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Figure 1. Piping and
wave overtopping
erosion based failure
mechanisms may con-
tribute o 48 percent of
the total failure prob-
ability of a dike.
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Figure 2. MFFD
design choices.
Material choices
(top row below) and
dimension choices
(bottom row below).
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Flood defenses are exposed to deterioration
processes that compromise their stability.
These processes are called ‘failure mecha-
nisms’ and they are mostly triggered and/or
exacerbated by the hydraulic loads gener-
ated during extreme high water events, which
are becoming more frequent due to climate
change. Concepts such as the ‘Delta dike’ or
the ‘Unbreachable dike’ have been developed
in the Netherlands to deal with these failure
mechanisms.

These approaches resulted in the design of
massive flood defenses that can withstand
extreme water events thanks to their larger
dimensions and highly resistant materials.
However, these characteristics should be
optimized to make them cost effective

A good way to achieve this goal is to use
the initial space allocated exclusively for
flood defense in combination with additional
functions. These extra functions may also
help to reduce their required size to cope
with the failure mechanisms, but in order to
do this, we need to quantify the additional
resistance provided by the embedded
structures,

Multifunctional flood defenses (MFFDs)

are often represented as large and robust
structures where large infrastructure may

be allocated. However, multifunctionality

is defined only by the type and number of
functions and not by the size of the structure
itself. In that sense, common flood defense
structural embedments such as dikes with
roads, pipeline crossings through and under
the flood defenses, and buildings embed-
ded within the dikes can also be considered
as multifunctional flood defenses. Moreover,
large scale MFFDs usually include habit-

able spaces, which means that access and
sanitation infrastructure will almost always be
embedded in them as well

Failure mechanisms and design choices

In the current Dutch context, national legisla-
tion for flood management is moving towards
a risk-based policy, where systems are evalu-
ated based on the probability of flooding and
the resultant consequences of an specific
event. The probability of flooding is deter-
mined by the reliability of the flood defenses
for different evironmetnal loads. MFFDs will
definitely be exposed to the same failure
mechanisms as conventional flood defenses
due to these loads. However, the frequency of
failure will change not only due to the effects
of climate change and sea level rise, but also
because of the additional structures now
included in the flood defenses.

Extensive research performed around the
world and particularly in the Netherlands,
has shown that from all the possible failure
mechanisms, two of them may account for
as much as 48% of the total estimated failure
probability. These failure mechanism are the
Backward piping erosion and the wave over-
topping (Figure 1.

Backward erosion (piping): Collapse of
the granular foundation due to cavity
formation (also known as pipes) derived
from fine sediment transport towards the
landward side.

Wave overtopping. Landward slope erosion
of the grass cover on the landward side
caused by overtopped waves

From a structural design point of view, it is
interesting to quantify how the change of di-
mensions and the inclusion of hard structures
influence the failure probability of these two
main failure mechanisms depending on pos-
sible design choices (Figure 2). The design
choices may be categorized into material
choices and dimension choices and the com-
bination of them are the ones that determine
the flood defense reliability.
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Figure 3 (below).
Piping erosion FEM
model boundary
conditions of the
IJKDIJK experiment.

Figure 4 (below
below). Wave over-
topping FEM mode/
boundary conditions
of Millingen WOS
experiment.
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Though all the failure mechanisms will
eventually result in a dike breach, each is
directly linked to a certain part of the dike.
For the case of piping erosion, the founda-
tion is eroded; whereas for wave overtopping
the outer grass cover is eroded (Figure 1).
Hence the location and size of the embed-
ded structure(s) is the design choice (Figure
2) which may directly influence a particular
failure mechanism. The defense geometry
will also have an influence but the ideal way
to quantify the effects of the embedment is
by benchmarking. This means that and initial
monofunctional flood defense is compared
with one identical in terms of materials and
geometry but including the additional
embedments.

In order to perform such benchmarking,
detailed finite element models (FEMs) were
used to simulate both MFFDs with high level
of detail. These models allow to simulate the
physical processes, while including extreme
flood events and the main characteristics

of the structures in the analysis as external
triggering conditions. FEMs allow us to find
the approximate solution of boundary value
problems for the partial differential equations
which describe the governing physics of each
failure mechanism. In our case, each of the
two failure mechanism can be described by a
different physical process: Groundwater Darcy
flow for backward piping erosion; and Navier-
Stokes fluid flows flow for wave overtopping.

Structural embedment cases

When possible, the result of any model
should be compared with the reality which
in our case is represented by the measured
values of two large scale experiments per-
formed in the Netherlands; the IJkdijk piping
erosion experiment and the Wave overtop-
ping simulator experiment (page 40-41). Ex-
tensive amount of data was collected during
these two real scale filed experiments which
allowed to validate both later FEM models.

The first experiment consisted simulating a
controlled failure of an artificial dike built with
realistic dimensions, which was tested with a
lateral water load. The artificial dike was mon-
itored in terms of preassures, displacements
and inner temperature in order to understand
better the physical processes that governed

the piping erosion failure mechanism. The
second experiment consisted in placing the
wave overtopping simulator (WOS) on the
crest of a dike which had a road on top. Later,
random water volumes which followed a pre-
defined statistical distribution where released
during representative storm durations in orde
to test the dike erosion resistnce during wave
overtopping extreme events. Volumes, valoci-
ties and scouring depths where measured in
order to understand the process and validate
the actual modeling approaches. Based on
the measured data of the two experiments,
two FEM models (Figures 3 and 4) where
calibrated and validated for different loading
conditions tested in the field.

Once the models are accepted as sufficiently
representative of reality, the failure probabi-
listic analysis is conducted by representing
the hydraulic loads and the characteristics of
the structures as statistical distribution which
allow to represent their associated uncer-
tainty. Such distributions are represented in
the models as random variables. This means
that each variable used in the model follows
a probabilistic distribution which can be later
sampled during different model runs. One
sampling at the time of all involved variables
are then used as the model input for one
single run of the model. After running a large
number of combinations of samples, a proba-
bilistic distribution of the output is obtained
Based on a predefined safety criterion for
each failure mechanism (e.g., values of pres-
sure, deformation or scouring depth), these
distributions are used to estimate the prob-
ability that these values will be exceeded

Materials effects: random variable correlation
The different climate and material scenarios
are represented by the chosen input variables
and their statistical distributions and there-
fore their correct selection and representa-
tion will also determine the MFFD estimated
reliability. Such selection also include their
joint occurrence, In other words, it is not only
important to select the statistical distribu-
tion that will better represent each mate-

rial characteristic but also the correlation
between variables. Correlation determines
the degree of joint occurrence between two
or more variables. For example, during a ex-
treme storm, high wind speeds will definitely

influence the occurrence high wave heights.

If both characteristics are used and repre-
sented as statistical distributions in one single
model, their joint occurrence should also be
included during the random sampling of both
variables. This joint occurrence may be rep-
resented by joint correlation models known
as 'copulas’. These copulas not only allow to
represent two or more probabilistically cor-
related variables but also allow to give more
importance for large or small values during
the sampling process. This is important for
MFFDs as the correct representation of cor-
relation will have a significant effect in the
estimated reliability of the flood defense for
each particular failure mechanism

Surrogate modeling for faster computing

The FEM models are very powerful, but

their computational burden is also high. This
means that it may not always be possible to
conduct sufficient model runs to calculate
the failure probabilities. In those cases, sur-
rogate modeling becomes a powerful tool
for probabilistic assessment based on FEM
models. Surrogate models or 'emulators’ are
computationally inexpensive models that are
trained and validated based on the origi-

nal input and output values obtained from
more complex models such as the FEMs. In
other words, fewer FEM model runs are used
to built a surrogate which runs faster and
therefore it can be used for larger amount of
calculations. Different algorithms such as arti-
ficial neural networks, decision trees, support
vector machines and response surfaces are
commonly used for building the surrogates
as they are capable of representing highly
nonlinear process while reducing the com-
putational time by an order of magnitude,
These models allow the original probabilistic
distributions of the input to be changed and
represent different uncertainty scenarios. Sur-
rogate models were used to test the effect of
different water events and different material
uncertainties on the two different structural
embedment cases

Main results

Overall, the results indicate that having
embedded structures under, inside, and on
top of flood defenses has significant effects
on the safety of these flood defenses. It is
expected that these effects become more

in the case of more extreme flood events
Large MFFDs are intended to withstand such
events, but other smaller MFFDs as the ones
found in the actual Dutch landscape, may
only withstand such events if the embed-
ded structures are correctly positioned

and dimensioned. These smaller MFFDs are
often found in the flood defense systams as
a consequence of the urban development
requiremets and not conceived as integral so-
lutions. While their safety is always assessed
by experts in order to ensure that they don't
compromise the overall system reliability,

is not common to include the embedment
effects in the actual probabilistic models.
Note that, these effects are not only harm-
ful by catalyzing failure mechanisms, but
also beneficial by increase the flood defense
resistance or dissipating the energy of the
hydraulic loads.

Our approach showed that surrogate model-
ing was able to capture the additional em-
bedment effects in the probabilistic results,
as long as they where incuded in the original
complex model. In addition, the correct inclu-
sion of correlation between variables which
are used as inputs for the original and surro-
gate models also have an important influence
in the estimated failure probabilities and con-
sequently in the required MFFD dimensions
which also determine the size and location

of future embedments. Surrogate modeling
technigues in combination with correlation
modeling are expected to have an enormous
potential for the MFFD probabilistic design.
We recommend further studying the possibil-
ity to develop a generalization of the method
so that in the future one robust surrogate
model can be used for different locations.
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