 
action gradually deepens, and widens the breach and undermines the breach side slopes. At 
a certain point, a mass instability takes place and induces a step change in the breach width. 
The instability of the breach side slopes can be by a shear or bending failure and is analysed 
taking into consideration the forces acting on the slope, and the variation of the soil density. 
A probabilistic approach can be used to take into account the uncertainties associated with 
the computed "factor of stability'' of the breach side slopes. 

Analysis of the second issue included the additional processes that take place because of the 
existence of the core within an embankment body. The erosion of the material of the 
downstream layer is likely to affect the stability of the core and may eventually lead to its 
failure. The likely instability failure mechanisms of the core of a composite embankment are: 

1. Sliding 

2. Overturning 

3. Bending 

The first two failure mechanisms were analyzed by computing their factor of stability, A 
simplified analysis of the third mechanism was proposed in the absence of a detailed 
analytical solution. After the failure of the core down to its base the lateral growth of the 
breach is modelled based on the continuous erosion and the discrete mass instability 
explained above. The effect of the protection layers is also modelled within the model. Three 
types of surface protection are included, these are:  

1. Plain grass  

2. Reinforced grass 

3. Riprap 

The last issue involved a new methodology to model the piping failure of embankments, in 
which the following processes were modelled assuming that piping is already initiated within 
the body of the embankment:  

1. Erosion of-the material in the pipe.  

2. Slumping of the downstream face material above the pipe. 

3. The collapse of the top part of the dam, above the pipe, either under its own weight 
or the water pressure forces.  

4. Erosion of-the dam body in a similar way to that described for the overtopping 
failure of embankments. 

Based on the above methodologies, the new model was developed using the VC++ 
programming language. Unlike many existing models that have been calibrated against 
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specific data sets, this model has not been calibrated to reproduce a specific data set. The 
model has been tested using both experimental and real failure data, with modelling results 
showing good agreement with observed values for a range of different conditions. The 
model is also capable of undertaking Monte Carlo analysis. 

In the following sections a brief description of the equations used to model the overtopping 
failure is given. 

6.2 Reservoir hydraulics 

To compute the outflow from the dam, the reservoir level has to be calculated. If a head -
time boundary is used then this level can be obtained readily from the boundary data by 
linear interpolation. If a flow - time boundary is used then this level can be calculated 
iteratively by solving the following equation: 

0QQ
dt
dV

i −=    

where: dV/dt is the rate of change of the water volume of the reservoir, Qi: is inflow rate to 
the reservoir, Qo is outflow rate from the reservoir. 

6.3 Flow computations and submergence effect 

The equation used in the model to compute flow through the breach is: 

2
3

bbdb HBCQ =     

where: Cd : Discharge coefficient.   L : Crest length. 
 Bb : Breach width.    Hw : Total head over the crest. 
 Hb : Total head over the breach. 

The values of the flow are corrected if the flow is submerged. 

6.4 Computations of water depths and velocities along the breach 

Once the flow through the breach is calculated, the location of the control section can be 
established by comparing the bed slope at each section with the critical slope. The water 
depth and velocity computations are then done in the upstream direction in the sub-critical 
flow zone and in the downstream direction in the supercritical flow zone by solving the non-
uniform flow equation [Chow]. 

6.5 Sediment continuity equation 

The sediment continuity equation is used to calculate the width and depth changes for each 
section: 
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where:  A : Cross sectional area.  Qs : Sediment transport rate. 
 p : Sediment porosity.  x : Distance. 
 t : Time.  qs(io) : Lateral sediment inflow (+ve) or outflow (-ve). 

6.6 Breach sides stability analysis 

The factor of stability of the breach side slopes is calculated using the following equation:  

Factor of Stability (FOS) = Stabilising Forces / Destabilising Forces 

where:  

Stabilising forces are: 

1. Water pressure forces in the breach channel 
2. Friction forces 
3. Cohesion forces 

Destabilising forces are: 

1. Gravity forces 
2. Pore water pressure forces in the embankment 

6.7 Validation of HR BREACH model 

The HR BREACH model predicts breach growth through flood embankments and 
embankment dams of different material types and construction. The model balances speed 
and complexity of computation against usability and the need for a practical tool to support 
dam-break analyses, flood risk assessments and the subsequent development of evacuation 
and emergency action plans. 

HR BREACH combines hydraulics, soil mechanics and structural analysis into a single breach 
prediction model. The model provides estimates of breach width, depth and outflow, with 
onscreen graphics showing how the breach develops as the simulation progresses. The HR 
BREACH model has the following features / capabilities: 

• breach initiation through piping and / or overflow 

• simulation through both homogenous and non cohesive soils 

• simulation of composite or zoned structures, also including grass or rock 
embankment surface protection 

• breach growth simulation by surface soil erosion, head cut and discrete block failure 
processes (including the choice of using different sediment relationships for 
different embankment types) 
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The HR Breach model has been developed over the last decade through a series of corporate 
and international research projects. These include European projects CADAM, IMPACT 
[IMPACT] and FLOODsite [FLOODsite], and collaboration with USACE. Refinement and 
extension of the model capabilities is an ongoing process. 

The HR BREACH model has been compared to experimental data and to 6 other numerical 
models during the IMPACT project. Appendix 1 shows the results of this comparison for 
piping and overtopping of homogeneous and composite embankments (on both field and 
laboratory test cases). 

All models have been compared to the experimental data on these tests, and the 
performance of the models has been evaluated based on the accuracy of prediction of the 
peak outflow, water level at peak outflow, time to peak and final breach width [Mohamed]. 
HR BREACH performed consistently well on all tests and was also one of the most versatile 
models tested. Additional points that should be noted include: 

• Although most of the models used in the above analysis were developed mainly to 
predict the failure of non-cohesive embankments, they predicted the failure of cohesive test 
cases reasonably well and sometimes even better than the non-cohesive test cases. This 
could be due to the inflow influence on the cohesive tests rather than the erosion processes. 

• All models, for field and laboratory tests, have either overestimated or 
underestimated the breach width.  This might be because most of these models were not 
calibrated or verified with breach growth data or this is the effect of using sediment 
transport equations not suitable or valid for breach test conditions. 

• The test conditions of Field Test # 2 delayed the failure of the dam by about 4 times 
the time predicted by most of the models. This highlights the importance of including site 
specific properties when modelling the failure of embankments. 
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7 Flood Simulator (DRFSM) 

A detailed description of the Flood Simulator model was given in [D4.1].  In the second year 
we have prepared the input data and simulated the flood in 3 cities: Amsterdam, The 
Netherlands; St. Petersburg, Russia and Boston, UK.  

7.1 Flood simulation results 

The results of the Dynamic RFSM are visualized on the “multi-touch” table or on the web 
interface of the Decision Support System. Figure 7-1 shows simulation results of the 
Amsterdam Science Park inundation visualised on the web interface. Figure 7-2 presents 3 
different time steps of St. Petersburg Vasilyevskiy island simulation visualised on the “multi-
touch” table with a satellite map as a background. 

 

Figure 7-1. Flood simulator visualized results, Amsterdam Science Park.  

 

Figure 7-2. Flood simulator visualized results, St. Petersburg, Vasilyevskiy Island. 
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7.2 Performance analysis 

Despite the complexity of the system architecture, simulations are computed and visualized 
within a timeframe of less than one minute. This allows the system to be used for interactive 
testing of different flooding scenarios (“what-if” experiments). The following table illustrates 
this for two scenarios that used the same simulation parameters but the hydrograph in the 
second scenario generates more water influx than the first, as illustrated at the bottom of 
the table. The hydrograph affects the flooded area and consequently the size of the 
simulation output data that needs to be transmitted every time step. The table shows that 
the time for each simulation is well below one minute and the time between updates is 
within seconds, even for scenarios in which the demand for computational resources is 
significantly higher [Krzhizhanovskaya]. 

 Scenario 1 Scenario 2 

Simulated 
time 

(minutes) 

Update duration 
(seconds from previous time 

step) 

Data Size 
(KB) 

Update duration 
(seconds from previous time 

step) 

Data Size 
(KB) 

300 +4.78 18 +7.46 70 

600 +1.70 47 +4.06 263 

900 +1.35 53 +5.24 350 

1200 +1.54 56 +5.66 381 

1500 +1.31 63 +6.15 404 

1800 +1.09 69 +6.22 427 

2100 +1.63 77 +6.06 448 

Total 13.40s 373 KB 40.85 s 2342 KB 

Flood 
image at 
time step 
2100 min 

  

Hydrograph 
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7.3 Validation of Flood Simulator (DRFSM) model 

The Dynamic RFSM is a hydraulic model that spreads flood water over a catchment. The 
RFSM uses topographic information such as LiDAR, and forms irregular floodable catchment 
areas. These are termed Impact Zones (IZs) and are the principal computational elements 
instead of using the level point information of the underlying DTM. An IZ is defined as a 
depression in the topography, with all points of the IZ draining towards a low point. The 
extent and therefore the size of an IZ is defined by a level threshold. However the fine 
description of the topography given by the DTM grid is captured by a curve giving the 
relation between water level and volume of water stored in every IZ. This approach means 
that the total number of computational elements is reduced (as the IZs are bigger than the 
DTM cells) allowing for a faster computation. The use of the level-volume relation means 
that the computation of the water level in an IZ is more precise than the use of an averaged 
ground level for situations where the IZ 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. 

The RFSM tool has been developed over the last six years to provide a very fast solution to 
the flood spreading problem for use in probabilistic flood risk analysis where multiple runs 
are required. The RFSM is computationally efficient and is therefore ideally suited for use at 
a national scale. 

The Dynamic RFSM has been used on a '2D model benchmarking' exercise set up by the 
Environment Agency for England and Wales and was compared to other models commonly 
used in the UK. The RFSM performance was quite average on these small scale tests [EA], 
the main reason being that the model is better suited to large scale inundation modelling. 

The Dynamic RFSM has been used for very large scale pluvial flood mapping in Ireland where 
it has been compared to the well-established commercial 2D hydraulic software InfoWorks 
[Innovyze]. The considered catchment is 711 km2 in size. The Dynamic RFSM compares 
favourably with InfoWorks 2D when modelling flooding on an area of this scale [Lhomme]. It 
ran considerably faster on a similar computer, which is due to the number of computational 
elements being much smaller with the RFSM. This is because the median element size in the 
RFSM was 23 times larger than the median element size in InfoWorks. Even with 
considerably larger elements, the Dynamic RFSM still maintains a 13 times greater 
topographic resolution here because of the sub-grid technique. Unlike with the RFSM where 
the topographic resolution is independent from the computational element resolution, it 
would be necessary to increase the number of triangle in InfoWorks in order to better 
capture the topography. This was not possible with the computer used for this study due to 
memory constraints. This explains why the Dynamic RFSM can run much faster than a model 
with a conventional (regular or unstructured) mesh with a similar accuracy. 

More details on validation of Flood Simulator (DRFSM) model can be found in Appendix 2. 
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8 Evacuation Simulator (LSM) 

8.1 Theory 

Life Safety Model (LSM) is a two-dimensional evacuation simulation model [LSM]. The time-
step model provides a reasonable characterisation of the potential loss of life following a 
hypothetical dike breach by simulating the interaction between people and rising 
floodwaters. Upon awareness of the danger, people may escape on foot or by vehicle along 
a road or trail network. People may also decide to stay in buildings. To properly predict life 
safety, the model relates the road network, vehicles, pedestrians, and buildings with 
temporal and spatial hydrodynamic water depths and velocities [Lumbroso]. 

The LSM software can be used to model flood emergency management scenarios and 
estimate evacuation times and loss of life. With it, planners can compare different 
emergency management strategies that can assist in reducing the loss of life and injuries 
during floods. It can also assist in simulating emergency scenarios and enable resource 
planning and the exploration consequences of different decisions, like: 

• time needed for a safe evacuation against time available 

• loss of life and vehicles due to the characteristics of the flood. 

The system models the “fate” of a set of receptors, which are described by their position at 
each time step through the simulation. Each receptor can have a set of properties that 
describes its normal location/condition during a week, such as travel times, school/work 
hours, and weekend activities. Other time-varying properties include the ability of the 
receptor to withstand the effect of the flood wave, and how it would react to the 
approaching wave, with and without a formal evacuation warning [Di Mauro]. 

The model uses a generalised event logic to determine the location of each receptor, 
whether it is aware of the flood wave, whether it is trying to find a safe haven, what happens 
if it encounters the flood, and whether the object survives or not. A loss function related to 
each receptor (e.g. people, buildings, and vehicles) specifies the ability of a receptor to resist 
the impact from the flood wave, in terms of depth and velocity, and how these can change 
during an event. There can be instantaneous loss when an individual encounters fast-flowing 
water, or a group who have sought safety in a building can suffer cumulative loss if the 
building collapses or a slow deterioration in health if they are exposed to the flood water for 
a significant length of time, as a result of hunger or cold [Johnstone].  

As a flood event evolves, the interaction of receptors with the flood wave will impact the 
ultimate loss of life. The timing of the event and the decisions made by individuals can 
determine whether or not they can escape the flood wave. As the flood progresses, escape 
routes can be eliminated by rising water, and with advancing time roads can become 
congested with evacuees. 

Figure 8-1 presents a conceptual picture of how the LSM is applied. For a given study area, 
the LSM provides the ability to integrate 2-D water flow, depth and related flood water 
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characteristics with a 2-D "people flow" model. The people flow implies the evacuation 
process toward the safe locations. 

 

Figure 8-1. Evacuation simulator (LSM) conceptual picture.  

8.2 Input 

The Evacuation Simulator needs the following inputs: 

• The location of individual properties, vehicles and people; 

• Flood depths and velocities from a two dimensional hydraulic model; 

• The road network and other evacuation pathways. 

All the Input data required is specified in the following table: 

Data Type Format 

Total number of people 
in the area 

Any file format 

Age (% for age bands) Excel sheet (xld)  
Comma delimited (csv) 
Text file (txt) 

General Health 
Condition (% disables 
and % people with 
chronic diseases) 

Excel sheet (xld)  
Comma delimited (csv) 
Text file (txt) 

Population 
Data 

Familiar Status (% 
families no-1- 2-n 
children, % single, % 

Excel sheet (xld)  
Comma delimited (csv) 
Text file (txt) 
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elderly living alone) 

Location (Building ID, x, 
y coordinates) 

Excel sheet (xld)  
Comma delimited (csv) 
Text file (txt) 

Use (work, residential) Same as Location file 

Capacity (number of 
people likely to 
live/work in the 
building) 

Same as Location file 

Structural 
Characteristics 
(concrete, wood..) 

Same as Location file 

Building Data 

Position of possible 
'Safe Heavens' 

ID of the building(s) identified as possible safe 
heaven(s) 

Road Network GIS shapefile (shp) 

DTM Georeferenced ASCII file (asc) 

Road Data 

Road Characteristic 
(speed limits and 
Number of Lanes) 

GIS shapefile (shp) 

Depth 

Levels 

Velocity 

Telemac (preferred), TUFLOW or Mike21 files. 
Alternatively, regular grid in .mif\mid format 
(can be created from a shapefile) with one file 
for each time step 

Hydrodynamic 
data 

DTM Georeferenced ASCII file (asc). The data needs 
to be interpolated to the same grid as the 
hydrodynamic files 

Location of possible 
place where the 
warning would be 
disseminated (police 
station, Town Council) 

x, y coordinates Warning 
Centre 

Mode for dissemination 
of the warning (door-by-
door, telephone, fax, 
maroons) 

Descriptive - any file format 

 

Input data is prepared for each location in advance except of the hydrodynamic data. For 
this purpose the output of the Flood Simulator (DRFSM) is used.  

8.3 Output 

The outputs of the simulation are an estimation of loss of life and injuries, as well as an 
animation of the evacuation of people and vehicles. 

There are 4 main output files of the evacuation simulator: 
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1. PARU (Population at risk - unitary) 

This file will show points moving in the domain, representing the people evacuating the area 
by foot. The attribute is Status which indicates what the PARU is doing (evacuating or not, 
safe, toppled or deceased). 

2. Vehicles 

This file will show points moving in the domain, representing the people evacuating the area 
by car. The attribute is Status (evacuating or not, safe, toppled or deceased). 

3. Road Network 

This file shows the road network, some road segment can become closed if the water depth 
is too high. 

4. Buildings 

This file shows the buildings position and the Status of the building (standing or destroyed). 

Outputs files are produced in Xdmf format. The output data can be visualized on the “multi-
touch” table or on the web interface of the Decision Support System.Figure 8-2 represents 
the simulation results of the Amsterdam Science Park evacuation visualised on the web 
interface. 

 

Figure 8-2. Evacuation simulator visualized results, Amsterdam Science Park.  

8.4 Simulation results  

We have studied the impact of the Science Park gate state during the inundation. For that 
purpose we made 2 simulations with different scenarios. The gate is closing the passage 
under the railways, which are located on elevated land working as a dike. In the first 
simulation the gate is open and water can flow through it. Open gate gives access to the 
University campus (people could pass the gate by car or on foot). In the second simulation 
the gate is closed. The water couldn’t flow through and evacuation using the gate is 
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impossible. Closed gate protects the rest of the city from the flood. The comparison of the 
simulation results is presented in the following table. 

Gate is open Gate is closed 

Simulation results 
People evacuating: 1163 

Toppled: 35 
Deceased: 23 

Toppled: 81 
Deceased: 93 

 

Closed passage under the railways has caused a higher number of affected people during the 
inundation simulation. Access to the railway hill is closed by a high fence or by thick thorny 
bushes. 

8.5 Validation of Evacuation Simulator (LSM) model 

The 'Life Safety Model' (LSM) aims to provide a physics based, dynamic model to estimate 
loss of life and evacuation times that can result from extreme flood events. The LSM has an 
agent-based simulator that enables the model to represent a myriad of probable scenarios 
which could result from a flood event. Unknown variables such as the effectiveness of 
warning, road capacity, and time varying population density can be tested in a range of 
scenarios. The LSM uses results of flood water depth and velocity from two dimensional 
hydraulic models (such as Telemac 2D, Infoworks 2D, RFSM or Tuflow) over the course of the 
event to represent the flood hazard. Unlike many other models and methods of this kind, 
the LSM includes a dynamic interaction between the receptors and the flood hazard.  

The Evacuation Simulator (LSM) model has been piloted on a number of historical floods 
including the Mapasset Dam disaster that occurred in France in 1959 and the Great North 
Sea Flood of 1953 that inundated Canvey Island in the Thames Estuary resulting in the 
deaths of 58 people.  

Canvey Island is a low-lying alluvial fan covering an area of 18.5 km2 in the Thames Estuary. It 
has an average height of approximately 1 m below the mean high water level, and is 
protected against inundation by a network of flood defences. In 1953 the island was 
inundated by the "Great North Sea Flood" that breached the island's flood defences and 
resulted in the death of 58 people and the destruction of several hundred houses. As part of 
the EC funded research project FLOODsite [FLOODsite], the LSM was setup for Canvey Island, 
as well as a hydrodynamic model. This work allowed to obtain a better understanding of the 
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1953 flood event and to analyse the consequences of breaches in the island's flood defences 
in terms of loss of life and injuries. The details of this validation have been published in [Di 
Mauro]. For convenience, the paper is also attached in Appendix 3.  

The LSM was used to model each of the 13000 people living in Canvey Island in 1953 and 
their response to the flood wave. The 54 fatalities predicted by the LSM as a result of 
drowning compared well with the 58 observed fatalities, most of whom drowned. Further 
research is needed to improve the modelling of building collapse and the associated 
casualties, as the LSM was initially developed for North America where most residential 
properties are made of wood, and it currently underestimates the resilience to floodwater of 
most European housing stock. 

The LSM has recently been used to help to improve the emergency response of coastal 
communities in Canada to tsunamis and assist emergency planners in Lincolnshire in the UK. 
Some publications showing validation results are listed online: 
http://www.lifesafetymodel.net/publications.html  
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10 Conclusions and future plans 

The functionality of the UrbanFlood decision support system has been enhanced, taking into 
account the feedback from stakeholders and end users. New essential models have been 
implemented in the RELIABLE module for slope stability analysis. A simplified breach 
hydrograph model has been replaced by a more advanced HR BREACH model. A city 
evacuation model LSM has been added to the modelling workflow. Evacuation of Science 
Park Amsterdam has been simulated for different dike breach scenarios and different road 
conditions. The individual computational models have been tested and validated.  

Three cities have been prepared for Flood Simulator: Amsterdam, The Netherlands, 
St. Petersburg, Russia and Boston, United Kingdom. Several inundation scenarios have been 
simulated for Amsterdam and St. Petersburg. For Boston, first simulations have been 
performed.  

The Virtual Dike model has been integrated in the CIS and connected to the real-time sensor 
data streams. The model has been calibrated with the use of sensor data. A sensitivity 
analysis has been performed; the results show highly non-linear response of the dike to 
changing soil properties.  

Artificially generated instability of a dike has been simulated by the Virtual Dike module. The 
virtual sensor data predicted by the simulation has been used for training the Artificial 
Intelligence module and for testing the operability of the complete early warning system.  

First simulation results for the IJkDijk slope instability experiment revealed dike weak spots. 
Model cross-validation has been started for three models: RELIABLE, Virtual Dike and SLOPE. 
Boston Dike was selected as a validation site. 

Most models have been fully integrated in the Common Information Space: AI anomaly 
detection, RELIABLE, simplified breaching, Flood Simulator, City Evacuation and Virtual Dike. 
Integration of HR BREACH is in progress. SARA high-performance Cloud computational 
resources have been integrated in CIS resource management system, thus allowing dynamic 
resource allocation for computer-intensive simulations.  

For advanced interactive visualization, Visualization-as-a-service web tools have been 
developed; Flood visualization was integrated into Google Maps; several videos produced for 
promotion and demonstration purposes.  

In the final year of the Project, we will continue improving the decision support system: 
further enhance the functionality; make it more flexible and user-friendly for different target 
groups of users; make it more robust, self-monitoring and self-healing. We will perform the 
DSS validation for the pilot sites, including the IjkDijk failure experiments. The test scenarios 
and results of these tests will be included in the Deliverable D4.3. 

We will further integrate the HR BREACH model in the CIS and set up model parameters and 
sensor input for a complete chain of models for Boston site. The Virtual Dike simulator will 
model the IJkDijk slope instability experiments and the Boston Dike that was selected as a 
validation site.  
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Appendix 1. Report on validation of HR BREACH model 

The HR BREACH model has been validated against experimental data and 6 other numerical models during 
the IMPACT project [IMPACT]. Some validation results are presented in this report. 
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Appendix 2. Paper on validation of Flood Simulator (DRFSM) 

This appendix presents a paper on testing and validation of Flood Simulator (DRFSM) model. 
The paper has been prepared for submission to a journal. It has not been published yet, 
therefore it shall be treated confidential.  

 

A fast 2D diffusive wave model with sub-element resolution 
for large scale flood mapping 
 
J. Lhomme1, S. Jamieson1,2, B. Gouldby1 

 
1. HR Wallingford, UK 
2. Institute of Infrastructure and Environment, Heriot Watt University 
 

Abstract 
For regional scale probabilistic flood mapping studies, computational resources can be 
a limiting factor. A number of reduced complexity models have been developed to 
overcome this problem.  The Rapid Flood Spreading Model (RFSM) has been used 
extensively for undertaking large scale probabilistic flood risk analysis.  This non-
time stepped model allows for accurate topographic treatment with fast runtimes 
through the use of sub-grid representation. However in some situations its lack of 
process representation limits the accuracy of the results. In this paper an improved 
model is presented that offers a significant improvement.  The Dynamic RFSM uses 
the same meshing approach but represents flood wave propagation using an 
approximation to the diffusive wave. The model is compared with the full shallow 
water equations Infoworks 2D software on a large (711 km2) test site in Ireland.  The 
Dynamic RFSM provides similar results to Infoworks but has significantly faster 
runtimes. This new version of RFSM has the potential to provide improvements for 
large-scale and probabilistic flood modelling. 
 
 

Introduction 
Large-scale regional modelling of flood hazards and flood risk is increasingly 
required by governments who now have legislative requirements to provide this 
information (European Parliament 2007).  Floodplain inundation models are a critical 
component within broader flood risk and hazard mapping systems.  As the mapping 
requirements cover large spatial areas and are sometimes probabilistic in nature, 
computational efficiency is of paramount importance. 
 
Whilst computing resources continue to increase, they are still a major constraint for 
these large-scale probabilistic flood mapping activities. Simplifying assumptions 
within the equations that govern the physical processes are still necessary (Guinot 
2012).  The field of flood modelling has advanced substantially in the past decade, 
with the introduction of new high quality topographic data (e.g. LIDAR) and the 
continual computational advancements.  Reduced complexity, diffusion wave models 
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have proved to be the model of choice for many practical large scale regional studies. 
They are usually built on a raster based model with conservation of mass, and a 
discharge relation replacing the conservation of momentum (Bates and De Roo 2000, 
Bradbrook et al. 2004). This approach has been found to reproduce the performance 
of more complex models that represent the full Shallow Water Equations (SWEs) in 
some situations (Horritt and Bates 2001, Hunter et al. 2007). At small spatial scales 
with high resolution grids, they have however been found to have greater 
computational cost than full SWE models (Hunter et al. 2008).  
 
Due to the large areas considered when doing region-wide flood mapping, modellers 
are forced to use coarse-resolution grids or meshes in order to keep the computational 
runtime at practical values. An inherent problem with this is the potential impact on 
simulation accuracy. Topography is well known to be one of the dominant influences 
in floodplain inundation, and coarsening the grid (i.e. averaging the topography) can 
substantially deteriorate prediction accuracy (D. Yu and S. N. Lane 2006). To 
overcome this problem a number of attempts have been made to incorporate a 
representation of sub-grid processes, although this has in general been focussed at 
modelling urban environments. (Hsu et al. 2000) and (O'Brien et al. 1993) use a 
percentage mass blockage through the cell to account for buildings, although it does 
not improve topographic representation. (McMillan and Brasington 2007) use a sub-
grid ratio of 5:1 (25 sub-cells within one computational element) that is sampled at 18 
depth levels to describe the hydraulic properties. (Yu and Lane 2006) have a less fine 
sub-grid treatment, only considering a ratio of 2:1 (4 sub-cells within one 
computational element), but they consider the effect that the positioning of sub-cells 
between adjacent computational elements has on the ‘porosity’ function. (Yu and 
Lane 2011) further develop their model to allow for enhanced sub-grid resolution, 
which is tested up to a ratio of 8:1. (Hartnack et al. 2009) apply a sub-grid treatment 
to an ADI finite-difference SWE model, with a sub-grid ratio of up to 5:1.  
(Soares-Frazao et al. 2008) and (Sanders et al. 2008) use a modified SWEs system 
with a porosity coefficient to represent the reduction in storage and section available 
to the flow, this system is solved on an unstructured mesh with a finite volume 
approach. 
 
All the above models (except (Soares-Frazao et al. 2008) and (Sanders et al. 2008)) 
evaluate the sub-grid topography within a regular grid, and/or assess the cell-blockage 
effects through the x- and y-components of flow. Whilst they assess the volume-level 
relationship throughout the whole cell, the fact that they only consider mass-blockage 
along x- and y-oriented interfaces means that they may not be able to effectively 
represent naturally varying topography in real floodplains. Also the computational 
grid is regular and pre-determined, without analysis of the finer topography grid. This 
means that a given spatial feature, like a dike, can cross a computational cell without 
being at the interface with other computational cells. In this situation the spatial 
feature will have no influence on the flowpaths, as it will be considered only for the 
volume-level relation, and not for blockage purposes. Therefore the flow blockage 
caused by a dyke across a floodplain will only be effectively represented if it aligns 
along a computational cell edge.  
Unstructured meshes as used by (Soares-Frazao et al. 2008) and (Sanders et al. 2008) 
are often built without consideration of an underlying finer topography. Breaklines 
can be used to force the mesh to align locally on spatial features, but this has to be 
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done manually by the modeller. More complex meshing algorithms can automatically 
reduce the cell size where the terrain is steep. Also to be considered is that a 
computational cell elevation is usually calculated as the average of the vertices 
elevations. Even if a cell has one or two vertices on a dike, the cell elevation will be 
lower as one or more vertices will likely be placed next to the dike. Therefore, a 
computational cell has to be entirely included in the crest of the dike to capture 
correctly the dike crest. 
This means that an unstructured mesh needs to be locally refined to capture spatial 
features in the topography, which leads to longer runtimes as the number of cells is 
increased and the stability condition for the time step is more restrictive due to the 
small cell size. 
 
One way to address this issue is to screen the Digital Terrain Model (DTM) and 
identify the local low and high points, and use these points to build the computational 
mesh, ensuring that the flow pathways are properly identified and captured. 
This is the approach used by the Rapid Flood Spreading Model (RFSM) (Gouldby et 
al. 2008, Lhomme et al. 2009), in which a coarse mesh of irregularly shaped 
polygons, the so-called Impact Zones (IZs), is used for the hydraulic calculation. The 
properties of the IZs and relations between IZs are derived from the DTM with a 
dedicated algorithm. The size of the IZs can be constrained by the modeller, but 
usually the average IZ size is much larger than the DTM resolution. The combination 
of a coarse mesh and detailed topographic information means that the model can run 
quickly and still provide accurate enough results. 
This schematisation is similar to the storage-cell model of the Mekong Delta 
popularised by (Zanobetti et al. 1970, Cunge 1975), only it does not involve manual 
delineation of the computational elements. 
 
The RFSM was initially designed as a non-time stepped, volume spreading model. 
It has been applied on the Environment Agency´s Thames Estuary 2100 project 
(Gouldby et al. 2008) and formed the basis of the model that has been used by the 
Environment Agency for the National Flood Risk Assessment (Environment Agency 
2009) and MDSF2 modelling system (Environment Agency 2011). 
Whilst in general the results have been broadly accurate, certainly considering the 
type of region-wide mapping that it is aimed at, there are drawbacks of the existing 
approach. More specifically, the lack of process representation constrains accuracy in 
steep catchments and in flat, non topographically constrained terrain. (Lhomme et al. 
2009) attempted to resolve this by implementing a simple method to represent the 
frictional and dynamic effects of a flood spreading. This afforded some improvement 
but there were still significant limitations like the calculation of final depths only, 
whereas maximum depths are more useful for risk evaluation.  
 
In this paper a significant improvement to the RFSM methodology is presented. The 
original IZ mesh system is retained but dynamic evolution of the flood wave is 
introduced to improve representation of the physical processes, including frictional 
effects. This model, the Dynamic RFSM, is here applied to large scale mapping of 
pluvial flooding in Ireland.  The results of the model have been compared with an 
inundation model that solves the full shallow water equations, InfoWorks RS 2D 
(Innovyze 2011). 
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The following sections describe the new approach, the application of the model to a 
case study in Ireland and comparison with the InfoWorks model is then described.  
 

Presentation of the approach 
The Dynamic RFSM flow engine uses an approximation to a diffusive wave similar in 
schematisation to (Zanobetti et al. 1970, Estrela and Quintas 1994), but solved 
explicitly like (Bates and De Roo 2000, Bradbrook et al. 2004). Its specificity lies in 
the detailed sub-grid representation. The primary assumption of the model is that the 
dominant physical processes of the flood wave evolution can be resolved at the 
relatively coarse Impact Zone scale.  
Unlike traditional models however, the detailed nature of the topography within the 
IZs and across the IZ interfaces is retained without averaging.  This offers significant 
benefits, particularly at large spatial scales where traditional models are forced to use 
coarse grids and average the topography, in order to achieve practical model runtimes.   
 
A pre-processing algorithm analyzes the DTM, delineates the IZ polygon mesh and 
extracts the IZs properties. The results of this pre-processing stage are stored in tables 
that are accessed during the computational stage. The details of the approach are 
described further below. 
 

Pre-processing stage 
In the pre-processing stage, the DEM is screened to identify depressions. First the 
topography grid is analysed to find the accumulation points, i.e. cells that are lower 
than all eight neighbouring cells. Then the spatial extent of the depression around 
each accumulation point is identified by looking at the local terrain slope (Figure 1).  
Each depression area becomes an IZ after the hydraulic and geometrical properties of 
the depression are calculated. 
 
There are some situations where some IZs are too small considering the extent of the 
study area. These IZs can be merged to keep the total number of elements to a 
practical value.  This is controlled by two user-defined parameters: 

 The first parameter defines the minimum size of an IZ. Particularly when the 
DEM is of a high resolution, many minor depressions may be found which are too 
small for practical purposes. Thus any Impact Zone smaller than the specified 
minimum size is merged with the neighbour IZ that has the lowest interface level 
(i.e. the first IZ that this one would spill to). This is repeated until all IZs are 
greater than the minimum size. 

 The second parameter defines the minimum storage depth allowed in an IZ. This 
is defined as the difference between the lowest point in the IZ (the accumulation 
point) and the lowest communication level of all its neighbouring interfaces. An 
IZ with a storage depth lower than the specified minimum depth is merged with 
the neighbour IZ that has the lowest interface level. This prevents IZs from being 
too shallow.  

 



UrbanFlood                                                                                                                                             March 2012 
___________________________________________________________________________________ 
Appendix 2. Paper on validation of Flood Simulator (DRFSM) 
 

 

 
An internet based decision support system for flood control                                     UrbanFlood Report UFD4.4.2UvA 

65

 
Figure 1. Schematisation of the Impact Zone mesh in RFSM  
 
Once the final IZs have been created, their hydraulic properties are calculated. 

 The 'water level v. stored volume' relationship describes the storage capacity and 
determines the rate at which an IZ fills. It is calculated with the assumption of a 
horizontal water level. This is used for calculating the water level after updating 
the volume in an IZ. 

 The 'water level v. interface width' relationship defines the shape of the interface 
between two neighbouring IZs. The lowest level of the interface between two IZs 
is called the communication level, this is the level at which the spilling will start 
between the two IZs. The interface width is used when calculating discharges 
during the spreading phase. 

 There are a number of additional auxiliary variables that are calculated, for 
example the distance between the centroids of two neighbour IZs. 

 
The output of the above pre-processing is written in a series of tables, which are 
stored in a database ready for the flow computation. The simulation algorithm directly 
uses the IZs hydraulic and geometrical characteristics for the computation of the flood 
spreading, the pre-processing stage is a one-off task. 
If necessary the IZs creation algorithm can be by-passed with a manually defined 
computational grid. This is useful in artificially smooth topography where no 
depressions exist, such as for hypothetical test cases. 
The following section describes the hydraulic algorithm. 
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Simulation algorithm 
It is assumed that the water stored in an IZ at a given time can be represented by a 
uniform horizontal water level. The discharge between two neighbour IZs is 
calculated only if the water level in one or both IZs is higher than the communication 
level between the two IZs. Only one value of discharge is calculated between two 
neighbour IZs.   
 
The conservation of mass can be written as follow for a given IZ: 
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∂
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i Q
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,          [1] 

Where i refers to the considered IZ, j refers to a neighbour of IZi, Vi is the volume in 
IZi, Qi,j is the flow between IZi and IZj, and t is the time. Equation [1] is discretized 
with the finite-difference method: 
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Where n is a given time index and Δt is the timestep. The computational time-step is 
constant and fixed by the user. 
 
The water level in the considered IZ is updated using the volume/level relationship: 

( )11 ++ = n
iV

n
i Vfη         [3] 

Where fV represents the interpolation of the volume/level relationship for the value 
1+n

iV  and ηi is the water surface elevation in IZi. 
 
The effects of momentum and acceleration are not considered here, a discharge 
relation is used with equation [2]. The model can use one of two different flow 
relations; the weir equation (automatically switching between drowned and free flow) 
and the Manning’s equation. These two flow equations use the water levels on both 
side of a considered interface, therefore this is a diffusion wave type algorithm. 
Both the Manning and the weir equations are calculated over the interface using the 
pre-calculated tables of interface width (Figure 2). The total discharge between two 
IZs is obtained by summing the discharges calculated over each individual crest level 
contained in the interface width curve. 
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Figure 2. Example of a width/level curve for a given interface 
 
 
The total discharge between IZi and IZj calculated with the weir equation can be 
written as: 
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Where k is a point in the width/level curve  for the interface between IZi and IZj and 
refers to the pair ( ))()( ,, ; kk jiji zw  (Table 1), with )(, kjiw  and )(, kjiz  respectively the 
segment width (m) and interface level at the point k (Figure 3), Cw is the weir 
coefficient, Cd(k) is the drowned flow coefficient calculated at the point k, g is the 
acceleration of gravity (m.s-2) and hi(k) and hj(k) are the upstream and downstream 
flow depths (m) above the interface level at point k, defined as: 
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Where ηi and ηj are the water surface elevation of IZi and IZj respectively. 
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Figure 3. Geometrical variables at the interface 
 
 
Table 1. Example of width/level pairs for a given interface calculated on a 2 m 
resolution DTM. 

k  Level Total Width Width 
1 15.900 2 2 
2 15.911 4 2 
3 15.922 6 2 
4 15.941 10 4 
5 15.953 12 2 

… … … … 
160 16.373 178 2 

 
 
In equation [4] the weir coefficient is set as Cw =0.35. The drowned flow coefficient 
Cd(k) is calculated as: 
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Where the modular limit coefficients m1, m2 and m3 are equal to 0.750, 0.925 and 
0.975 respectively (British Standard 2008) and Ri,j(k) is the head ratio (hj(k) / hi(k)).  
 
The total discharge between IZi and IZj calculated with the Manning equation can be 
written as 
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Where the hydraulic radius has been substituted by the flow depth, Li,j is the distance 
between the centroids of IZi and IZj, hi,j(k) is the non-negative mean depth at the point 
k of the interface, calculated as: 
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The predicted flows using schemes similar to the one presented here can at times be 
too large, such that negative depths or oscillatory behaviour occurs. This can be 
solved by applying a flux limiter, although (Hunter et al. 2005) found that on a raster 
storage model this could have a negative impact on simulation dynamics, and thus 
proposed an adaptive timestep instead. This severely restricts the timestep length, 
which is overly constraining in a model such as this, designed for rapid simulations.  
 
Here, to aid simulation stability, the discharges are limited such that the predicted 
exchange volume cannot cause the level in an IZ to drop below the first 
communication level. Also the discharge from this IZ cannot cause the level in a 
neighbouring IZ to become higher than its own level over one timestep.  
In addition, the flux calculation may be updated over a user-defined number of sub-
iterations within a computational timestep. This prevents the apparition of 
checkerboard oscillations of water levels when large timesteps are used. 
 
It should be noted that due to the nature of the depression shape of the IZs, the 
propagation of water through the domain is naturally limited. Water must accumulate 
within each depression before it can spread further, and the water available for 
spilling is only that above the interface crest. This schematisation can be seen as a 
wetting and drying treatment. This feature combined with the sub-iterations of the 
flux evaluation limits the likelihood and amplitude of level oscillations.  
 
The model allows for level and flow boundary conditions, and rainfall and infiltration 
source terms, which are applied at the start of each computational step in the chosen 
IZs. The flow boundary conditions and rainfall source terms are expressed as a 
volume added in the IZ, and the level boundary condition is converted to an input 
volume by the mean of a weir formula. Similarly to the flux calculation, the boundary 
conditions can be applied over a number of sub-iterations within a computational 
timestep. 
 

Application 
The Dynamic RFSM is used here to model pluvial flooding on a very large catchment 
on the East coast of the Republic of Ireland (Figure 4). The catchment is 711 km2 in 
size, and a 10m resolution DEM is provided by the Office of Public Works (National 
Digital Height Model). The commercial hydraulic software InfoWorks RS 2D is also 
used in the same conditions to enable an evaluation of the Dynamic RFSM 
performance. InfoWorks 2D is chosen because it is a well established full SWE 
software that has been successfully tested on a number of test cases (Lhomme et al. 
2010, Environment Agency 2010). 
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Rainfall and infiltration 
All domain boundaries are considered closed with a no-flow boundary. The source 
terms, rainfall and infiltration, are the only inputs and outputs to the model. Two 
extreme events are considered, a 6 hour event and a 24 hour event (Figure 5). Rainfall 
depths are produced following the Wallingford Procedure (DoE, 1981). Met Eireann 
depth-duration-frequency rainfall data are available on a 2 km grid for this project. 
This dataset is converted to hyetographs using a FSR Summer profile (IoH, 1985), 
this is considered more appropriate than the winter profile as it has higher intensities. 
5mm of rainfall are removed at the start of the event to represent depression and 
interception storage. Areal Reduction Factors are applied as this is a very large 
catchment. The rainfall inputs are therefore defined as variable in space and in time. 
 
An infiltration loss is applied throughout the simulation, it is constant in time but 
variable in space. The runoff proportion is calculated using IH report 124 (IoH, 1994), 
where the percentage runoff is assumed to be equal to the SPR (Standard Percentage 
Runoff), using 5 soil types defined from the 1975 FSR Soil map. The urban areas are 
defined using the Corine Land Cover 2000 dataset (EEA, 2000). The rural infiltration 
rates vary from 4.3 to 8.6 mm/hour depending on the soil type. In urban areas the 
infiltration rate is estimated to be on average 15 mm/hour, representing the amount of 
runoff going into the drainage system. 
The urban infiltration rate was estimated by running simulations with an urban 
drainage software (Infoworks CS) on three urban catchments in or around the city of 
Dublin, using a 100 year return period and 6 hour duration rainfall event. 
 
Initial conditions are defined as dry ground over the whole catchment. It is ignored 
that in medium to large watercourses the DTM shows the elevation of the water 
surface rather than the bottom of the river bed. This assumption means that the flow 
propagation in these watercourses is not modelled accurately, however the focus in 
this project was to map surface runoff flooding and not fluvial flooding. Also here the 
results from the two models (RFSM and Infoworks) are compared to each other and 
not to field measurements, which makes this assumption acceptable. 
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Figure 4. View of the modelled catchment in the Republic of Ireland. 
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Figure 5. Hyetograph for the 6 and 24 hours rainfall events (for a given IZ in the 
catchment) 
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Computational mesh 
The mesh of IZs is automatically created using the dedicated pre-processing tool 
described in the first section, based on the original 10 m resolution DTM. A minimum 
IZ size of 10,000 m2 and a minimum communication depth of 0.05 m have been used. 
This results in a mesh of 13,472 IZs. 
The RFSM is run here with the weir discharge calculation, and thus does not use a 
Manning’s roughness value. The parameter values that were used for the weir 
equation are those defined in section 2.1 above. The weir coefficient Cw in equation 
[3] can be seen as analogous to a friction coefficient in the present application. 
 
A mesh is created in InfoWorks 2D with the meshing tool included in the software. 
The model uses a finite volume algorithm to solve the shallow water equations and 
operates on a triangular mesh.  The maximum triangle area is set to 2,000 m2.  The 
overall mesh comprises 551,309 triangles with a mean size of 1,287 m2 (see Table 2). 
The model used a Manning’s n value of 0.05, representative of mean roughness for 
rural areas. The computational time step is variable and adjusted automatically to 
satisfy the Courant stability condition. 
 
The RFSM IZs are considerably larger than the Infoworks triangles. The mean size of 
the IZs is 52,788 m2, which is 41 times larger than the mean size of the InfoWorks 
triangles. However the distribution of IZ sizes has a marked positive skew (as there is 
no limit on the maximum size) and so the comparison of the median size is more 
appropriate. The Dynamic RFSM median IZ size is 23 times larger than the median 
size of the InfoWorks triangles (see Table 2). This difference in size means that the 
Dynamic RFSM mesh has 41 times fewer elements than the InfoWorks 2D mesh.  
The sub-grid approach used by the RFSM means that despite having much larger 
computational elements than Infoworks, it captures the topography better than 
Infoworks as the IZs properties are based on the original 10 m DTM, whereas in the 
Infoworks model the topography is averaged across the triangles. A finer 
representation of the topography has the most impact on the calculated water level 
when a computational element is partially wet, so the sub-grid technique is most 
useful during the wetting or drying phase of a flood, or at the edges of the flooded 
area. 
Given the considerably larger element sizes, the Dynamic RFSM still maintains 
approximately 13 times greater topographic resolution (considering the sub-element 
cell size of 100m2.  
Unlike with the RFSM where the topographic resolution is independent from the 
computational element resolution, it would be necessary to increase the number of 
triangle in Infoworks in order to better capture the topography. But this was not 
possible due to computer memory limitations. 
 
Table 2: Computational elements size for the two models 

Computational Element size (m2) Model No of elements Arithmetic mean Median 

Infoworks 2D 551,309   1,287 1,282 
Dynamic RFSM   13,472 52,788 29,000 
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Results 
A spatial comparison of the maximum inundated areas is shown in Figures 6 and 7 for 
the two simulated events. Overall the results from the two different models are in 
broad agreement, there are however significant differences in some areas.  For the 6 
hour storm event a greater flood extent is found for InfoWorks CS than for Dynamic 
RFSM (Table 3). This appears to be mainly within small channels in upland areas. 
The areas that the Dynamic RFSM predicts with a greater extent tend to be in small 
isolated pockets of flooding away from the channels, and are likely to be due to 
storage in depressions that are ignored by the Infoworks mesh. For the 24 hour storm 
the Dynamic RFSM predicts a greater flood extent (Table 3). There are very few areas 
that Infoworks 2D predicts as flooded that the RFSM does not, but the Dynamic 
RFSM also predicts flooding to several additional areas mainly in the lower reaches of 
the rivers, this is likely to be a result of the different algorithm used by the two 
models. 
 
Table 3: Areas predicted as flooded (depth greater than 0.1 m) 

Total Area Flooded (km2) Rainfall Event 
Infoworks 2D Dynamic RFSM in common

100 year 6 hours  54 43 29 
100 year 24 hours 42 54 38 
 
 
The two models were run on standard desktop computers of similar specifications 
(Pentium 4, 3.0 GHz CPU, 2 GB RAM). The model runtimes are shown  in Table 4. It 
is clear that the Dynamic RFSM is considerably faster than InfoWorks 2D. For the 
6 hour event the Dynamic RFSM was three times faster than Infoworks 2D, and for 
the 24 hour event it was 9 times faster. However it should be noted that the Dynamic 
RFSM computational timestep was longer for the 24 hour event than it was for the 
6 hour event. 
 
Table 4: Simulation runtime comparison for both models 
Rainfall Event Infoworks 2D Dynamic RFSM 
100 year 6 hours (8 hour model run) 7.5 hours 2.5 hours 
100 year 24 hours (48 hour model run) 25.0 hours 2.7 hours 
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Figure 6: Maximum area inundated to a depth greater than 0.1m in the 100 year 6 
hour storm event. 
 

 
Figure 7: Maximum area inundated to a depth greater than 0.1m in the 100 year 24 
hour storm event. 
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Discussion 
The Dynamic RFSM model relies on a pre-processing algorithm that captures the key 
features of the topography. Rather than using 4, 16 or 32 sub-grid cells within one 
regular grid cell as in other models using the sub-grid technique (Yu and Lane 2006, 
Yu and Lane 2011, McMillan and Brasington 2007, Hartnack et al. 2009), each IZ has 
an unlimited number of sub-grid cells. The pre-processed tables are calculated at the 
resolution of the sub-grid cells, giving a topographic representation of the same order 
of accuracy as the original DEM. The pre-processing algorithm guarantees that the 
IZs boundaries follow the crest of any topographic feature. As a consequence there is 
no need to manually add 'breaklines' as in many conventional models to ensure that 
the crest of dykes or roads are not missed when creating a mesh. Furthermore the 
degree of topographic accuracy does not impact on the choice of computational 
element size. 
 
The Dynamic RFSM compares favourably with the well-established software 
InfoWorks 2D when modelling pluvial flooding on a very large scale catchment. It 
runs considerably faster, which is due to the median computational element size being 
23 times larger than the median element size in InfoWorks 2D in this situation. Even 
with considerably larger elements, the Dynamic RFSM still maintains a 13 times 
greater topographic resolution because of the sub-grid technique. On the computer 
used for this study, it was not possible to increase the number of InfoWorks triangle 
any more. 
This gives a clear demonstration of how limiting a model using a conventional mesh 
can be for large-scale flood risk assessments. This is especially the case for pluvial 
flooding where the whole study area needs to be represented in the model, unlike for 
fluvial flooding where the model extent can be limited to the floodplain. 
 
Further analysis of the relative benefits of the Dynamic RFSM over InfoWorks 2D is 
however difficult, given the lack of validation data for this catchment or in general for 
any study area of such size. Although this is not the aim of this paper, trying to 
identify which model performs better in this situation is particularly difficult. 
InfoWorks 2D has a more accurate numerical scheme, but the Dynamic RFSM 
represents topography with a higher accuracy. Therefore it seems not possible with 
the data available here to say which model performs better.  
In general InfoWorks 2D predicts more flooding in the upper parts of the catchment, 
whereas the Dynamic RFSM predicts more flooding in the lower parts of the 
catchment. This can be attributed to a lack of process representation on hill slopes for 
the Dynamic RFSM.  
There are two potential issues associated with IZs extending over a hill slope: 

• The water volume stored in one IZ is de facto considered to accumulate at the 
bottom of the IZ. This is a result of the assumption used in the pre-processing 
stage that the water level is horizontal and the volume stored is calculated 
from the lowest point in the IZ. Hence it not possible to show the water depth 
on the upper parts of the IZ.  

• Rainfall water being dropped on any part of the IZ can be transferred to a 
neighbour IZ (provided the water level is higher than the considered 
communication level) as soon as the next time step. This also results from the 
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assumption that all water contained in the IZ accumulates instantly at the 
bottom of the IZ. The result is that the water will propagate too quickly on the 
steep slopes of the catchment. 

These issues are currently the object of further research. An alternative volume level 
calculation combined with a wetting parameter for the IZs on a hill slope could 
address the above issues. 
 
However, there is broadly a good agreement overall between the Dynamic RFSM and 
InfoWorks 2D for the computed flood extent. A more thorough verification of the 
Dynamic RFSM could be achieved by doing a comparison with a full SWE model 
running on a very fine mesh. Even with the recent advances in computing this is not 
an easy task for a catchment of very large size. Future work using parallel 
computation on a high performance computer is considered for further investigations. 
 

Conclusions 
A new flood inundation model and its underlying sub-element technique has been 
presented. Water is propagated on computational elements of variable size and shape 
using an approximation to a diffusion wave. The computational elements are created 
by a pre-processing algorithm that identifies the key features (depressions and crests) 
of the topography. The properties of the computational elements are calculated at the 
resolution of the DTM. This means that the model captures the original topographic 
resolution whilst the computations are conducted at a much higher spatial scale, hence 
the runtimes remain small. This approach is well-suited for large scale modelling and 
its computational efficiency makes it suitable to support probabilistic analysis. The 
modelled flood extent has been shown to compare well with that produced by a 
commercial 2D full SWE model for very large scale flood mapping.   
It is noted however, that a more comprehensive verification exercise would be 
beneficial using additional computational resources and this is likely to be an area of 
further research. 
Additional research to improve the engine would also be beneficial.  In particular an 
adaptive time stepping algorithm could be incorporated to improve the flood wave 
propagation. Adaptation of recent work that improves the diffusive wave method with 
an efficient stability condition (Bates et al. 2010) could prove beneficial. 
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Appendix 3. Paper on validation of Evacuation Simulator (LSM) 

The paper presenting validation of City Evacuation (LSM) model by M. Di Mauro, D.M. 
Lumbroso, Hydrodynamic and loss of life modelling for the 1953 Canvey Island flood. 
FLOODrisk 2008, 30 September - 2 October 2008, Keble College, UK, 2008 
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