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A B S T R A C T

Initial damage, caused by previous wave loading or other events, might affect the hydraulic stability of
pattern-placed revetments. Three common types of damage are considered in this study. The effect of this
assumed initial damage on the hydraulic stability and failure probability of revetments is quantified using a
FEM model. This model is developed using data from large-scale flume and field experiments. Using results
from the FEM model, surrogate models are created to predict the effect of each type of initial damage on
the hydraulic stability and failure probability. Through the use of these surrogate models, it is demonstrated
that S-shaped deformation caused by filter migration around the wave impact zone has the largest effect on
the hydraulic stability decreasing up to 30%, and failure probability per year increasing up to 10,000 times.
When the granular filling between the joints of the columns is washed-out, the stability decreases up to 29%
and the failure probability increases up to 700 times. A missing column has a limited effect on the hydraulic
stability and failure probability when there is no other (structural) damage. However, if it originates from
underlying damage, it might be an initial sign of total failure of the revetment. This study demonstrates the
effectiveness of finite element modeling for studying (damaged) revetments, which can be used to complement
flume experiments. The results can be used to prioritize maintenance efforts in risk-based maintenance of
pattern-placed revetments.
1. Introduction

Flood defenses, such as dikes, are located worldwide, serving the
common purpose of mitigating the risk of flooding. Over time, a flood
defense will incur damage, leading to an increased risk of flooding.
To ensure that flood defense stays in optimal condition, risk-based
maintenance can be applied. This maintenance strategy aims to priori-
tize maintenance efforts based on the potential risks and consequences
associated with the deteriorating conditions incurred by damage (Klerk,
2022). To effectively apply risk-based maintenance, understanding the
actual condition of the flood defense, and the effects of damage to the
performance of the flood defense is crucial.

In this paper, we focus on the effect of damage on the hydraulic
stability of dike revetments made of pattern-placed elements, hereafter:
pattern-placed revetments. These revetments are typically positioned in
the wave impact zone and are designed to protect the dike from wave
loading (Pilarczyk et al., 1995). Since the 1980s, extensive research
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has been conducted to investigate the hydraulic stability of these revet-
ments. Experiments have been conducted in large-scale flume facilities
like the Delta flume (Burger, 1983; Bezuijen, 1984; Wouters, 1993;
Lubbers and Klein Breteler, 2000) and the Großer Wellenkanal (Gier
et al., 2012), offering controlled environments for studying the hy-
draulic stability of such revetments under wave loading. The outcomes
of these experiments have led to the proposal of various stability
models (Pilarczyk et al., 1995; Klein Breteler, 1995; Flikweert, 2003;
Peters, 2017). These models commonly incorporate parameters such
as wave height, Iribarren number, leakage length, and an empiric
damage parameter to describe and predict the hydraulic stability of
pattern-placed revetments subjected to wave loading.

Between 2003 and 2007 a research program was initiated to rein-
force dikes in the province of Zeeland, the Netherlands (Flikweert and
Akkerman, 2005). Part of this program involved several experiments on
pattern-placed revetments in the field (Coeveld, 2003a; Peters, 2007)
vailable online 7 February 2024
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and the Delta flume (Eysink and Klein Breteler, 2003; Coeveld et al.,
2005; Klein Breteler and Eysink, 2007), resulting in the development of
new models and insights (Coeveld, 2003b; Klein Breteler, 2007). As part
of this program, an empirical model named ‘SteenToets’ was created to
evaluate the hydraulic stability of pattern-placed revetments based on
newly developed knowledge (Klein Breteler and Mourik, 2009).

The majority of earlier mentioned studies have predominantly fo-
cused on intact revetments, leaving the effects of damage on the
hydraulic stability relatively unknown or reliant on expert judgment.
In particular, only two experiments have been conducted on inten-
tionally damaged pattern-placed revetments in the past 30 years (De
Vroeg, 1992; Coeveld et al., 2005; Klein Breteler and Eysink, 2007).
While some models, such as the latest version of SteenToets (Klein
Breteler and Mourik, 2019), can evaluate the hydraulic stability of
damaged revetments (e.g. without joint-filling or with a loose element),
they often rely on conservative assumptions or expert opinions for
corrections.

In 2017 risk-based safety standards for flood defences were in-
troduced in the Netherlands. These provide a basis for risk-based
maintenance, but this requires knowledge on the effect of damage on
the hydraulic stability. Also, Klerk et al. (2021) showed that only a
limited number of damages to revetments were identified in visual
inspections, and it is hypothesized that this is amongst others due to
the large number of different damage types inspectors have to look for.
Knowledge on the effect of damage will thus not only enable applying
the right maintenance measures, but can also be used as basis for more
targeted and efficient inspections aimed at identifying the most crucial
types of damage.

In this paper, we present a methodology and model using finite
element modeling (FEM model) aimed at assessing the effect of damage
on the hydraulic stability of pattern-placed revetment. Finite element
modeling has previously proven successful in analyzing the static equi-
librium of pattern-placed revetments subjected to wave loading (Bezui-
jen et al., 1990; Frissen et al., 2002), making it a viable and cheaper
alternative to experimental studies. We applied the FEM model and
methodology to study three common types of damage: deformation,
washed-out joint filling, and a missing element. For each type of
2

damage, a surrogate model is derived from the output of the FEM model
to quantify its effect on the hydraulic stability and failure probability
of a pattern-placed revetment. This paper addresses two key questions:

(1) What are the primary factors leading to a reduction in the
hydraulic stability of a pattern-placed revetment?

(2) How does damage affect the hydraulic stability and failure prob-
ability of a pattern-placed revetment?

The structure of this paper is organized as follows: Section 2 in-
troduces the methodology and describes the development of the FEM
model. In Section 3, surrogate models are derived and analyses are
conducted to quantify the effect of the three types of damage on hy-
draulic stability and failure probability. Section 4 provides a discussion
of the results, and finally, Section 5 summarizes the conclusions and
recommendations.

2. Methodology and model development

An integral aspect of this study involves the development of a FEM
model capable of simulating the dynamic behavior of damaged pattern-
placed revetments under wave loading. The details of the development
of this model are described in Section 2.1. Given the impracticality
of directly applying the FEM model within analyses, surrogate models
are derived on the output. This approach is described in Section 2.2.
Finally, the effect of damage on the hydraulic stability and failure
probability is studied using surrogate models. The approach for both
analyses is described in Section 2.3. Fig. 1 shows a flow chart that
illustrates these three steps.

2.1. Finite element modeling of (damaged) revetments

Because wave impacts are highly dynamic events, a finite element
software suite capable of solving a dynamic equilibrium is required.
In our study, we opted for ‘Abaqus Explicit 2019’ to develop the FEM
model. Next to its explicit dynamic solver, the software suite offers a
Python API which we used to fully automate the model generation. This
is beneficial as it allows us to create a script to generate a FEM model
based on a few input parameters. In the following paragraphs, we delve
into the specifics of the development of the FEM model.
Fig. 1. Flow chart illustrating the connection between the model development, methodology, and results, with corresponding section numbers indicated in italics.
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2.1.1. Modeling the revetment geometry
Pattern-placed revetments consist of various components, like the

top layer, the filter layer, and the filling between the elements (referred
to as joint filling). The top layer is the most important component, typi-
cally composed of arranged elements made of natural stone or concrete.
These elements can be broadly classified as blocks or columns. While
blocks are rectangular and tightly arranged, columns are irregular. The
open spaces between the columns are typically filled with joint filling
to enhance clamping. Also, in accordance with their name, columns
generally have a larger height-over-width ratio than blocks, which is
beneficial for their stability (Peters, 2017).

In our study, we focus on a top layer of Basalton® STS+ columns
(Holcim Coastal, 2018), a commonly used top layer in the Netherlands.
One set of this top layer consists of eighteen unique concrete columns
and spans an area of 1.09 by 1.20 m. Within the FEM model, we model
three sets along the slope (𝐵m) with a top layer thickness (𝐷) of 0.3 m,
as illustrated in Fig. 2. The surface below the columns, as well as the
toe, are modeled as rigid surfaces.

Fig. 2. Geometry of a pattern-placed revetment on a slope in the FEM model.

The columns themselves are modeled as a deformable body, uti-
lizing a linear elastic model to represent the normal force between
the columns. The material properties assigned to the columns align
with typical concrete standards (Blok, 2014): Young’s modulus (𝐸e) of
50 GPa, a Poisson ratio (𝜈e) of 0.2, and a density (𝜌e;sub) set to 1275
kN/m3, representing the submerged density of concrete in saltwater.
The columns situated at the outer edge of the model are constrained in
translation and rotation over some axes, mimicking conditions similar
to being adjacent to a wall or other columns.

In reality, both the filter layer and joint filling consist of granular
material. Physically modeling the filter layer and joint filling in the
FEM model would increase its complexity and significantly prolong
the simulation time. Experimenting with modeling joint filling as de-
formable bodies led to a thirty-fold increase in simulation time. Due
to this considerable time increase, we opt for a mathematical model to
calculate the filter response based on the properties of the filter layer
and joint filling, as described in Section 2.1.3.

The interaction between the columns themselves and the under-
lying surface (filter layer) is modeled as tangential behavior. This
approach allows for the accurate representation of the complex fric-
tional forces acting between the columns and the filter layer caused
by the wave loading. The friction coefficient between the columns
and the filter layer (𝜇 ) is set to 0.6, based on experiments conducted
3

f

by Schoen (2004). Furthermore, the friction coefficient between the
columns themselves (𝜇e) varies depending on the amount of joint filling
and subsequent clamping between the columns. Because the joint filling
is not physically modeled, this coefficient is calibrated as discussed in
Section 2.1.2.

2.1.2. Calibration of revetment resistance
The joint filling between the columns provides additional clamping.

Because joint filling is not physically modeled in the FEM model,
the hydraulic stability of the revetment is underestimated. To account
for this, we calibrated the friction coefficient between the columns
themselves (𝜇𝑒) on old field tests to calibrate the hydraulic stability of
the revetment.

For this calibration, we used ‘pull-out’ experiments, as described
by Coeveld and Klein Breteler (2003). Pull-out tests are used to deter-
mine how well an element is clamped in a revetment. During a pull-out
test, an increasing force is exerted perpendicularly on an element until
it is fully lifted from the revetment. Then, the maximum force (𝐹u) is
divided by the weight of the element (𝐺) perpendicular to the slope
(cos (𝛼)). This yields a load factor (𝑛f l), which describes how well an
element is clamped, see Eq. (1).

𝑛f l =
𝐹u

𝐺 cos (𝛼)
(1)

Over the years, numerous pull-out experiments have been con-
ducted by Coeveld and Klein Breteler (2003), Blom et al. (2007) and
Peters (2017). It has been observed that the load factor varies a lot
between different experiments and types of top layer elements. The
authors of these publications highlight that this variance is affected by
various factors, including column type, age, temperature, and location
on the slope. For in-situ locations, among the effects of many other
variables, and subject to general spread, the position on the slope
appears a consistent factor. Between the studies, a load factor of about
20 is a common lower bound for a pattern-placed revetment with plenty
of joint filling between the columns (a well ‘washed-in’ revetment).

Without joint filling, the friction between the columns is solely
attributed to their interaction with one another. Therefore, as a lower
bound, a friction coefficient of 0.60 is used, which is a typical coef-
ficient for concrete on concrete (Blok, 2014). For a well washed-in
revetment, the joint filling will provide additional clamping thereby
increasing the friction. To calibrate a friction coefficient for a well
washed-in revetment, we simulated pull-out tests on different columns
on the slope for varying friction coefficients between 0.60 and 0.90.
The load factors from these simulations are illustrated in Fig. 3. Based
on the earlier derived lower bound of the load factor for a well washed-
in revetment, a friction coefficient of 0.85 is derived. For a revetment
without joint filling, a friction coefficient of 0.60 is used.

Fig. 3. Calculated load factor 𝑛f l from simulated pull-out tests with the FEM model
for varying friction coefficients 𝜇 .
𝑒
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2.1.3. Wave loading on a revetment
Next, we define the loading on the columns caused by wave impact.

The loading can be modeled as the pressure difference caused by the
wave loading on the top surface of the top layer and the pressure from
the filter layer on the bottom surface of the top layer. The resulting
pressure is referred to as residual pressure. In this section, we describe
the wave loading and in Section 2.1.4 the filter response.

The studied top layer is composed of columns with large open
joints representing 9.4% of the area and is hence permeable (Kaste and
Mourik, 2016; Klein Breteler et al., 2018). As a result, the pressure in
the filter layer is largely affected by the pressure caused by the wave
loading. The effect of the top layer permeability is quantified by the
ratio of permeabilities and the thickness of the top and filter layer, the
leakage factor, as e.g. described in Klein Breteler and Bezuijen (1992)
and Section 2.1.4. For a top layer composed of columns, events with
large pressure gradients in space and time, such as wave impacts, likely
cause damage in the form of shear and lift of the columns.

Another relevant loading could be caused by the run-down of a
wave. However, because the top layer is permeable, and run-down
is a relatively slow event with a moderate gradient of the head, the
filter layer pressure follows the pressure above the top layer well. This
is the outcome of differential equations describing based on Darcy’s
Law. The finding was verified by specifically instrumented scale model
experiments, e.g. in Klein Breteler et al. (2012). As a result, the residual
pressure is minimal; hence, within the FEM model, we only simulate the
wave impact. Furthermore, due to the smooth surface of the columns,
drag forces do not play a role, like in more conventional (e.g. rock) top
layers.

To simulate wave impact in the FEM model, it is essential to
define the wave impact location and establish a parameterization of
the pressure during wave impact on the top layer for the spatial
and temporal dimensions. First, we specify the wave impact location.
According to Coeveld (2003a), the literature suggests that the highest
waves typically impact the slope at approximately 0.5 𝐻s below the
still water level (SWL). This finding was refined by Schüttrumpf (2001)
based on video material for slopes of 1:4 and 1:6, indicating that the
location of wave impact is lower for larger Iribarren numbers (𝜉m−1,0,
as defined in Eq. (2)).

𝜉m−1,0 =
tan (𝛼)
√

𝑠0
with 𝑠0 =

2𝜋𝐻m0

𝑔𝑇 2
m−1,0

(2)

Where 𝛼 is the slope angle of the revetment, 𝑠0 is the wave steepness,
𝐻m0 is the spectral wave height, 𝑔 is the gravitational constant, and
𝑇m−1,0 the spectral wave period. We assume the significant wave height
𝐻s equals the spectral wave height 𝐻m0, and the peak wave period
𝑇p equals about 1.1 times the spectral wave period 𝑇m1,0 (Holthuijsen,
2007).

Peters (2017) established a relation between the location of wave
run-down and wave impact. Using the horizontal and vertical particle
velocity of a breaking wave, the wave impact location can be predicted
in relation to the wave run-down location, denoted as 𝑧impact , illustrated
in Fig. 4. The equations from the study are presented in Eq. (3).
When related to the still water level, the study finds that the vertical
distance between the still water level and the wave impact location is
approximately 0.7 𝐻s.
𝑧impact

𝐻s
< 0.55 𝜉m−1,0 − 0.0344 𝜉2m−1,0 − 0.3

𝑧impact

𝐻s
> 0.45 𝜉m−1,0 − 0.3

𝑥impact =
𝑧impact

tan (𝛼)

(3)

To define the wave impact location in the FEM model, we selected
the model proposed by Peters (2017). This choice is based on the
derivation of the equation based on physics and its validation us-
ing data from large-scale flume experiments. In contrast, Schüttrumpf
4

Fig. 4. Schematization of the wave impact location, relative to the run-up location:
𝑥impact and 𝑧impact . (blue solid line: wave impact, blue dashed line: wave run-down).

(2001) derived their equation from small-scale flume experiments.
Although the rule of thumb provided by Coeveld (2003a) is simpler
to implement, it significantly deviates from the other two equations,
especially for higher Iribarren numbers.

Next, we focus on the pressure caused by wave impact. When a wave
breaks onto the revetment, it generates a short but intense impulse.
To model this impulse in the FEM model, a parameterization of the
pressure is required. Since the FEM model is an explicit dynamic model,
it is desirable to use a schematization defined in both spatial and
temporal dimensions.

Various models in the literature describe the impulse of a breaking
wave on a slope. Stive (1983) proposes a relation between the peak
wave pressure, the density of the water (𝜌w), and the wave height. This
relation is commonly used in combination with a triangular-shaped
distributed load to model wave impact on a slope. Furthermore, Klein
Breteler et al. (2012) parameterized a wave impact pressure profile in
the spatial dimension using sensor data obtained from flume experi-
ments. Peters (2017) parameterized a wave impact pressure profile in
the spatial and temporal dimension using a trapezoid based on sensor
data obtained from large-scale tests and a review of earlier studies.
Since the parametrization by Peters (2017) is the only description
considering both spatial and temporal dimensions, it is adopted in our
FEM model.
𝑃peak2%

𝜌w 𝑔 𝐻s
= 8 − 1.6 𝜉m−1,0 −

2
(

𝜉m−1,0 − 0.2
)2

(4)

In the spatial dimension, Peters (2017) uses the peak pressure
exceeded by 2% of irregular waves (𝑃peak2%), calculated using Eq. (4).
Regarding the temporal dimension, the study observes that the rise time
(𝑡r), defining the time to reach the peak pressure, is approximately 0.15
to 0.18 s and is described by Eq. (5). Following the peak pressure,
the pressure gradually decreases to zero over the fall time (𝑡d). Peters
(2017) suggests a fall time of about 3 to 4 times the rise time. In our
study, we conservatively assume the fall time is 4 times the rise time
to maximize the loading duration. An example of the schematization
is illustrated in blue in Fig. 5. Note that the schematization does not
include the wavefront, which may lead to a slight overestimation of
the residual pressure between the wave impact and the wavefront.

𝑡r = 0.10
( 𝑃peak;2%

𝜌w 𝑔 𝐻s

)−1

(5)

2.1.4. Determining the filter response
With the wave loading defined, we focus on the pressure in the

filter layer. The pressure in the filter layer responds to the pressure
caused by the wave loading on the top layer. The extent of this response
depends on the characteristics of the top layer, joint filling, and filter
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Fig. 5. Pressure evolution of wave impact and the filter response on a revetment in spatial (left) and temporal (right) dimension.
ayer. To characterize this effect we use the leakage length, denoted
y 𝛬(𝑥), which can be calculated using Eq. (6) (Klein Breteler et al.,
012). In this equation, the thickness of the top layer and filter layer is
enoted by 𝐷 and 𝑏(𝑥). The permeability of the top and filter layers are
enoted by 𝑘′ and 𝑘. It should be noted that we modeled the thickness
f the filter layer dependent on the slope coordinate 𝑥. This modeling
pproach allows us to investigate the potential effect of damage caused
y a deformed filter layer in subsequent analyses.

(𝑥) =
√

𝑏(𝑥)𝐷𝑘
𝑘′

(6)

Pattern-placed revetments with a top layer composed of columns
have a short leakage length due to the relatively high permeability
of the top layer (𝛬∕𝐷 ≈ 0.5 − 2.0, (Peters, 2017)). Consequently, the
pressure in the filter layer is highly affected by the pressure on the top
surface of the top layer. The significant spatial gradients in the pressure
caused by wave impact result in elevated pressures in the filter layer.
As a result, the columns surrounding the wave impact location will
experience a large residual pressure, which may lead to the uplift of
columns.

Using the leakage length, it is possible to derive the pressure in
the filter layer as a function of the pressure on the top surface of
the top layer. Van der Meer et al. (2004) uses a combination of the
continuity equation and Darcy’s law to estimate the pressure difference
between the outside and the inside of the dike. When the flow in the
filter is linearized, this same principle can be applied to pattern-placed
revetments, which results in Eq. (7) (Schiereck and Verhagen, 2019).

𝛬(𝑥)2
𝑑2𝑃F(𝑥, 𝑡)

𝑑𝑥2
− 𝑃F(𝑥, 𝑡) = −𝑃T(𝑥, 𝑡) (7)

The pressure on the top surface of the top layer is denoted as 𝑃T(𝑥, 𝑡),
s given by the wave impact schematization. Solving the differential
quation allows us to derive the pressure in the filter layer, denoted as
F(𝑥, 𝑡). An example of the filter response is illustrated in red in Fig. 5.

Finally, we combine the parametrization of the wave impact pres-
ure profile with the differential equation of the filter response. The dif-
erence between these models yields the loading profile of the residual
ressure during a wave impact in both spatial and temporal dimensions,
enoted as 𝑃R(𝑥, 𝑡) and illustrated in orange in Fig. 5. In the FEM model,
owever, the residual pressure can only be modeled as a uniformly dis-
ributed pressure over the temporal dimension. Therefore, the loading
rofile of the residual pressure is averaged over the spatial dimension
or each column 𝑒. This process yields an average residual pressure,
enoted as 𝑃R;A;e(𝑡), which is then applied as a uniformly distributed
ressure to the respective column 𝑒. The entire process is illustrated in
5

ig. 6.
Fig. 6. Calculating the residual loading on each of the columns.

2.1.5. Defining representative loading
Next, we outline the approach for loading the pattern-placed revet-

ment in the FEM model. In the event of a storm, a pattern-placed
revetment is exposed to thousands of waves, varying in size from small
to large. While simulating an entire storm in the FEM model would
ideally provide the most realistic results, this would lead to undesirably
long simulation times.

To identify a suitable loading scenario, we examined existing sta-
bility models (Rijkswaterstaat, 2007; Peters, 2017; Klein Breteler and
Mourik, 2019). These models statically evaluate the hydraulic stability
of the revetment, determining whether wave loading exceeds a critical
threshold calculated based on the characteristics of the revetment. The
assumption in these types of models is that the failure of the top layer
of a pattern-placed revetment is more likely caused by a few high waves
rather than a cumulative build-up of damage, as is common for other
types of cover layers, like grass.

With the FEM model, our focus lies on dynamically evaluating
the hydraulic stability. Following the methodology of earlier models
mentioned, we opt to evaluate hydraulic stability based on an extreme
moment during a storm rather than evaluating the entire storm. Ac-
cording to Holthuijsen (2007), wind waves tend to be grouped in a way
that wave heights are correlated over a few waves, meaning that a high
wave is typically surrounded by other higher waves. In our FEM model,
we choose to model five individual waves that represent statistically the
largest waves during a storm.

Then, the question arises, what is the wave height of these largest
waves? One of the input parameters of our FEM model is the significant
wave height (𝐻s). However, this parameter describes only the average
height of the highest one-third of the waves and is not representative
for the wave height of the largest individual waves. To address this,
we chose to derive the mean wave height of the five largest subse-
quent waves during a storm event (𝐻 ). In this derivation, we
mean;max5
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assume that individual wave heights in a storm follow the Rayleigh
distribution (Longuet-Higgins, 1952), as shown in Eq. (8).

𝑃
{

𝐻 < 𝐻
}

= 1 − exp
(

−2𝐻
2

𝐻2
s

)

(8)

Using the Rayleigh distribution, we can generate random storm
vents for a given significant wave height. In our analysis, we use storm
vents with 5,000 waves, which is a typical number of waves for a
torm duration of 8 to 10 h. Because the individual waves within a
torm are generated based on a probability distribution, each realiza-
ion of a storm differs. Multiple different storm events are generated
or which the ratio between the mean wave height of the five largest
ubsequent waves and the significant wave height is calculated. Based
n these results, a generalized extreme value distribution is fitted, as
hown in Fig. 7.

In general, the mean wave height of the five largest subsequent
aves is typically 1.1 to 1.4 times the significant wave height. This
ncertainty is caused by the inherent randomness in the wave fields
enerated. Given our focus on the largest wave heights, this uncertainty
esults in noticeable differences for wave fields generated based on the
ame significant wave height. To address this uncertainty, we introduce
he concept of storm intensity (𝑖st), representing the cumulative prob-

ability of the ratio between the mean wave height of the five largest
subsequent waves and the significant wave height, as illustrated on the
𝑦-axis of Fig. 7. Within our FEM model, storm intensity serves as an
input parameter to model this uncertainty. The wave height of the five
largest subsequent waves can be calculated using the significant wave
height, this wave height will be used within the FEM model to load the
revetment.

Fig. 7. Generalized extreme value distribution describing the ratio between the mean
wave height of the five largest subsequent waves and the significant wave height.

The peak pressure can be calculated using Eq. (4). However, this
equation can only be used to predict the peak pressure using the
significant wave height. In other words, the peak pressure exceeded
by 2% of the waves is predicted by the average height of the highest
one-third of the waves. Ideally, we would want to know what the peak
pressure of an individual wave is given the individual wave height. To
correct this, first, we rewrite this equation such that the peak pressure
exceeded by 2% of the waves is predicted by the average height of the
highest 2% of the waves. By rewriting Eq. (8), it is determined that
𝐻2%∕𝐻s ≈ 1.4, leading to Eq. (9).

1.4 𝑃peak2%

𝜌 𝑔 𝐻
= 8 − 1.6 𝜉m−1,0 −

2
( )2

(9)
6

w 2% 𝜉m−1,0 − 0.2
Last, we replace the statistical parameters 𝑃peak2% and 𝐻2% with
parameters related to individual waves: the peak pressure 𝑃peak and the
wave height 𝐻 , as shown in Eq. (10).
1.4 𝑃peak

𝜌w 𝑔 𝐻
= 8 − 1.6 𝜉m−1,0 −

2
(

𝜉m−1,0 − 0.2
)2

(10)

It is important to note that this model is derived based on statisti-
cal wave parameters. We acknowledge that by substituting statistical
parameters with non-statistical ones, we step beyond the validated
application range. The predicted peak pressures may carry uncertain-
ties. However, no other models are suitable for use within a dynamic
FEM model, as discussed in Section 2.1.3. Nonetheless, the modified
equation provides an order of magnitude for the peak pressure, which
is sufficient for a relative analysis of the effect of damage in the
subsequent sections.

In Section 3.1, we compared the hydraulic stability of a revetment as
derived from the FEM model with stability models from the literature.
Fig. 11, illustrates that, for the majority of data points corresponding
to revetment failure, the stability models also predict failure. This
emphasizes the effectiveness of our current approach, which focuses
on five waves, as a fitting simplification of the loading used in the FEM
model.

2.1.6. Modeling damage
As a final step, we introduce damage into the FEM model. Based

on literature (Van Der Meer and Moens, 1990; Klein Breteler, 2018;
Het Waterschapshuis, 2019) and analyzing the damage observed dur-
ing large-scale flume experiments (Klein Breteler and Eysink, 2007;
Wolters, 2016; Kaste and Mourik, 2016; Wolters and Klein Breteler,
2011; Klein Breteler and Eysink, 2005; Eysink and Klein Breteler,
2003), we selected three common types of damage for implementa-
tion: deformation, washed-out joint filling, and a missing column, as
illustrated in Fig. 8. These types of damage were chosen based on
their prevalence in the field and the flume experiments. To accurately
represent these types of damage in the FEM model, we analyzed the
data from the flume experiments, developed corresponding models for
each type of damage, and implemented them into the FEM model.
These models will be discussed in the subsequent paragraphs.

Deformation
When a wave breaks onto a revetment, the columns near the wave

impact location are slightly lifted from the filter layer. Over time, this
uplift can initiate the migration of the filter layer down the slope,
causing variations in the filter layer thickness. Consequently, an S-
shaped deformation of the top layer occurs, with a thinner filter layer
around the wave impact zone and a thicker filter layer below it.
Based on the data obtained from flume experiments, we developed a
damage model for this type of deformation, named the S-profile (Van
der Vegt, 2021). This damage model approximates the deformation
using a sine wave of one period and is illustrated in Fig. 9. The model
contains three parameters: the distance from the waterline measured
from the center of the S-profile (𝑧s;mid), the length of the S-profile (𝐵s),
nd the amplitude of the S-profile (𝑎s). Additionally, we numerically

implemented the effect of the deformation on the filter response in the
mathematical model. This is achieved by making the filter thickness,
and therefore leakage length, dependent on the location along the
slope, as discussed in Section 2.1.4.

Washed-out joint filling
Caused by repeated wave loading, the granular material between

the columns may wash out over time. This reduction in joint filling
negatively affects clamping of the columns and therefore the hydraulic
stability of the revetment. As discussed in Section 2.1.1, the effect of
the joint filling on the hydraulic stability of the revetment is modeled
within the friction coefficient between the columns (𝜇e). Two friction
coefficients were derived: one for a well washed-in revetment (𝜇e =

0.85) and another for a revetment without joint filling (𝜇e = 0.60). To
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Fig. 8. Studied types of damage in the field, schematized, and within the FEM model (photos from Kaste and Mourik (2016) and Het Waterschapshuis (2019)). Green/gray arrow:
reduced clamping; Red arrow: migration of the filter and/or joint filling.
Fig. 9. Parameterization of S-shaped deformation around the wave impact zone (S-profile).
model the effect of washed-out joint filling within the FEM model, the
friction coefficient between the columns is varied. The effect of this
type of damage on the filter response is neglected. This simplification
is expected to be conservative, as the washed-out joint filling will result
in a slightly shorter leakage length.

Missing column
As outlined in Van der Vegt (2021), there are two primary reasons

why a column can be missing from a revetment: third-party interference
or underlying damage. The former, unrelated to the hydraulic loading,
can be attributed to vandalism or the growth of woody vegetation. The
latter is due to any other type of underlying damage, indicating the
initiation of revetment failure. Because a missing column is simulated
by removing a column from the initial geometry, the simulation re-
sembles more closely the effects of a missing column due to third-party
interference. The effect of this type of damage on the filter response
is neglected. This simplification is justified, as a missing column will
result in a locally shorter leakage length.
7

2.1.7. Model output
After simulating a FEM model, the resulting data undergoes analy-

sis, from which several key parameters are derived which are described
and presented below. These parameters aim to describe the extent of
damage that has been incurred and serve as input for subsequent anal-
ysis. Damage is quantified by the uplift of a column, representing the
deformation perpendicular to the slope. In instances where a column is
fully lifted from the revetment, the maximum uplift is constrained to
the thickness of the top layer, denoted by 𝐷. An illustrative example is
depicted in Fig. 10.

• Maximum uplift: The maximum uplift (𝑧e) of all columns is a
critical parameter commonly used in flume experiments. When
at least one column is fully lifted, the revetment is often deemed
to have failed (Kaste and Mourik, 2016). Four distinct damage
categories are defined based on the maximum uplift values:
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Fig. 10. Deformation of a revetment without joint filling during the peak impact of the last of five (very) extreme waves (𝐻s = 2.5 m), with colors indicating deformation relative
to column thickness. A white colored column represents the column is fully lifted.
– Damage category 1: Little uplift of a column (0 < 𝑧e∕𝐷 <
0.33);

– Damage category 2: Significant uplift of a column (0.33 <
𝑧e∕𝐷 < 0.67);

– Damage category 3: Large uplift of a column (0.67 <
𝑧e∕𝐷 < 1);

– Damage category 4: Column came loose from revetment
(𝑧e∕𝐷 = 1).

• Uplifted columns: The number of fully lifted columns from the
revetment.

• Average final uplift: The sum of the uplift of all columns after
the last wave impact divided by the width of the model.

2.2. Surrogate modeling

Simulating five wave impacts with the FEM model can take up to
three hours, making it impractical to use in the subsequent analysis. To
address this, surrogate models are derived. In the following sections, we
introduce the concept of surrogate models and discuss how they can be
derived based on the FEM model.

2.2.1. Deriving surrogate models for (damaged) revetments
A surrogate model is a simplified approximation of the complex

model, designed to emulate its behavior while avoiding the compu-
tational expenses associated with running the complex model (Kroetz
et al., 2017). This approximation is derived based on the input and out-
put from the complex model often using a machine learning algorithm
or a mathematical approximation. In this study, the complex model will
be the FEM model for which we aim to create four surrogate models:
one for an intact revetment, and one for each type of damage discussed
in 2.1.6. The objective of these models is to forecast the average final
uplift (𝑧 ), see Section 2.1.7. This output parameter is chosen given
8

f inal
its continuous nature and its ability to accurately reflect the extent of
damage.

The initial step in deriving a surrogate model is to identify the
relevant input parameters of the FEM model, specifically those with the
most substantial effect on the hydraulic stability. Keeping the number
of input parameters in the surrogate model to a minimum is crucial,
as each additional parameter increases the complexity of the surrogate
model, demanding a larger dataset for effective training. With over 20
distinct input parameters in the FEM model, a selection is made by
assessing their effect on hydraulic stability through sensitivity analysis
which is explained in Section 2.2.2. For surrogate models describing
one of the types of damage, the input parameters related to this type
of damage are also included.

Next, for each surrogate model, data points need to be generated to
train the model. These data points are generated by running the FEM
model and obtaining the average final uplift for various realizations
of the input parameters of the surrogate model. These realizations are
determined using a Sobol sequence. This sampling technique is chosen
for its ability to provide a well-distributed and representative coverage
of the parameter space (Saltelli and Ratto, 2008).

Finally, each surrogate model is trained on their respective set of
data points. For the training technique, we opted to use a machine
learning algorithm as it is expected that the output of the FEM model
is non-linear due to the random nature of the interactions between all
individual columns in the revetment. A study by Teixeira et al. (2021)
shows that SVM and Kriging models are robust and perform well in
terms of handling output complexity and smoothness. Another study
by Bourinet (2016) found that a surrogate model using support vector
regression (SVR) with SVM is capable of accurately estimating rare-
event probabilities for low to moderately high dimensional problems
with a smooth limit-state function. Although SVM is primarily used for
classification, it can be adapted for regression tasks (SVR), making it
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suitable for handling non-linearity. Based on both studies, we choose
SVR to create the surrogate models. The models are made using the
Python package scikit-learn (Herman and Usher, 2017).

2.2.2. Sensitivity analysis on input parameters
The FEM model comprises over 20 distinct input parameters. As

discussed in Section 2.2.1, including all of these parameters in the sur-
rogate models is impractical and unnecessary. Therefore, it is crucial to
make a selection of which input parameters to include in the surrogate
models based on their effect on hydraulic stability. Determining these
input parameters involves two essential steps.

In the first step, a qualitative evaluation is carried out on the input
parameters from the FEM model, as outlined in the Appendix. The aim
is to choose five to seven parameters that have the most substantial
effect on the hydraulic stability of an intact revetment. This assessment
is based on relevant literature on stability models.

Subsequently, a sensitivity analysis is conducted on these identified
input parameters to calculate a sensitivity index for each parame-
ter (Saltelli and Ratto, 2008). These sensitivity indices quantify the
individual contribution of each input parameter to the variability in
the model output, specifically the average final uplift. A high posi-
tive sensitivity index value indicates a substantial negative effect on
the hydraulic stability of the revetment. For this study, we use the
‘Random Balanced Design - Fourier Amplitude Sensitivity Test’ (RBD-
FAST) method along with Latin Hypercube Sampling to calculate these
sensitivity indices. This method proves to be a robust method suitable
for limited sets of data points (Tarantola et al., 2006), making it well-
applicable in our study. The set of data points necessary for the analysis
is generated by running the FEM model and obtaining the average
final uplift for various realizations of the previously identified input
parameters. These realizations are determined using Latin Hypercube
Sampling, as required by the RBD-FAST method. The sensitivity analy-
sis is conducted using the Python package ‘Sensitivity Analysis Library’
(SALib) developed by Herman and Usher (2017).

2.3. Analyzing the effect of damage

Using the surrogate models, we will study the effect of the three
types of damage on the hydraulic stability and failure probability.

2.3.1. Effect of damage to the hydraulic stability
The effect of damage on the hydraulic stability of the revetment is

studied by comparing the difference in the stability number between
damaged and intact revetments. The stability number is defined as
the ratio between the loading and resistance on the revetment when
the failure criterion is reached, as described in Eq. (11). In which the
𝐻s is the significant wave height, 𝛥 is the relative density of the top
layer, and 𝐷 is the thickness of the top layer. A higher stability number
indicates a more stable revetment.
𝐻s
𝛥𝐷

(11)

As the surrogate models forecast the average final uplift, establish-
ing a failure criterion in terms of this parameter is key. Traditional
stability models are frequently derived from flume experiments, where
the assumption is that when one column is lifted from the revetment,
the entire revetment is considered failed. In alignment with this, we use
all FEM model results used to train the surrogate models to establish a
relationship between the average number of uplifted columns per meter
of the revetment and the average final uplift. This allows us to derive
a failure criterion in terms of average final uplift. The stability number
is then determined by analyzing the contour in the parameter space of
9

the surrogate models where 𝑧f inal equals the specified failure criterion.
2.3.2. Effect of damage to the failure probability
In addition to studying the effect on hydraulic stability, we also

study the effect of damage on the failure probability of the revetment.
The failure probability refers to the likelihood of the revetment surpass-
ing the failure criterion within an one-year period. To investigate this,
a case study is carried out on a hypothetical pattern-placed revetment
on the Oostvaardersdijk. Situated along the Markermeer, a lake in
the Netherlands, this dike is chosen due to the common use of the
investigated type of pattern-placed revetment.

Using the surrogate models, the failure probability is calculated
using a Monte Carlo simulation for various types and magnitudes of
damage. To conclude, the relative effect on the failure probability is
evaluated using vulnerability, see Eq. (12). Which is the ratio between
the failure probability of a damaged system and an intact system
subjected to identical loading conditions (Lind, 1995).

𝑉 =
𝑃
(

𝑟d, 𝑆
)

𝑃
(

𝑟0, 𝑆
) (12)

In which 𝑃
(

𝑟d, 𝑆
)

is the failure probability of a damaged revet-
ment and 𝑃

(

𝑟0, 𝑆
)

the failure probability of an intact revetment.
The damaged revetment is identical to the intact revetment with the
only exception that any type of damage is included within the initial
conditions. Practically, this means that the damage is already present
before the storm event.

3. Results

In the subsequent sections, we present the results obtained in this
study. Section 3.1 provides an analysis of the key parameters affecting
the hydraulic stability. In Section 3.2, we present the derivation of the
four surrogate models: one for an intact revetment, and one for each
type of damage discussed in 2.1.6. Using these models, the effect of
damage to the hydraulic stability is analyzed in Section 3.3. Lastly,
Section 3.4 presents a case study examining the effect of damage to the
failure probability for a hypothetical pattern-placed revetment along
the Oostvaardersdijk.

3.1. Key parameters affecting hydraulic stability

This section focuses on identifying which input parameters of the
FEM model have the most significant effect on the hydraulic stability of
a pattern-placed revetment. All parameters are listed in the Appendix.
As outlined in Section 2.2.2, this is achieved by evaluating the effect of
various input parameters on the hydraulic stability through a combina-
tion of a qualitative evaluation and a sensitivity analysis using the FEM
model. The input parameters with the largest effect are used within
the surrogate models. Additionally, this analysis also provides insights
into factors contributing to the hydraulic stability of both intact and
damaged revetments, addressing the first main question of this paper.

First, we start with a qualitative evaluation by doing a literature
review of the current stability models for pattern-placed revetments.
Current models (Klein Breteler and Mourik, 2019), as well as cali-
bration studies (Jongejan, 2017) and various other studies (Pilarczyk
et al., 1995; Vrijling et al., 2001; Rijkswaterstaat, 2007; Peters, 2017),
highlight that the hydraulic stability of a revetment is highly affected
by the magnitude of the hydraulic loading. Hence, parameters such as
the significant wave height and the Iribarren number are commonly
used in stability models. The same studies show that in terms of
resistance, the thickness and density of the top layer, and the slope
of the revetment are of interest. Based on these findings, we selected
six input parameters of the FEM model which we think may have the
largest effect on the hydraulic stability of a revetment. An overview of
these parameters is given below, along with information on the chosen
lower and upper bounds for the parameter space used in the sensitivity
analysis.
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• Dimensionless loading (𝐇s∕∆𝐃): This parameter represents the
resistance of the top layer to the hydraulic loading. It directly
affects the significant wave height in the FEM model, because the
top layer thickness and density are constant. The stability model
of Rijkswaterstaat (2007) and Peters (2017) show that failure of
the top layer is expected between a dimensionless loading of 4.0
up to 6.0. To include some margin, the dimensionless loading will
be assigned a lower bound of 2.0 and an upper bound of 8.0.

• Dimensionless leakage length (Λ∕𝐃): The dimensionless leak-
age length determines how the filter responds to pressure on the
top surface of the top layer. By varying this parameter, different
combinations of filter layer thickness and permeability are simu-
lated. According to Peters (2017), a range of 0.5 to 2.5 is typical
for a top layer with columns.

• Wave steepness (𝐬0𝐩) and slope (cot 𝜶): These parameters de-
termine the Iribarren number and are based on the local sig-
nificant wave height of the incident waves 𝐻s and the untrans-
formed wavelength based on the peak wave period 𝑇p (𝑠0p =
2𝜋 𝐻s ∕ (𝑔 𝑇 2

p )). By separating wave steepness and slope the
individual effect of each parameter can be evaluated. For wind
waves, a typical wave steepness falls within the range of 1% to
5%. On dikes, a typical slope for a pattern-placed revetment is
between 1:2.5 to 1:4.

• Storm intensity (𝐢𝐬𝐭): In the FEM model, a storm is simplified
into five extreme waves. The storm intensity is used to model the
uncertainty between different storms as multiple storms with the
same significant wave height can have a varying wave field. As
defined in Section 2.1.5, the storm intensity ranges between 0.0
and 1.0.

• Top of the revetment (𝐳𝐭𝐨𝐩): The top of the revetment is the
distance between the water level and the top of the pattern-placed
revetment. A higher top of the revetment increases the normal
force within the revetment, enhancing stability. To explore the
effect of this normal force, we set the top of the revetment to
range between 5.5 meters and 6.5 meters above the reference
level. Which is 0.5 to 1.5 meters above the still water level.

For the sensitivity analysis in this study, we use the RBD-FAST
method. To perform the analysis, we generated a set containing 256
data points using Latin Hypercube Sampling and ran them with the FEM
model. Uniform distributions are used for all input parameters during
sampling to create a well-distributed parameter space. Each data point
represents a FEM model of an intact revetment based on a different
realization of the input parameters from Table 1. The output parameter
used in this analysis is the average final uplift. Fig. 11 presents the
results obtained from all the data points. The plots are color-coded
10
Table 1
Random variables with their corresponding random distributions used in the sensitivity
analysis. Uniform distributions are indicated by the letter 𝑈 .

Random variables Distribution Unit

𝐻s∕𝛥𝐷 Dimensionless loading U(2.0; 8.0) [–]
𝛬∕𝐷 Dimensionless leakage length U(0.5; 2.5) [–]
𝑠0p Wave steepness U(0.01; 0.05) [–]
𝑖st Storm intensity U(0.0; 1.0) [–]
cot 𝛼 Slope U(2.5; 4.0) [–]
𝑧top Top of the revetment U(5.5; 6.5) [REF+m]

based on the maximum uplift and the corresponding damage category,
as described in Section 2.1.7.

The left pane illustrates the data points color-coded by their damage
category, with the Iribarren number shown on the 𝑥-axis and the
dimensionless loading on the 𝑦-axis. Two stability models, namely
‘VTV2004’ (Rijkswaterstaat, 2007) and the model proposed by Peters
(2017), are also featured in the figure. The VTV2004 stability model
provides two curves: the upper curve signifies a high likelihood of
failure, denoted as ‘Unsafe,’ while the lower curve indicates a low
likelihood of failure, marked as ‘Safe.’ The region between these curves
is labeled as ‘Unknown,’ signifying uncertainty where failure may occur
depending on the state of the pattern-placed revetment. The stability
model by Peters (2017) is derived based on when the first column is
fully lifted from the revetment. Therefore, this curve should predict at
which dimensionless loading a column is fully lifted from the revetment
(damage category 4). In the figure, it can be seen that the lower bound
of the data points with damage category 4 are relatively close to both
stability relations. This gives confidence in the proper calibration of
the FEM model for intact revetments and the applied simplification in
defining the representative loading using the five largest subsequent
waves, highlighting the reliability of the results.

The right pane depicts a similar graph with the dimensionless
leakage length plotted on the 𝑥-axis. From this figure, it becomes clear
that the dimensionless leakage length has a significant effect on the
hydraulic stability of a revetment. This can be attributed to the fact
that for top layers composed of columns, a longer leakage length makes
it more difficult for the filter pressure to dissipate. This results in
an increased residual pressure on the columns, thereby causing the
revetment to fail at a lower dimensionless loading.

Next, a sensitivity analysis using the RBD-FAST method is conducted
on the set of data points, yielding the results depicted in Fig. 12. For
each of the input parameters, the first-order sensitivity index 𝑆1 is
calculated along with its corresponding 95% confidence interval. The
sensitivity index measures the individual contribution of each input
Fig. 11. Maximum uplift for each data point with the stability model from VTV2004 (Rijkswaterstaat, 2007) and Peters (2017).
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parameter to the model output’s variability, which is the average final
uplift. A high positive 𝑆1 value suggests a substantial negative effect on
he hydraulic stability of the revetment.

Fig. 12. First-order sensitivity indices representing the effect of parameters on the
hydraulic stability of an intact revetment, along with the corresponding 95% confidence
intervals.

Fig. 12 indicates that the hydraulic stability is primarily negatively
affected by an increase of the dimensionless loading or dimensionless
leakage length, which can also be seen in the right pane of Fig. 11.
Given that the top layer thickness and density are constant, it can be
concluded that the significant wave height and leakage length have
the largest effect. Additionally, an increase in wave steepness also
negatively affects the hydraulic stability as it increases the loading on
the slope for a plunging breaker, see also Eq. (10). Furthermore, the
results also show that lowering the top of the revetment negatively
affects the hydraulic stability. This is consistent with Vrijling et al.
(2001) and Peters (2017) who suggest that, as a higher top of the
revetment implies a larger length, the normal force of the revetment
around the water line increases. This improves the clamping of the
columns and, therefore, the hydraulic stability of the revetment.

Minimizing the number of input variables in the surrogate models
is crucial to keep the required dataset for training the surrogate model
small enough. Therefore, we aim to select a maximum of three input
parameters, excluding those describing damage. We opted to include
the dimensionless loading and the dimensionless leakage length, as
both substantially affect the hydraulic stability. Additionally, we chose
to include wave steepness, given that its effect on hydraulic stability
and the corresponding confidence interval are slightly larger than those
of the top of the revetment.

3.2. Predicting damage with a surrogate model

Next, the surrogate models are derived, comprising one for an intact
revetment and one for each type of damage (deformation, loss of joint
filling, and a missing column). The initial step involves generating four
sets of data points to train each surrogate model. Based on the previous
section, the dimensionless loading, dimensionless leakage length, and
wave steepness are used as input parameters. During sampling, we
use the uniform distributions also used in the sensitivity analysis.
Additionally, for the surrogate models for each type of damage, the
respective parameters related to describing that type of damage are also
included, which are described below.

• Uncertainty of the location of the S-profile (𝜸𝐬): The uncer-
tainty about the (center) location of the deformation is modeled
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by a normal distribution, as outlined in Van der Vegt (2021).
• Uncertainty of the width of the S-profile (𝜸𝐁): The uncertainty
about the width of the deformation is modeled by a normal
distribution, as outlined in Van der Vegt (2021).

• Ratio of amplitude S-profile over filter layer thickness (𝐚𝐬∕𝐛):
The greater the ratio, the more significant the deformation. Given
the assumption in the S-profile model that deformation is exclu-
sively due to filter migration, it cannot exceed the filter layer
thickness. Consequently, this parameter is represented by a lower
bound of 0.0 and an upper bound of 1.0.

• Friction coefficient between columns (𝝁𝐞): Since joint filling
is not physically modeled, the additional clamping/resistance it
imparts is calibrated through the friction between columns. In
Section 2.1.2, a friction coefficient of 𝜇e = 0.85 for a well-washed-
in revetment and 𝜇e = 0.60 for a revetment without joint filling is
derived. Therefore, a range between 0.60 to 0.85 is used for this
parameter.

• Location of the missing column below the still water level
(SWL) (𝐳𝐞): Represents the depth, in meters, below the SWL at
which a column is removed from the revetment. Given that the
wave impact location is below SWL, the upper bound is set at 0.0
meters (at SWL). The lower bound is defined slightly above the
bottom of the revetment at 2.5 meters below SWL.

• Offset of the missing column from the center line of the revet-
ment (𝐱𝐞): Introduces variability to avoid consistently removing
the same column at the same depth 𝑧e. It is defined within a
range of −1.3 m to 1.3 m from the centerline of the revetment.
Given that the total width of the model is 3.27 m, this maximum
offset of 1.3 meters ensures that columns near the boundary of the
revetment (those with boundary conditions) are not removed.

The surrogate models will predict the average final uplift. To
achieve this, each surrogate model needs to be trained on a set of data
points, containing different realizations of the input parameters and
the corresponding average final uplift calculated using the FEM model.
For each surrogate model we generated an unique set of data points.
A comprehensive summary of all input parameters and their random
distributions used is provided in Table 2. To ensure the surrogate
models predict well over the whole parameter space, the data points
must be well-distributed in the parameter space. This is achieved by
using a uniform distribution for most parameters and using a Sobol
sequence as a sampling technique to generate the data points.

Before delving into the training of the surrogate models, it is neces-
sary to establish a failure criterion. Given that surrogate models provide
forecasts for the average final uplift, determining a critical value for
failure proves challenging due to the abstract nature of this parameter.
Using the four sets of data points for the surrogate models, we related
the average final uplift to the number of fully lifted columns per meter
width of the revetment, as illustrated in Fig. 13.

Using the relationship depicted in Fig. 13 a practical failure cri-
terion for the average final uplift in terms of fully lifted columns
per meter width of the revetment can be established. Currently, the
most prevalent failure criterion in other models is to deem a pattern-
placed revetment as ‘failed’ if at least one column is fully lifted from
the revetment. Translated into the metric of fully lifted columns per
meter, this means disallowing any fully lifted columns, resulting in zero
occurrences per meter. Referring to Fig. 13, this would correspond to
an average final deformation 𝑧f inal of approximately 0.15 as the failure
criterion.

Finally, the four surrogate models are trained on their respective
sets of data points. For the training technique, we use the SVR machine
learning algorithm outlined in Section 2.2. Each surrogate model is then
calibrated by fine-tuning the hyperparameters, which are parameters
that control the machine learning algorithm and are set before the
learning process begins. The values for these parameters are not learned
from the data but are determined by the user and affect the behavior

and performance of the model. Since our focus is on evaluating the



Coastal Engineering 189 (2024) 104484N. van der Vegt et al.

s

Table 2
Used probability distributions within the different sets of data points. Uniform distributions are indicated by the letter 𝑈 , normal
distributions are indicated by the letter 𝑁 .
Random variables Distribution Unit

Input parameters applicable to all surrogate models
𝐻s∕𝛥𝐷 Dimensionless loading U(2.0; 8.0) [–]
𝛬∕𝐷 Dimensionless leakage length U(0.5; 2.5) [–]
𝑠0p Wave steepness based on untransformed wave length U(0.01; 0.05) [–]

Surrogate model 1: No Damage (128 data points)
No additional input parameters are required

Surrogate model 2: Deformation S-Profile (224 data points)
𝛾z Uncertainty of the location of S-Profile (see Fig. 9) N(0.358; 0.157) [–]
𝛾B Uncertainty of the width of S-Profile (see Fig. 9) N(12.43; 2.65) [–]
𝑎s∕𝑏 Ratio of amplitude S-profile over filter layer thickness U(0.0; 1.0) [–]

Surrogate model 3: Reduced Clamping (160 data points)
𝜇e Friction coefficient between columns U(0.60; 0.85) [–]

Surrogate model 4: Missing Column (192 data points)
𝑧e Location of the missing column below the still water level U(0.0; −2.5) [m]
𝑥e Offset of the missing column from the center line of the revetment U(−1.3; 1.3) [m]
relative effect of damage the hydraulic stability, we calibrate the hy-
perparameters until the results of the surrogate model for an intact
revetment match those obtained from the stability model developed
by Peters (2017).

For deformed revetments and revetments with washed-out joint
filling, the intact scenario is included in the parameter space. This is
achieved by setting the input parameter related to the amplitude over
filter layer thickness ratio (𝑎s∕𝑏) to 0 for the surrogate model repre-
enting deformation and the friction between columns (𝜇e) to 0.85 for

the surrogate model representing reduced clamping. This facilitates the
calibration of these models to match the model of Peters. However, for
the surrogate model representing a revetment with a missing column,
the intact scenario is not present within its parameter space, as all data
points involve one column being removed from the revetment. Given
the largely consistent calibrated hyperparameters between the other
three models, we opted to calibrate the surrogate model for a missing
column using the hyperparameters derived from the surrogate model
representing the intact revetment.

After calibration, we found that the calibrated hyperparameters of
the models are largely consistent between the models. This gives us
confidence that neither of the models is overfitting or underfitting.
Panel (a) of Fig. 14 displays the stability curves for all four models.
Because the slope is not an input parameter in the surrogate models, the
12

parameter space from the Iribarren number reaches between 1.50 and
3.33. Note that in the sensitivity analysis in Section 3.1, the slope was
also sampled, resulting in a parameter space of the Iribarren number
between 1.12 and 4.00. For larger Iribarren numbers, we observed
larger differences between the stability curves. This may be attributed
to the varying density of data points at higher Iribarren numbers.
Specifically, as the Iribarren number is dependent on the square root
of the wave steepness, the density of data points for lower Iribarren
numbers is higher than for larger Iribarren numbers.

3.3. Effect of damage on the hydraulic stability

The effect of damage to the hydraulic stability is investigated by
using the surrogate models to derive stability curves. A stability curve
illustrates the relationship between the stability number and the Iribar-
ren number. It proves a representation of the hydraulic stability under
varying conditions and can be used to identify the critical dimensionless
loading where the hydraulic stability of the revetment may be compro-
mised. The stability number is determined by analyzing the contour
in the parameter space of the surrogate models where 𝑧f inal equals the
specified failure criterion of 0.15. For each type of damage, stability
curves for various magnitudes of damage are derived, as illustrated in
Panes (b), (c), and (d) of Fig. 14. The stability curve representing an

intact revetment is obtained using its respective surrogate model, while
Fig. 13. The average final uplift in relation to the number of columns fully lifted from the revetment.



Coastal Engineering 189 (2024) 104484N. van der Vegt et al.
Fig. 14. Stability curves obtained from the surrogate models after calibration in Pane (a), and the different types of damage in Pane (b), (c), and (d).
the other curves are derived using the surrogate model specific to each
type of damage.

In Pane (b) of Fig. 14, stability curves are shown for a deformed
revetment. It is observed that, for a deformed revetment, the stability
curves follow a similar shape to that of an intact revetment. However,
the model clearly shows that the stability number decreases as the
amplitude of deformation increases. This decrease can be primarily
attributed to two aspects. First, the columns on the ‘hump’ of the
deformation experience reduced clamping due to the concave curvature
of the deformation. Additionally, due to the deformation, the filter layer
thickness varies, resulting in a thicker filter layer under the hump of the
deformation and a thinner filter layer below the trough. An increase in
filter layer thickness leads to higher filter pressure, thereby increasing
the residual pressure on the columns. Generally, due to deformation,
columns on the hump of an S-profile have lower hydraulic stability and
are more prone to be fully lifted from the revetment. The (negative)
effect of both aspects depends on the amplitude of the deformation; a
larger amplitude will lead to lower hydraulic stability.

In Pane (c) of Fig. 14, the effect of washed-out joint filling on
hydraulic stability is illustrated. Overall, the reduction in hydraulic
stability is less significant than that of deformation. Nonetheless, the
results suggest that washed-out joint filling can still lead to a 25%
decrease in the stability number. This reduction in hydraulic stability
can be attributed mainly to a decrease in clamping, making the columns
more prone to being lifted from the revetment by the filter pressure.

In Pane (d) of Fig. 14, the effect of a missing column on the
hydraulic stability is shown. The results indicate minimal differences
in the stability number compared to an intact revetment for lower
Iribarren numbers. According to the literature, these mild consequences
are expected. Coeveld et al. (2005), Klein Breteler and Eysink (2007)
13
conducted flume experiments on an initially damaged Basalton revet-
ment to study the progression of damage. Before the experiment,
three columns were removed in three different places. After several
experiments, including one with two missing columns, no additional
columns were fully lifted from the revetment, and only some locally
washed-out joint filling and migrated filter material were observed.
The difference between both stability lines increases for larger Iribarren
numbers. However, as discussed in the previous section, this may be
attributed to a lower density of data points for larger Iribarren numbers.

3.4. Effect of damage on the failure probability

Lastly, we study the effect of damage on the failure probability of a
revetment. This is achieved by calculating the failure probability for
various types and intensities of damage using the surrogate models.
As we are mainly interested in the relative effect of damage on the
failure probability, we quantify this using vulnerability, as defined in
Section 2.3.2 and described by Lind (1995).

The failure probabilities are calculated for a fictional pattern-placed
revetment on the Oostvaardersdijk, which is situated along the Mark-
ermeer (a lake in the Netherlands). This dike is chosen due to the
common use of the investigated type of pattern-placed revetment. The
cross-section in Fig. 15 illustrates the pattern-placed revetment under
consideration. Its dimensionless leakage length is calculated to be 1.28,
with the bottom of the revetment at NAP+0.50 m and the top at
NAP+6.0 m.

The water depth at the toe of the dike is 5 m. The significant wave
height is modeled stochastically, and its random distribution is derived
from statistics used in Dutch guidelines for dike assessment (Rijkswa-
terstaat, 2017). Specifically, the distribution is derived for location
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Fig. 15. Cross-section of the analyzed pattern-placed revetment.
‘MM_2_82_dk_00189’ using the WBI2017 databases and the software
Hydra-NL (Duits, 2020). Additionally, the random distribution for wave
steepness is assumed to be a normal distribution with a mean of 0.03
and a coefficient of variance of 10% (Caires and van Gent, 2010).

Subsequently, using the surrogate models, a Monte Carlo simulation
is conducted to estimate the failure probability for various types and
magnitudes of damage. The outcomes of these simulations are depicted
in Fig. 16. Based on these results, the vulnerabilities are calculated and
presented in Table 3.

Table 3
Failure probability and vulnerability for different types of damage (n = 107 samples).

Deformation (S-profile) Parameter Failure probability Vulnerability

No Damage 𝑎s∕𝑏 = 0.00 4.00 ⋅10-6 1
Very Small S-profile 𝑎s∕𝑏 = 0.10 3.80 ⋅10-5 10
Small S-profile 𝑎s∕𝑏 = 0.25 4.73 ⋅10-4 100
Medium S-profile 𝑎s∕𝑏 = 0.50 8.14 ⋅10-3 2,000
Large S-profile 𝑎s∕𝑏 = 0.75 4.28 ⋅10-2 10,000

Reduced clamping Friction Failure probability Vulnerability

No Damage 𝜇e = 0.85 4.00 ⋅10-6 1
Small Reduction Clamping 𝜇e = 0.80 1.00 ⋅10-5 3
Large Reduction Clamping 𝜇e = 0.70 2.26 ⋅10-4 50
No Joint Filling 𝜇e = 0.60 2.80 ⋅10-3 700

Missing column Columns Failure probability Vulnerability

No Damage 0 4.00 ⋅10-6 1
Missing Column 1 5.00 ⋅10-6 1.25
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The results are consistent with the findings of our analysis on the
effect of damage on the hydraulic stability. From this analysis, we
can conclude that among the studied types of damage, deformation
has the largest effect on the failure probability, with a vulnerability
of up to 2,000 for a medium-sized S-profile. It is important to note
that even a small S-profile can have a significant effect. Furthermore,
washed-out joint filling can also have a relatively large effect on the
failure probability, with a vulnerability of up to 700. Finally, a missing
column has a relatively small effect on the failure probability with
a vulnerability of 1.25, which is consistent with the findings of the
stability analysis and the experiments conducted by Coeveld et al.
(2005), Klein Breteler and Eysink (2007).

4. Discussion

This paper introduces a methodology to investigate the hydraulic
stability of (initially) damaged pattern-placed revetments using Finite
Element Modeling (FEM). The study focuses on analyzing the behavior
of top layers composed of columns, using Basalton STS+ as an example.
A literature review was conducted to analyze various types of damage
observed in flume experiments, including those with Basalton or basalt
columns (Van der Vegt, 2021). The results reveal similarities in types
of damage, suggesting the potential applicability of the methodology to
different types of top layers, such as basalt, C-Star®, and Hydroblocks®.
However, further substantiation of this hypothesis could be achieved by
applying the methodology presented in this paper to other types of top
layers.
Fig. 16. Failure probability for different types and magnitudes of damage (n = 107 samples).
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To reduce simulation time in our FEM model, we simplified the
hydraulic loading by condensing a storm event, typically comprised
of thousands of waves, into five extreme waves. This simplification
implies almost instantaneous revetment failure by surpassing a critical
loading, without accounting for the cumulative buildup of damage
over time. In reality, the hydraulic stability of the top layer is pre-
dominantly affected by the time-dependent behavior of other parts of
the revetment, such as by the load-history of wave loading (Vrijling
et al., 2001; Peters, 2017), filter layer (e.g. deformation caused by
filter migration) and joint filling (Van der Vegt, 2021). Currently, the
only model capable of simulating time-dependent behavior is an older
numerical model known as ‘Zsteen’ (Hofland and Klein Breteler, 2005).
This model uses simplified physics and the Forchheimer equation to
simulate the pressure in the filter layer over time. However, no studies
have been done on the effect of damage on the hydraulic stability using
this model. Further research could concentrate on exploring the time-
dependent behavior of the filter layer, joint filling, and the development
of various types of damage to create a time-dependent stability model
for (damaged) revetments.

Our study relies on FEM, which, while effective, introduces con-
straints in modeling. This becomes apparent as physically modeling
the joint filling will cause the simulation time to increase by a thirty-
fold (up to 90 h). To address this, we calibrated the friction coefficient
between top layer columns to approximate the additional resistance
from joint filling. However, this practical workaround has limitations,
as the absence of a physical model for joint filling may introduce
uncertainties in simulation outcomes. Therefore, findings should be
interpreted, recognizing that the representation of the joint filling
may be limited in the current model. Future research could explore
alternative modeling techniques or validation methods to enhance the
accuracy of simulating the effect of joint filling within the FEM model.

Conducting numerous simulations with the FEM model poses a
challenge due to the relatively long simulation time. Surrogate mod-
eling provides a practical solution to these computational challenges
and complexities, though it comes with certain limitations. Surrogate
models provide a good approximation within the bounds of the sampled
space of the key input parameters but should be handled carefully
outside these bounds as not all physical behavior might be represented
properly. The balance between including an optimal number of in-
put parameters and maintaining computational efficiency may lead
to oversimplification, potentially neglecting factors affecting hydraulic
stability. To address this, we first performed a sensitivity analysis to
identify the key parameters, which were subsequently used to create
the surrogate models.

Validating the surrogate models in this study poses a challenge.
While the FEM model is validated against stability models, as depicted
in Fig. 11, the validation of surrogate models proves to be more
challenging due to the absence of models and data from physical
experiments on damaged revetments. For each studied type of damage,
a separate surrogate model is trained. While this approach allows us
to examine isolated cases of various types of damage, in reality, dif-
ferent types of damage often occur simultaneously. Flume experiments
also show that when a pattern-placed revetment fails, multiple types
of damage have occurred (Klein Breteler and Eysink, 2007; Wolters,
2016; Kaste and Mourik, 2016; Wolters and Klein Breteler, 2011; Klein
Breteler and Eysink, 2005; Eysink and Klein Breteler, 2003). This makes
it extremely challenging to use data from physical experiments to vali-
date the surrogate models. A combination of different types of damage
will always lead to a lower hydraulic stability than when these types
of damage are assessed as isolated cases. This interaction is complex
and out-of-scope in this study. Nevertheless, it is especially relevant
for dike managers to know what the consequences are of different
combinations of damage, and what the most critical combinations are.
Future research could extend the FEM model to examine the interaction
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between different types of damage.
Deformation around the wave impact zone is shown to substantially
affect the hydraulic stability of the top layer. In our FEM model, we
assumed that deformation is exclusively induced by filter migration.
Therefore, we implemented a varying filter layer thickness based on
the shape of the deformation. However, it is crucial to note that this
assumption might be conservative if other factors, such as consolida-
tion, creep, or liquefaction, contribute to or cause the deformation.
Previous work by Klerk et al. (2021) examined the Probability of
Detection (PoD) for different types of damage to revetments. While
no specific PoD was determined for a deformed pattern-placed revet-
ment, a PoD of 0.3 was derived for a deformed grass slope. This
shows that detecting deformed revetments by eye is challenging due
to small elevation differences over a long slope. In addition, detecting
damage is even more difficult for pattern-placed revetments due to
their numerous separate elements (Klerk et al., 2021). Nevertheless,
the effect of deformation on the hydraulic stability of pattern-placed
revetments is significant. Alternative surveying methods, such as drone-
mounted LIDAR measurements, may be necessary to enhance accuracy
and detection capabilities during inspections.

Washed-out joint filling is simulated in the FEM model by adjusting
the friction coefficient between columns (𝜇e) from 0.85 to 0.60 (see
Sections 2.1.2 and 2.1.6). Klein Breteler (2018) describes that columns
with minimal joint filling can still be tightly clamped. This may be
because only a small amount of joint filling is required to effectively
transfer normal force between columns. This implies that, for example,
when half of the joint filling is washed-out, the friction coefficient is
still relative high (𝜇e near 0.85). It is only when this last bit of joint
filling is washed out that the additional resistance provided by the joint
filling dissipates, reducing 𝜇e to 0.60. These findings, combined with
the results of the study, suggest that washed-out joint filling primarily
affects the hydraulic stability of the top layer when nearly all joint
filling is washed out.

Within the FEM model, we studied the effect of a missing column by
removing it from the initial geometry. However, this approach may not
always be accurate for every scenario. There are two primary reasons
why a column can be missing from a revetment: third-party interference
or underlying damage. Instances of third-party interference, such as
vandalism, often result in minimal damage beyond the absence of the
column. However, when underlying (structural) damage is the cause
of a missing column, this can signal the initiation of revetment failure
and, therefore, require immediate maintenance efforts (Van der Vegt,
2021). The way we modeled a missing element in the FEM model more
closely represents the scenario where a column is absent due to third-
party interference. Given the significant differences between these two
causes, it is crucial to differentiate between them during inspections
and to report not only the occurrence of a missing column but also to
try to identify the underlying cause.

5. Conclusion and recommendations

This study presents an approach and model for estimating the effect
of assumed initial damage to the hydraulic stability of a pattern-placed
revetment on a dike using finite element modeling (FEM). The output
from the FEM model was successfully validated with existing stabil-
ity relations for intact pattern-placed revetments. This demonstrates
the potential of finite element modeling as an alternative to physical
experiments.

Because a FEM model is impractical to use within analyses, we
created four surrogate models: one for an intact revetment and one for
each type of damage (deformation, loss of joint filling, and a missing
column). While deriving the models, we found that the dimensionless
loading, dimensionless leakage length, wave steepness, and the top of
the revetment have the largest impact on the hydraulic stability of the
revetment.

Using the surrogate models, we studied the effect of different types
and magnitudes of damage on the hydraulic stability and failure proba-

bility, a summary of these results is shown in Table 4. The results show
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that deformation caused by filter migration around the wave impact
zone has the largest effect on the hydraulic stability of a revetment,
followed by washed-out joint filling. A missing column typically has
a limited immediate effect when it is there is no other (structural)
damage.

Table 4
Quantification of the effect of damage to the hydraulic stability and failure probability
of pattern-placed revetments subjected to wave loading.

Damage Decrease of stability number Vulnerability
case study

Small S-profile
(𝑎s∕𝑏 = 0.25)

14% 100

Medium S-profile
(𝑎s∕𝑏 = 0.50)

23% 2,000

Large S-profile
(𝑎s∕𝑏 = 0.75)

30% 10,000

Washed-out Joint
Filling
(𝜇e = 0.60)

29% 700

Missing Column
(No. = 1)

0% - 1% 1

Insights obtained from this study can be used to prioritize mainte-
ance efforts in risk-based maintenance of pattern-placed revetments.
he presented approach can be extended with additional types of
amage such as deformed toe structures and growth of woody vege-
ation, and towards other types of top layer elements such as basalt,
-Star, and Hydroblocks. Finite element modeling appears suitable for
stimating the effect of damage, which can then be used to set up
argeted flume experiments to formulate and validate assessment rules
or damaged pattern-placed revetments.

Further research could concentrate on the time-dependent behavior
f pattern-placed revetments, and the progression of different types
f damage over time. This could ultimately lead to a time-dependent
tability model to evaluate the hydraulic stability of (damaged) pattern-
laced revetments. This study only assessed isolated cases of damage. In
eality, different types of damage occur simultaneously and will always
ead to a lower hydraulic stability than when these types of damage are
ssessed as isolated cases. This is especially relevant for dike managers
o know what the consequences are of different combinations of dam-
ge, and what the most critical combinations are. Future research could
xtend the FEM model to study the interaction between different types
f damage.
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Appendix. Parameters

Table 5 provides an overview of all parameters defined in the
FEM model, along with their respective default values. In the analysis
conducted for this study, if a parameter is not explicitly defined, the
default value is used.

Table 5
Parameters defined in the FEM model with their respective default values.

Symbol Description Value Units

Geometry
𝐵m Width of the model 3.00 [sets]
cot 𝛼 Slope 3.00 [–]
𝑑 Water depth 5.00 [m]
𝑧top Top of the revetment 6.0 [REF+m]
𝑧bot Bottom of the revetment 2.0 [REF+m]
𝑔 Gravitational acceleration 9.81 [m/s2]

Wave Loading
𝐻s Significant wave height Varies [m]
𝑇p Peak period Varies [s]
𝑖st Storm Intensity 0.50 [–]
𝑠0p Wave steepness (𝑠0𝑝 = 2𝜋 𝐻s ∕ (𝑔 𝑇 2

p )) Varies [–]
𝜌w Density of the water 1025 [kg/m3]

Top Layer
𝐷 Thickness of the top layer 0.30 [m]
𝛬 Leakage length Varies [m]
𝜌e Mass density of the columns (without joints) 2240 [kg/m3]
𝐸e Young’s modulus of the columns 50.0 [GPa]
𝜈e Poisson’s ratio 0.20 [–]
𝜇e Friction between columns (with joint filling) 0.85 [–]
𝜇f Friction between columns and the filter layer 0.60 [–]

Numerical
𝑑𝑥 Step in space for determining loading 0.01 [m]
𝑑𝑡 Step in time for determining loading 0.01 [s]
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