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REAL-TIME MONITORING AND FORECASTING
OF DIKE STRENGTH
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ABSTRACT

Real-time monitoring and forecasting provides useful information in early warning situations for emer-
gency response as part of a modern (flood) risk management. This paper presents a case study of a
coastal dike line, where multiple sensors are installed to measure in real-time the water level outside
and inside the dike. The dike stability is calculated based on the inputs of the phreatic line and on the
schematization of the subsoil. The resulting safety factor is a direct assessment of the dike strength in
real-time. For a prediction of the dike performance, fragility curves are derived within a model-based
probabilistic analysis for different failure mechanisms: overflow, wave overtopping, wave impact, wave
erosion, piping, micro- and macro-stability are considered. They are combined in one overall fragility
curve that represents the total probability of failure per dike cross-section as a function of the water
level. By combining forecasted water levels and fragility curves, it is possible to get a prediction of the
dike reliability. The two workflows of real-time monitoring and forecasting of dike strength are being
integrated into the FEWS-DAM Live software system. This allows for the visualization of real-time
and historical data of dike stability and probability of failures based on the forecasted water levels. The
generated results provide precise information for the emergency response, such as location, timing and
probability of failure of specific sections of the flood defense line. With the help of this information,
emergency measures that apply to the flood defense line (e.g. starting from increased inspection intervals
up to temporally dike enforcement) can be operationally planned, adapted to the situation and triggered.
Keywords: dike strength, failure probability, forecasting, fragility curve, monitoring.

1 INTRODUCTION

An early warning system for dike stability is a complex system that involves sensors instal-
lation, data processing, computations and interpretation of the real-time results to support
decisions and strategies concerning prevention, protection and emergency response. Previ-
ous studies showed the importance and effectiveness of data collected from dike through
sensor networks. Data of pore-pressure sensors installed in a dike have been used to simu-
late the porous flow through the dike and for stability analysis [1]. Sensor networks to
measure pore pressure, inclination and temperature proved to be useful to detect leakage of
the Rhine levee [2]. Also, finite element models based on sensors data of tidal fluctuations
of river level, pore pressure and temperature inside the levee have been used to assess the
real-time stability of the Boston levee [3].

A model-based forecast of dike stability combines the forecast of water level at the dike
with the strength properties of the dike. It consists of a chain of several models with data
sequentially given from one model to the next one. For flood forecasting, the chain starts with
a meteorological model predicting the amount and spatial distribution of precipitation, wind
and temperature over time. The next step depends on the area considered. In case of riverine
regions, a hydrological model calculates the discharge in a river and a hydrodynamic model
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predicts the water level. For coastal regions, a storm surge model is applied to forecast water
levels, wave heights and wind set-up. In the last step, water levels and/or wave heights at the
dike sections are combined with parameters of the dike strength to predict the dike stability
over time. In the last decades, several model-based flood forecasting and alert systems have
been applied on a national and on a basin scale [4-6]. However, these systems are restricted
to the forecast of discharges and water levels.

This paper presents a study case where real-time monitoring and forecasting of dike
strength are combined and integrated in a software system. This system provides crucial
information for interventions both during emergency and operational situations.

2 CASE STUDY: GRONINGEN LEVEES
The Ommelanderzeedijk is a primary dike in the region of Groningen (North of the Nether-
lands) that protects the inland from floods of the North Sea. By law, all dikes in the
Netherlands must satisfy determined requirements of safety for different failure mecha-
nisms. The program Flood Control 2015 was activated in the area with the aim of improving
the water security by including new model computations, a dike strength monitoring system,
and dashboards to support crisis management [7]. Within the framework of the monitoring
project LiveDijk XL Noorderzijlvest, seven cross-sections of the Ommelanderzeedijk were
equipped with water pressure sensors to provide real-time information of the phreatic level
inside the dike. A sensor monitoring system is a helpful tool to assess the strength of a dike.
It can be used for the safety control of the most critical sections of the dikes until they are
improved, to provide information of the dike strength during works of reinforcement, and to
monitor the dike sections after improvement. Figure 1 shows the location of the cross-sec-
tions along the dike line equipped with sensors. For each cross-section, a schematization of
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Figure 1: The location of the cross-sections along the dike line and the corresponding subsoil
schematization with soil layers, sensors (blue diamonds), fixed water levels (green
triangles), and phreatic lines.
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the dike profile and the subsoil was realized including the geo-mechanical properties of each
soil layer.

3 METHODS
3.1 Real-time measurements and stability assessment

The measurements recorded by the sensors (see Fig. 1) are transferred to the Dijk Data Ser-
vice Centrum (DDSC) [8], which is a platform created around a National database to store
and to provide access to sensor data for dikes. It is thus possible to have access of both real-
time and historical data. Data of the sensors from the seven cross-sections of the
Ommelanderzeedijk are imported hourly in the FEWS-DAM Live Software system to per-
form a calculation of dike stability for each cross-section. The inputs for the stability
calculations are the phreatic line, the subsoil schematization including the geo-mechanical
properties of each layer and the model parameters. The phreatic line is built with values of
water levels measured by the sensors and other fixed water levels that can be provided in the
schematization (e.g. the polder level). In this study, the stability calculation is performed by
DAM Live using the slope stability model of Bishop [9]. The method considers circular slid-
ing surfaces to determine the slip circle with the lowest safety factor, which represents the
ratio between the maximum load that the dike can sustain and the actual load applied to the
dike. For each cross-section the output of the calculation is thus a safety factor and a drawing
of the critical circle of Bishop on the dike schematization including the phreatic line obtained
with the sensor measurements. The system is flexible in the use and applicability of the mod-
els and source data. It is thus possible to perform the stability calculations with different
models and to update the input values (e.g. modify soil properties or add water levels).

3.2 Forecasting of dike performance

The forecast of the dike strength is expressed in terms of a probability of failure of the dike
over a forecasted time span (failure probability time series). This time series is determined by
a reliability transformation, in which the water levels are transformed via a pre-calculated
fragility curve into probabilities for each time step, as shown in Fig. 2. This transformation
requires a very low computational time and therefore it is suitable for forecasting.

A fragility curve represents the probability of failure of the dike as a function of the outside
water level. The use of fragility curves has been applied to flood management systems since
1991 [10] and for strategic flood risk assessments in the latest years [11-13]. Further devel-
opments in the methods of determining fragility curves [14], the intrinsic level of detail [15]
and their integration into flood risk assessment models [16—18] have been researched and
expanded since their conception. Trends show also an increase in the application of fragility
curves for assessing operational reliability [19]. For example, Bachmann ez al. [20] use pre-
calculated fragility curves for 60 dike sections of the river Emscher to integrate also
probabilistic aspects of dike failure into a flood forecasting system.

To generate fragility curves for the presented case study, the reliability analysis of the mod-
ular software package PRoMAIDES (Protection Measure against Inundation Decision Support)
was used [21]. A model-based probabilistic analysis includes in general three steps. The first
step is the configuration of a deterministic model derived from an analysis of the structure to
determine the failure mechanisms of the system. The following failure mechanisms were



M. Ponziani & D. Bachmann, Int. J. of Safety and Security Eng., Vol. 6, No. 2 (2016) 125

l P(Non-failure|h,,)

- ui B
i =
$ b
L = P
® P(Failure|h,)
3
&
T
0+
0 0.5 1 1.5 2 25 3
Failure probability hy [m]
time series
E 082}
Water Ie.vel 2 000
time series T
8
=

-1.00 1

-2.001

Figure 2: Concept of fragility curve and reliability transformation.
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Figure 3: Fault tree analysis and input parameters for a dike cross-section implemented in
PrOMAIDEs.

considered for this study: overflow, wave overtopping, wave impact, wave erosion, piping in
combination with heave, micro- and macro-stability of the landward slope. A fault tree analy-
sis is used to structure these mechanisms leading to a dike failure, as shown in Fig. 3.

The second step is a statistical description of the input variables, which are characterized
by their mean values, standard deviations and distribution types. The assumption is that all
properties are homogeneous within a soil layer. The available input variables for this study
are the subsoil schematization of each dike profile and the mean values of soil properties for
each layer (cohesion, friction angle, and density). These were obtained from the available
geotechnical data. Missing mean values (e.g. resistance of the water side slope against waves)
were derived by expert judgment. The required statistical moments and distributions types
are based on literature values.
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Figure 4: Fragility curve with total failure probability and segregated fragility curves for
different failure mechanisms determined for the cross-section 29.9.

The last step is the calculation of the probability distributions propagation of the input
variables to the probability of occurrence of the defined failure event [22]. Within the relia-
bility analysis of PRoMAIDEs, this is performed with a Monte Carlo analysis applied to the
described fault tree. A discrete fragility curve is finally generated by applying the Monte
Carlo analysis for discrete water levels. More information about the calculation of fragility
curves is provided by Bachmann [21].

The total fragility curve shows the probability of the occurrence of a failure event as a
function of the water level, as shown in Fig. 4 for the specific cross-section 29.9 with the
given input. In contrast to the total fragility curve, each mechanism is regarded separately
by the determination of the segregated fragility curves. The segregated fragility curves pro-
vide information about the most critical failure mechanism for a dike section, allowing for
interventions towards a specific direction. The calculated fragility curves for cross-section
29.9 (see Fig. 4) show that the dominant failure mechanisms are micro- and macro-stability
of the landward slope. If the dike crest is reached (about 7.70 m), than a failure due to an
overflow event gets dominant. Wave impact and overtopping events have a minor influence
on the total stability of the dike, whereas failure mechanisms that are not displayed have no
influence.

4 RESULTS AND DISCUSSION
The two workflows of real-time assessment of dike strength and forecasting of probability of
failure are implemented in the FEWS-DAM Live software system.
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Data of real-time water levels measured by the sensors are directly imported from the
DDSC platform, whereas the forecast of the sea level is taken from the gauge station of
Delfzijl. The location of each cross-section can be visualized in the map window (as shown
in Fig. 1). Calculations of real-time safety factors and forecasted failure probabilities for the
coming 48 hours are performed in continuous. In this way, it is possible to visualize for each
cross-section the historical, current and future status of dike strength given the chosen input/
schematization. Selecting one or more locations, the software displays the water pressure
measured by each sensor and the resulting safety factor in real-time together with the fore-
casted failure probabilities (total and segregated) based on the reliability transformation. It is
possible to select individual failure mechanisms (e.g. macro-stability, wave impact) to analyse
the influence of the single mechanisms on the total failure.

4.1 Real-time assessment of dike strength

Figure 5 shows the real-time stability assessment based on sensor data for cross-section 29.9.
Moreover, the calculated total failure probability and the segregated failure probabilities for
the mechanisms micro- and macro-stability of the landward slope are visualized. In the
example provided the dike section is in a safe condition with a safety factor of 1.313 and an
average total failure probability of 0.5%.

The calculated data of dike stability give an indication of the strength/weakness of each
cross-sections of the dike. Monitoring the dike stability provides thus useful information for
the dike sections that do not satisfy the safety requirements until works of reinforcement are
executed.

4.2 Forecasting of dike strength

Figure 6 shows an example of forecasting of dike strength based on a reliability transforma-
tion for cross-section 29.9. The total failure probability reaches a maximum of 0.4%, which
means that the dike section is in a safe state for the next 48 hours. Therefore, the dike does
not require increased inspection or preparation measures for an emergency response.
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Figure 5: (a) Safety factor (red line), sea level (dotted line) and water levels measured by the
sensors inside the dike section 29.9. (b) Failure probabilities for the same section.
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4.3 Historical assessment of dike strength

All the time series with measured and calculated values are stored in the DDSC server so that
it is possible to visualize the full set of historical data. This is useful to identify and compare
previous major events of high water levels. In case of a storm with predicted high values of
failure probabilities, the analysis of previous events with the same magnitude allows for
determining the consequences that the event could have on the dike.

Analysing the historical data of the Ommelanderzeedijk test case of the past years, a major
storm surge event on 6 December 2013 was identified. During this event, a water level of 4.69
mNAP (Normal Amsterdam level) was observed at Delfzijl. Applying the reliability transforma-
tion to these historical values results in a total failure probability of about 40% for cross-section
33.4 (Fig. 7). As the dike did not collapse, this event can be used as a proof of strength of the dike.
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Figure 6: Forecasting of dike strength based on reliability transformation for cross-section 29.9.

— H.obs Defad

g6k

Water level [MNAP]

§ s8Rl
_‘\;
-l

-
_—
=

-

_
==Y
>
-
.
—_
R
=l
T
i\‘
_—

—(Te ek b 9.9
S L S S — (1) 7ot ok ek 0.1
= (1] Tor_fad_prob 30_2
o [1]Tet_fal_prob 315

cross-sectTn 33 4 ity

1

Failure probability [-]

£ = ] WY 06122013 3 E3

Figure 7: Historical assessment: a major storm surge event (above) and the corresponding
failure probabilities of dike section 33.4 (below).
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Survived historical loadings are valuable information for the reliability of a flood defence that
can be used to update the probability of failure [23]. This information is therefore crucial for
decision-making in inspection, maintenance and emergency response planning.

5 CONCLUSIONS
FEWS-DAM Live is a software system that provides real-time monitoring and forecasting of
dike strength. Along the Ommelanderzeedijk several cross-sections are equipped with sen-
sors to transmit values of water levels in real-time. With the information of sensor data and
subsoil schematization, stability calculations are performed to obtain a safety factor for each
cross-section. The real-time assessment of dike strength is useful information for early warn-
ings and to monitor weak sections of the dike before/after improvements.

Fragility curves are calculated for different failure mechanisms and combined with the
imported forecast of water levels to derive the forecasted probability of failure of each
cross-section of the dike for a period of 48 hours. It is thus possible to identify the precise
time/location of failure and plan emergency measures.

The analysis of the historical database allows for identifying the dike response to the major
storm surge events of the recent past. This provides useful information about the dike behav-
iour in critical conditions. Therefore, FEWS-DAM Live is a valuable tool to access
information for the planning and intervention in both regular and emergency situations.
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