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Abstract 

Porous revetments made of crushed stones durably bonded by polyurethane or by any other 
type of binding material are increasingly used for coastal protection. Such revetments have 
several advantages as compared to conventional revetments. The crucial effect of the revetment 
porosity on the wave loading and the response of the structure has been illustrated by Liebisch 
et al. (2012). Though the revetment porosity may substantially be reduced over design life time 
(e.g. marine growth, sediment deposition), the porosity is not yet explicitly and adequately 
considered in the current design practice. Therefore, the primary objective of this study is to 
improve the knowledge related to the effect of the porosity of a porous bonded revetment for 
different slope steepnesses on the hydrodynamic processes on and beneath the revetment. To 
achieve the aforementioned objectives, extensive scale model tests have been conducted. 

The current knowledge is reviewed and analysed to identify the knowledge gaps related to the 
processes in front of, on and beneath the revetment, particularly considering the laboratory 
study by Oumeraci et al. (2010b) and the completed numerical PhD-studies of Foyer (2013) 
and Alcérreca Huerta (2014). Preliminary scale model tests with a simplified model set-up, in 
which the slope steepness, roughness and porosity of the revetment can easily be varied, are 
conducted to study the relative importance of the effect of these three revetment parameters on 
the aforementioned processes. The results of these tests are primarily used to develop a more 
realistic model set-up and to determine an optimized programme for the main tests which 
represent the major base of the PhD-study. A systematic analysis of the following processes 
involved in the interaction of irregular waves and the porous revetment and its soil foundation 
is performed (a) processes in front of and on the revetment such as wave reflection, wave set-
up and wave run-up/run-down, (b) wave-induced pressures on the revetment including wave 
breaking, wave load classification, peak pressure and its location on the revetment, (c) processes 
beneath the revetment such as the damping of wave-induced pressures in the revetment, the 
pore pressure in the sand core beneath the revetment, the internal mean water level and the 
stability of the sand core. 

Overall, the results have revealed for the first time the relative importance of the effect of the 
revetment porosity and slope steepness on all the aforementioned processes involved in the 
interaction of irregular waves with a bonded porous revetment, thus providing an improved 
understanding of both effects. More specifically, it was shown for the first time that an 
increasing porosity leads to a larger effect of the incident wave height on the reflection 
coefficient. With increasing wave heights the highly porous revetment behaves increasingly 
like an impermeable revetment. A larger porosity also leads to lower values of both relative 
wave run-up and run-down with a more significant effect of the porosity on wave run-up. The 
spatial development of the internal mean water level in the sand core beneath bonded porous 
revetments, which is decisive for the structure stability, was investigated systematically for 
irregular waves for the first time, showing that for the flatter slope 1:6 the internal wave set-up 
int near the shoreline of the sand core is less affected by the swash processes than for the steeper 
slope 1:3. As in the main tests only two porosities (n = 20% & n = 45%) and two slope 
steepnesses (1:3 & 1:6) were considered, the validity of the obtained formulae is cautiously 
limited to the tested or similar conditions.  



 

 

Kurzfassung 

Poröse Deckwerke aus gebrochenem, mittels Polyurethankleber oder anderen Bindemitteln ver-
klebtem Kies finden immer häufiger Anwendung im Küstenschutz, da sie einige Vorteile ge-
genüber herkömmlichen Deckwerken haben. Der erhebliche Einfluss der Porosität auf die Wel-
lenbelastung und die Reaktion des Deckwerks wurde bereits in Liebisch et al. (2012) veran-
schaulicht. Obwohl die Porosität eines Deckwerks im Laufe der Zeit durch z.B. das Einwachsen 
mariner Organismen erheblich reduziert werden kann, ist diese bisher nicht explizit und ausrei-
chend in der derzeitigen Bemessungspraxis berücksichtigt. Daher besteht das Hauptziel dieser 
Arbeit darin, den Wissensstand bezüglich der Auswirkungen der Porosität auf die hydrodyna-
mischen Prozesse auf und unterhalb offenporiger, gebundener Deckwerke bei unterschiedli-
chen Böschungsneigungen zu verbessern. Um dieses Ziel zu erreichen, wurden umfangreiche 
kleinmaßstäbliche Modellversuche durchgeführt. 

Der Wissensstand wurde zunächst analysiert, um Wissenslücken hinsichtlich der Prozesse vor, 
auf und unterhalb dieser Deckwerke herauszuarbeiten. Dabei wurden insbesondere die bereits 
vorhandenen Studien von Oumeraci et al. (2010b) (Laborstudie) und die abgeschlossenen Dok-
torarbeiten von Foyer (2013) und Alcérreca Huerta (2014) (beide numerisch) berücksichtigt. 
Anschließend wurden bei kleinmaßstäblichen Modellversuche mit vereinfachtem Modellauf-
bau die Parameter Böschungsneigung, Rauheit und Porosität des Deckwerks variiert, um die 
relative Bedeutung dieser drei Parameter auf die vorher genannten Prozesse zu untersuchen. 
Die Ergebnisse dieser Vorversuche wurden genutzt, einen realistischeren Modellaufbau zu ent-
wickeln und das Testprogramm für die Hauptversuche zu optimieren, welche das Fundament 
dieser Dissertation darstellen. Die Prozesse bei Wechselwirkung von unregelmäßigem Seegang 
mit dem porösen Deckwerk und seinem Unterbau wurden systematisch analysiert: (a) Prozesse 
vor und auf dem Deckwerk (Reflexion, Brandungsstau, Wellenauf- und -ablauf); (b) wellenin-
duzierte Druckbelastung auf dem Deckwerk unter Einbeziehung von Wellenbrechen, einer 
Klassifizierung der Wellenbelastung, der Maximaldrücke und deren Lage auf dem Deckwerk; 
(c) Prozesse unterhalb des Deckwerks einschließlich der Dämpfung der welleninduzierten Drü-
cke durch das Deckwerk, des Porenwasserdruckabbaus im Sandkern, des internen, mittleren 
Wasserspiegels (IMWL) und der Stabilität des Sandkerns. 

Insgesamt haben die Ergebnisse zum ersten Mal die relative Bedeutung von Deckwerksporosi-
tät und -neigung gezeigt und zu einem verbesserten Verständnis ihres Einflusses auf alle vorher 
genannten Prozesse geführt. Im Einzelnen wurde erstmalig gezeigt, dass eine erhöhte Porosität 
zu einem größeren Einfluss der einlaufenden Wellenhöhe auf den Reflexionskoeffizienten 
führt. Mit ansteigender Wellenhöhe verhält sich das hochporöse Deckwerk zunehmend wie eine 
undurchlässige Struktur. Eine höhere Porosität führt außerdem zu reduzierten Wellenauf- und 
-ablaufhöhen, mit größerem Einfluss auf den Wellenauflauf. Die räumliche Verteilung des mitt-
leren Wasserspiegels im Sand, die einen entscheidenden Einfluss auf die Bauwerksstabilität 
hat, wurde erstmalig systematisch für unregelmäßigen Seegang untersucht. Dabei hat sich ge-
zeigt, dass der interne Brandungsstau int nahe der Uferlinie bei flacherer Böschungsneigung 
(1:6) weniger von Auf-und Ablaufprozessen auf dem Deckwerk beeinflusst wird als bei steile-
rer Böschung (1:3). Da in den Hauptversuchen nur zwei Porositäten und zwei Böschungsnei-
gungen untersucht wurden, ist die Gültigkeit der gewonnenen empirischen Formeln auf die hier 
gewählten oder vergleichbare Testbedingungen beschränkt. 
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1 Introduction 

Since the first constructions thousands of years ago to protect the coast, people have 
increasingly learned from previous failures, so that nowadays diverse concepts and protective 
structures against the threats from the sea are available. Due to climate change impacts (e.g. 
sea-level rise and increasing storminess) and the still increasing anthropogenic pressure on 
coastal zones (e.g. urbanisation and infrastructures) coastal protection will become more 
important in the coming years and decades, thus requiring new concepts and technologies to 
cope sustainably with the increased threats. 

Among the diverse types of coastal structures, revetments are the most commonly used to 
protect shores, embankments and dike slopes against sea waves and currents. One of the most 
recent innovative structures of this type is the polyurethane bonded aggregate (PBA) revetment 
(Oumeraci et al. (2010b), Oumeraci et al. (2010a)) which has been introduced in 2004 for the 
protection of the island “Hamburger Hallig” as a new type of highly porous revetment made of 
crushed stones which are durably and elastically bonded by polyurethane (PU). PBA-
revetments, like any other similar porous revetments bonded with other types of bonding agents, 
have several advantages as compared to conventional revetments. Some of these advantages 
may be summarized as follows (Oumeraci et al. (2010b)): (i) as compared to smooth 
impermeable revetments less wave reflection, less wave run-up and thus lower required height 
of the defence structure, (ii) as compared to other un-bonded stone and block revetments, 
smaller required stone sizes and smaller revetment thicknesses to resist the design wave load 
due to the high porosity combined with the durable elastic bonding, (iii) ecologically compatible 
with the marine environment as shown by field and laboratory studies (e.g. Lock (2008)). 

 

Fig. 1.1: Photos of different revetments under wave attack in the GWK, Hanover, Germany: a) PBA-revetment 
(Oumeraci et al. (2010b)), b) IPPB revetment (Gier et al. (2012)). 

Despite all these advantages, the knowledge of the physical processes associated with the 
hydraulic performance, the wave loading and the response of the bonded porous revetment and 
its foundation was very limited still up to the end of the last decade. Therefore, systematic large-
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scale model tests in the Large Wave Flume (GWK) of the Coastal Research Centre (FZK), a 
joint institution of Universities Braunschweig and Hanover, were conducted in 2009 using 
highly porous (n = 40%) PBA-revetments (Oumeraci et al. (2010b)). Later in 2010 and 2011, 
an almost impermeable (n = 3%) interlocked placed pattern block (IPPB) revetment was also 
tested in GWK (Gier et al. (2012)). The comparison of the results of these two studies with 
revetments of significantly different porosities (see Fig. 1.1) by Liebisch et al. (2012) has 
illustrated the crucial effect of the revetment porosity on the wave loading and the hydraulic 
performance of the structure and its foundation. Though the porosity of porous revetment may 
substantially be reduced over design life time (e.g. marine growth, sediment deposition), the 
porosity is not yet explicitly and adequately considered in the current design practice (e.g. EAK 
(2002), EurOtop (2007), CIRIA/CUR/CETMEF (2007)). This is mainly due to the lack of 
sufficient knowledge related to the effect of the revetment porosity on the wave loading and 
further processes on and beneath porous revetments. Therefore, it is crucial to improve the 
understanding of the hydrodynamic processes on and beneath porous bonded revetments, 
including the effect of revetment porosity, and based on this improved understanding to develop 
more physically-based and more generic design formulae. For this purpose, two PhD-studies, 
essentially based on numerical simulations using the results of the GWK-tests by Oumeraci et 
al. (2010b), were conducted (Foyer (2013) and Alcérreca Huerta (2014)). Despite the 
substantial advance and results which have been achieved in the comprehensive large scale 
model study in GWK and the two comprehensive numerical PhD-studies, some of the 
limitations are worth to mention: 

 Only one revetment porosity was considered in the GWK-tests and in the numerical 
simulations, so that the effect of the porosity on the aforementioned processes is still 
not well understood. Moreover, the relative importance of the effect of the porosity as 
compared to that of the revetment roughness and that of the slope steepness is still 
unknown. 

 Only regular wave tests could be performed in the numerical studies, so that direct 
comparisons to the irregular wave tests is not yet possible 

 The duration of the numerical tests was very limited, so that the development of the 
processes in the sand core beneath the revetment (e.g. internal wave set-up) could not 
be completely obtained. 

1.1 Objectives 

Based on the aforementioned considerations and motivations, the primary objective of this 
study is to improve the knowledge related to the effect of the porosity for different slope 
steepnesses of a bonded revetment on the hydrodynamic processes on and beneath the 
revetment, including: 

(i) wave reflection, wave run-up and run-down, 
(ii) wave loads on and beneath the revetment,  
(iii) wave-induced pore pressure in the sand core beneath the revetment and 
(iv) wave set-up and the development of the internal mean water level in the sand core. 
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Moreover, the relative importance of the revetment porosity and slope steepness will also be 
investigated. Formulae which account explicitly for the revetment porosity on each of the 
aforementioned processes will also be developed. 

 

1.2 Methodology 

To achieve the aforementioned objectives, more systematic and extensive scale model tests 
need to be conducted in a smaller wave flume than GWK due to the considerable amount of 
time and costs for large scale tests. The entire study includes the following four phases which 
will be specified more precisely in the concluding section of chapter 2, based on the 
implications of the results of the analysis of the current knowledge obtained from that chapter: 

 Phase 1: Review and analysis of current knowledge with the objective of identifying the 
knowledge gaps and the most relevant approaches to be used in this research 

 Phase 2: Preliminary scale model tests using a very simplified revetment model allowing 
an easier variation of revetment porosity and roughness as well as slope steepness with 
a focus on regular waves 

 Phase 3: Optimization of the model set-up and programme for the main tests based on 
the results of Phase 2 

 Phase 4: Main scale model tests using a more realistic bonded revetment model with a 
focus on irregular waves  

Based on the results of chapter 2, both objectives and methodology are specified more precisely 
in section 2.4. 
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2 State of the Art Review 

In this chapter the current knowledge of the processes and the available formulae which are 
relevant for the interaction of waves with bonded porous revetments are reviewed and analysed. 
As illustrated in Fig. 2.1, this includes the processes in front of and on the revetment, the wave-
induced pressure on the revetment and the hydro-geotechnical processes in the sand core 
beneath the revetment. 

 

Fig. 2.1: Processes involved in the wave-structure-subsoil interaction relevant for bonded porous revetments 

In section 2.1 the processes taking place in front of and on the revetment, including the available 
prediction formulae, are addressed. The processes which are considered are wave breaking, 
wave reflection, wave-run up and run-down as well as wave set-up and set-down (see Fig. 2.1 
a and b).  

Section 2.2 is dedicated to the wave-induced pressures on the revetment with a focus on the 
peak pressure pmax as well as its location zpmax (impact point) and the spatial pressure 
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distribution related to pmax on the revetment (see Fig. 2.1 c). This also includes a classification 
of the wave loading into impact and non-impact loads and the resulting implications.  

Section 2.3 focusses on the hydrogeotechnical processes in the sand core (Fig. 2.1 d), which 
include the wave-induced pore pressure development and the damping in the sand core, the 
development of the internal mean water level (IMWL) as well as a brief description of basic 
soil mechanics relevant to soil liquefaction. The processes within the bonded porous revetment 
are not among the objectives of this thesis due to the difficulties of direct measurements within 
the revetment. Nevertheless, the review also includes a brief description of the Forchheimer 
flow, which is typical in porous media, because this is important for a better understanding of 
energy dissipation and pressure damping through the porous revetment. 

Based on the identified knowledge gaps, the implications for this study are drawn at the end of 
each section. In section 2.4 the key results are summarized and the objectives and methodology 
for this study are specified more precisely based on the implications of these results. 

 

2.1 Processes in front of and on the revetment 

In this section, the most relevant hydrodynamic processes in front of and at the revetment such 
as wave breaking, wave reflection as well as those on the revetment such as wave run-up, wave 
run-down and wave set-up, including the available prediction formulae are reviewed and 
analysed. Wave reflection, but very often also wave breaking and energy dissipation, takes 
place at the revetment and are thus related to the energy balance within the wave-structure 
interaction. Moreover, both wave breaking and wave reflection strongly depend on wave 
conditions (water depth h, wave period T, wave height H) and revetment characteristics (slope 
steepness, porosity and roughness) and may significantly affect the wave loads, wave run-
up/run-down and wave set-up. The latter is particularly important as it affects all other processes 
on and beneath the revetment. 

2.1.1 Wave breaking 

Waves propagating into shallower water get steeper due to shoaling. When a critical wave 
steepness is reached, the waves become instable and break. The horizontal particle velocity at 
the wave crest becomes equal or larger than the wave celerity, so that the water particles move 
faster than the wave crest. 

The location of incipient wave breaking is called breaking point with the related breaker height 
Hb and the breaking depth hb. Wave breaking represents the most important mechanism for 
wave energy dissipation and is associated with the highest wave loads on structures. A part of 
the incident wave energy is dissipated and the wave height decreases significantly after 
breaking. For waves breaking on the revetment, the highest wave loads occur in the impact area 
located in the swash zone and strongly depend on the breaker type. 
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The initiation of breaking process was subject of several studies to describe wave breaking 
through a breaker index, which is very often described as a relation of breaker height Hb and 
breaking depth hb (e.g. McCowan (1894), Goda (2010)). Other approaches use a critical wave 
steepness especially to explain wave breaking in deep water independent from water depth (e.g. 
Miche (1944), Battjes & Janssen (1978)). 

Different breaker types can develop which determine the temporal and spatial development of 
energy dissipation. The breaker type is therefore crucial for the wave loading and all other 
processes involved in wave-structure-interaction. Iversen (1952) was the first who defined three 
different breaker types, which can be distinguished by the amount and the development of 
dissipated energy as compared to the amount of reflected energy (see Fig. 2.2). 

 

Fig. 2.2: Breaker types with dissipated and reflected energy amount (EAK (2002)) 

Spilling breakers mostly develop over relatively flat slopes. Wave energy is dissipated over a 
long distance (several wave lengths). The wave height decreases progressively after breaking. 
The amount of reflected wave energy is smaller than that of the dissipated energy. 

Plunging breakers occur on slopes with a moderate slope steepness. During the curling 
process, the wave crest plunges resulting in an entrapped air pocket. The energy dissipation is 
released abruptly over a very small distance (fraction of the wave length) inducing a violent 
impact. The wave height decreases rapidly and only small reformed waves remain. Only a small 
amount of energy is reflected. 
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Surging breakers occur on very steep beach slopes and are characterised by the highest 
reflected energy and the lowest energy dissipation, thus leading to a larger wave run-up as 
compared to other breaker types. Therefore, incident waves are strongly affected by the 
reflected wave, so a curling of the wave crest is unlikely.  

Collapsing breaker was defined later by Galvin (1968) as a transition zone between plunging 
and surging breakers, which is also now considered in several design guidelines (e.g. USACE 
(2002) and EurOtop (2007)). 

A decisive parameter to classify the breaker types on sloping bottom or structures is the surf 
similarity parameter which is also called Irribarren-number. This parameter combines wave 
characteristics (wave steepness H/L) with characteristics of the structure (slope steepness tan) 
and represents therefore a key parameter to describe all processes associated with wave 
breaking such as wave reflection, wave run-up/down and wave set-up. Different surf similarity 
parameters have been proposed in previous studies depending on the wave height used (in deep 
water or locally). Using deep water wave height H0, Bruun & Günbak (1977) defined the 
offshore surf similarity parameter 0 as follows:  

 0

0 0

tan

/H L

   (2.1) 

Based on the local wave height at incipient breaking (breaker height Hb), a further surf similarity 
parameter b was also defined by Bruun & Günbak (1977): 

 
0

tan

/
b

bH L

   (2.2) 

As shown by eq. (2.1) and eq. (2.2) different definitions of the surf similarity parameter might 
result in different ranges of  for which the breaker types may occur (see Tab. 2.1). This needs 
to be carefully considered, particularly when comparing results based on different definitions 
of the surf similarity parameters. 

Tab. 2.1: Breaker type classification (Bruun & Günbak (1977)) 

Breaker type 0 b 

Spilling breaker < 0.5 < 0.4 

Plunging breaker 0.5-3.3 0.4-2.0 

Surging breaker > 3.3 > 2.0 

 

For irregular wave tests with a PBA-revetment in GWK, Oumeraci et al. (2010b) used the surf 
similarity parameter m-1,0, which is based on the characteristic wave period Tm-1,0 and the wave 
height Hm0.  
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Based on numerical investigations using regular waves, Foyer (2013) and Alcérreca Huerta 
(2014) also proposed a classification of breaker types based on the surf similarity parameter 0. 
This classification is shown in Tab. 2.2 with a comparison with regular wave tests in GWK. 

Tab. 2.2: Breaker type classification for bonded porous revetments for regular waves 

  Spilling Plunging Collapsing Surging 

GWK-tests (Oumeraci et al. (2010b)) 0 - <2.2 2.2-4.5 >4.5 

Numerical study (Foyer (2013)) 0 <1.0 1.0-2.4 2.4-5.2 >5.2 

Numerical Study (Alcérreca Huerta (2014)) 0 - 0.6-2.4 2.4-3.4 >3.4 

 

The ranges of the different breaker types for regular waves as shown in Tab. 2.2 cannot be 
transferred directly to irregular wave tests due to the different wave-wave interaction of the 
incident and downrushing waves. Especially the effect of a changing porosity on the breaking 
behaviour and the ranges of different loading cases was not investigated in the test series shown 
in Tab. 2.2. 

Wave breaking is the most crucial mechanism for energy dissipation. Its effect on other 
processes strongly depends on the breaker type which is described by the surf similarity 
parameter . As the latter is defined differently depending on the applied wave parameters, 
caution is recommended when comparing results based on different definitions of . 

As large database from numerical and experimental studies is available for regular waves, more 
focus must be put to extend the database for irregular waves on bonded porous revetments. To 
ensure comparability with the irregular wave tests in GWK by Oumeraci et al. (2010b) used for 
the analysis of the different processes associated with wave breaking, surf similarity parameter 
m-1,0 will also be adopted in this study. 

The effect of a changing porosity on the breaking behaviour on bonded porous revetments is 
not yet investigated and thus represents a knowledge gap. 

2.1.2 Wave reflection 

The energy of a wave interacting with a structure is generally composed of reflected, dissipated 
and transmitted wave energy. Depending on the structure and incident wave parameters the 
relative amount of these energy components may greatly differ, thus leading to a large variation 
of the reflection behaviour for different types of structures and for different structure parameters 
such as slope steepness, porosity and roughness. Smooth impermeable vertical and sloping 
structures are much more reflective than rough and porous structures due to larger energy 
dissipation at and inside the latter. The reflected energy is described by the reflection coefficient 
which is defined as the ratio of the square root of reflected wave energy to incident wave energy 
or more practically as the ratio of reflected wave height Hr to incident wave height Hi: 
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Wave reflection is particularly important because the incident and reflected waves interact to 
build a complex wave field at and in front of the structure. This might for instance lead to an 
enhanced erosion of the sea bed in front of the structure which might increase the effect on 
other processes such as wave loads, wave run-up and wave overtopping. 

Miche (1951) was the first to establish a reflection theory showing that a part of the energy of 
an incident wave which exceeds the critical wave steepness is dissipated on a smooth, 
impermeable slope while the remaining energy is reflected. Miche's theoretical approach was 
extended in Battjes (1974) by introducing the surf similarity parameter to describe the wave 
reflection coefficient. Afterwards, several prediction formulae for wave reflection Cr based on 
the surf similarity parameter emerged (see Tab. 2.3). A comparative analysis of the prediction 
formulae for Cr was performed by Oumeraci & Muttray (2001) showing that these formulae 
have a coefficient of variation of 10 to 140%. Amongst the existing models, the formula by 
Seelig & Ahrens (1981) was found to be the most widely used and also associated with the 
lowest uncertainties: 

 
2
0

2
0

r

A
C

B








 (2.4) 

where empirical parameters A and B depend on the permeability, the roughness, the geometry 
and the water depth in front of the structure. 

Tab. 2.3: Design formulae for the reflection coefficient (Muttray et al. (2006)) 
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The last equation in Tab. 2.3 by Zanuttigh & Van der Meer (1988) was derived from a large 
data set (more than 6000 data points) related to several types of structures: 

  0tanh b
rC a     (2.5) 

Eq. (2.5) has the advantage that Cr tends against 1.0 for very large surf similarity parameters. 
This behaviour is physically more justified for structures without any wave energy transmission 
(like revetments) than in other equations for structures where a part of the incident wave energy 
is transmitted. For instance in eq. (2.4), such a behaviour is only possible if coefficient A is set 
to 1.0. 

The reflection behaviour of a bonded porous PBA-revetment was investigated for the first time 
by Oumeraci et al. (2010b). The results of the large scale model tests (PBA-revetment) are 
given in Fig. 2.3, together with those of a smooth impermeable slope and a porous two layer 
rock armour revetment for comparison. 

 

Fig. 2.3: Reflection coefficient Cr for different surf similarity parameters m-1,0 (Oumeraci et al. (2010b)) 

It is obvious in Fig. 2.3 that the reflection coefficient for PBA-revetments is smaller than for 
impermeable smooth slopes. In contrast, the reflection on a two layer rock armour revetment is 
still much smaller. Based on the model of Seelig & Ahrens (1981) the following equation was 
obtained for the investigated PBA-revetment: 

 
2

1,0

2
1,0

0.84

4.8
m

r
m

C











 (2.6) 

with m-1,0 based on eq. (4.5) 

The large scattering of the data, which was much more decisive for irregular wave tests than 
for regular wave tests, was found to be mainly due to the effect of the wave period which was 
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found much more important than it is considered by the surf similarity parameter m-1,0. This 
scattering was also observed in previous studies with porous structures and was also visible in 
the different databases of Zanuttigh & Van der Meer (1988). For future research Oumeraci et 
al. (2010b) recommended to develop another parameter which better accounts for the wave 
period Tm-1,0. 

In the numerical investigations of Foyer (2013) on PBA-revetments, the following prediction 
formulae was developed for regular waves:  

 
2
mod

2
mod6.74rC







  (2.7) 

Eq. (2.7) is based on a modified model of Seelig & Ahrens (1981) by setting the empirical 
coefficient A to 1.0 in order to better fulfil the condition that Cr should tend to 1.0 for large surf 
similarity parameters and by using the following modified surf similarity parameter to consider 
the effect of revetment thicknesses drev on wave breaking and thus on the related reflection 
behaviour: 

 mod

0

tan

1m rev

m

H d

L H

 
 
  
 

  (2.8) 

Alcérreca Huerta (2014) also investigated numerically the effect of revetment thickness drev of 
PBA-revetments for regular waves. No correlation could be found using the modified surf 
similarity parameter mod, and therefore 0 was used instead. Moreover, he used the model 
proposed by Zanuttigh & Van der Meer (1988) for the analysis of the numerical data. The 
results showed that the revetment thickness of a PBA-revetment has only a slight effect on the 
reflection coefficient. For very small and very large surf similarity parameters the effect even 
becomes negligible. 

Both numerical studies, Foyer (2013) and Alcérreca Huerta (2014), could not confirm the 
findings of Oumeraci et al. (2010b) of an additional effect of the wave period resulting in a 
large scattering of the data, which might be due to the consideration of only regular waves in 
the numerical studies. For regular wave tests this phenomenon was also smaller in Oumeraci et 
al. (2010b). Consequently, more research on the aforementioned additional effect of the wave 
period is necessary for irregular waves. 

Wave reflection strongly affects the wave field in front of and directly over the revetment, and 
thus all other processes such as wave loading, wave run-up/down and wave set-up. 
Consequently, it is crucial to accurately predict the reflected wave energy, which depends 
directly on the wave energy dissipated by the reflective structure which again depends on the 
breaker type. The surf similarity parameter  determines the breaker type and has therefore been 
applied in most studies to describe wave reflection. The application of a modified surf similarity 
parameters such as eq. (2.8) from Foyer (2013) was already tested in Alcérreca Huerta (2014) 
and no correlation was found. Consequently, it is not applied in this study. 
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Among the diverse models available to predict wave reflection Cr as a function of , the model 
of Seelig & Ahrens (1981) and the model of Zanuttigh & Van der Meer (1988) appear to be the 
most promising for this study. 

The effect of porosity interacting with different slope steepnesses on the reflection performance 
of bonded porous revetments has not yet been investigated and represents a knowledge gap. 

Though the wave period is already included in surf similarity parameter , its additional effect 
on wave reflection Cr still needs further investigations. This additional effect might explain the 
large scatter of Cr plotted against  which was observed in all studies with porous structures. 

 

2.1.3 Wave run-up and run-down 

Wave run-up and run-down provide the total water excursion over the slope over a wave cycle 
and define the swash zone which represents the most important area of interaction between 
waves and revetment, particularly for wave loads (see Fig. 2.1a). The wave run up height Ru is 
commonly defined as the maximum elevation from still water level (SWL) to the point to which 
the water surface rises on the revetment. It therefore describes the upper boundary for the swash 
processes and is an important parameter to determine the required crest height of the structure. 
The wave run-down height Rd describes the lowest point that is reached by the down rushing 
water on the slope. Like Ru, Rd is also commonly related to SWL (Fig. 2.1a). It represents the 
lower boundary for the swash processes and is thus important to define the required minimum 
downward extent of the revetment. The wave run-down may significantly affect the breaking 
behaviour and the run-up process of the following incident waves. For irregular waves, both 
wave run-up and run down may vary significantly. Characteristic values Ru2% and Rd2% which 
are exceeded by 2% of the incident waves are commonly used for design purposes (e.g. EurOtop 
(2007)). 

Several research studies have been performed in the past, showing that wave run-up (and thus 
also wave run-down) on smooth impermeable slopes generally depends on the incident wave 
height and the surf similarity parameter. For porous and rough revetments, where the energy 
dissipation mainly takes place not only on but also within the revetment, most of the studies 
available are focussed on rip-rap or similar types of revetment. More recently, the case of 
porous bonded revetments such as PBA-revetments was also addressed comprehensively. 
Among all these investigations, only the most relevant for this study are considered in the 
following. 

 

a) Wave run-up 

The first formulae to predict wave run-up height Ru was proposed by Hunt (1959) for regular 
waves breaking on a smooth impermeable slope. Re-written by Battjes (1974) in terms of surf 
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similarity  in eq. (2.9), Hunt’s formula still represents the basis for most of the available 
prediction formulae for wave run-up:  

 uR

H
  for 0.1 <  < 2.3 (2.9) 

In further studies, this linear relation and its range of validity were modified and adapted to 
account for further different types of revetment and structure parameters. 

Based on the comparative results of scale model tests with regular waves on smooth slopes 
between 1:1.5 and 1:3, comparatively to rubble mound breakwater slopes which are plotted 
using the relation Ru/H =  in eq. (2.9), Bruun & Günbak (1977) were the first to show the 
fundamental difference of the relative wave run up Ru/H for the two different types of 
revetments (Fig. 2.4) . This also illustrates the effect of a porous and rough slope on the relative 
wave run-up. For smooth impermeable slopes, higher Ru/H-values are obtained, especially 
around  = 2 – 4 where the difference becomes highest. For larger -values ( > 6), the 
difference has the tendency to get negligibly small. 

 

Fig. 2.4: Wave run-up on smooth and rubble mound breakwater slopes for irregular waves (modified from 
Bruun & Günbak (1977)) 

Based on several data sets from available and own experiments with irregular waves on wave 
run-up on smooth slopes and on different types of rough and porous slopes, Van der Meer & 
Stam (1992) confirmed and extended the results of the  fundamental analysis in Fig. 2.4 for surf 
similarity parameters up to p = 10. The results showed that: 

(i) a linear relationship of relative wave run up Ru2%/HS and surf similarity parameters p exists 
only for p < 2.0: 
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For smooth, impermeable slopes: 2% 1.5u
p

S

R

H
   (2.10) 

For rough and porous slopes:  2% 0.83u
p

S

R

H
   (2.11) 

(ii) the largest difference between Ru2%/HS-values on the two basic types of slopes occurs for 
p = 2-4 

(iii) the effect of porosity and roughness becomes negligible for very large surf similarity 
parameters p > 6 

The results of Van der Meer & Stam (1992) showed the connection between wave run-up and 
the energy dissipation on the revetment. Dependent on the surf similarity parameter and the 
associated breaker types, a different amount of wave energy is dissipated during breaking 
process on the different investigated revetments. The difference is largest for strong breaking 
waves (p = 2-4). For large p > 6 the effect of the structure porosity becomes negligibly small. 

Schüttrumpf (2001) performed model tests also with irregular waves on smooth impermeable 
slopes with steepnesses of 1:3, 1:4 and 1:6. Using the hyperbolic tangent model in eq. (2.12), 
clearly resulted in a better fit for the experimental data of the relative wave run-up as a function 
of surf similarity parameter S0 based on the significant wave height HS and deep water wave 
length L0. The approach especially describes the transition from collapsing to surging breaker 
more appropriate.  

 
*

1 1 0tanh( )u
S

S

R
c c

H
    (2.12) 

with c1 = 3.0 and c1* = 0.65 for the tested conditions. 

Looking for an alternative parameter instead of the surf similarity parameter to describe 
nearshore coastal processes on beaches and coastal structures Hughes (2004b) introduced the 
wave flux parameter. This approach is based on the radiation stress theory of Longuet-Higgins 
& Stewart (1964). Hughes (2004b) established an empirical equation for the estimation of the 
wave momentum flux parameter and used it in Hughes (2004a) for the estimation of wave run-
up on smooth, impermeable slopes for regular and irregular waves. The developed equation 
overestimated the relative run-up for steep slopes and long waves significantly.  

Madsen & Fuhrman (2007) disagreed with the conclusions of Hughes (2004a) that the surf 
similarity parameter is not a good choice as the governing parameter for the wave run-up. In 
their study of the wave run-up of long waves they used Carrier and Greenspan’s shallow water 
theory which is based on the surf similarity parameter  and the relative water depth H/h to 
derive prediction formulae for the wave run-up. A comparison of the analytic solution with 
experimental dataset resulted in a relatively good agreement only for collapsing and surging 
breakers but not for plunging breakers. 
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In Tab. 2.4 an overview is given of most of the mentioned wave run-up formulae from previous 
studies together with a short description. It becomes obvious that most of the studies used the 
surf similarity parameter for the derived model. 

Tab. 2.4: Summary of selected wave run-up formulae from previous studies 

Author Formula Considerations 

Hunt (1959) u
0

0

R
C with 1.49 C 1.87

H
     

Empirical approach for regular waves and 
uniform gentle slope. Extend by Battjes & 
Roos (1974) for irregular waves and 
C=1.6 

Losada & 
Giménez-
Curto (1981) 

  u
U U

0

R
A 1 exp B

H
     

Based on a dimensionless analysis and 
experimental databases for rough 
permeable slopes under regular waves 

Foyer (2013) 
2

u m m
2 2

m

R 14.6

H 6.23

   
  

   

Wave run-up related to MWL, without 
consideration of the wave set-up. Based on 
numerical modelling of PBA-revetments; 
regular waves 

Alcérreca 
Huerta (2014) 

   2
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0 0UE UE

R RuA
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Wave run-up related to MWL, without 
consideration of the wave set-up. Based on 
numerical modelling of PBA-revetments; 
regular waves 
Upper envelopes: 
A = 0.55 for drev = 0.15 m 
A = 0.77 for drev = 0.25 m 
A = 0.97 for drev = 0.35 m 

Ahrens & 
Heisnbaugh 
(1988) 

u

m0

R A
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 Developed for irregular waves on rip-rap 

revetments 

Van der Meer 
& Janssen 
(1995) 

u2%
h f eq

S

R
1.5

H          
Inclusion of correction factors for the effect 
of shallow water, slope roughness and 
oblique wave attack; irregular waves 

Schüttrumpf 
(2001) 

 u 2%
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S

R
3.0 tanh 0.65

H
   

 

Based on scale model tests with a smooth, 
impermeable slope; irregular waves 

Hughes 
(2004) 
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Based on the momentum flux parameter 
(MF) instead of surf similarity parameter ξ0; 
irregular waves 

Madsen & 
Fuhrman 
(2008) 
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Analytical approach based on linear and 
nonlinear shallow water equations for 
periodic long waves; irregular waves 

Oumeraci et 
al. (2010b) 
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Based on GWK-tests with PBA-
revetments; irregular waves 
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The current design practice is based on conducted investigations and the empirical approaches 
show a large dependency on the surf similarity parameter. The two most important guidelines 
are cited in the following: 

(i) The Coastal Engineering Manual (CEM) (USACE (2002)) represents the technical 
advices for the American region. Herein an overview for the newest and most used 
investigations can be found. The CEM recommends to use eq. (2.13) which is divided 
into two parts with a separation point at a surf similarity parameter of 2.5. Eq. (2.13) is 
based on deep water parameters and irregular waves. 

 2%
1.6 0 2.5

0.2 2.5
op opu

op opS

forR
forH

 
 
  

   
 (2.13) 

(ii) The European wave overtopping handbook EurOtop (2007) is mainly based on the 
approach of TAW (2004), which is also a split function depending on surf similarity 
parameter m-1,0 (see eq. (2.14)). It contains reduction coefficients to consider the effects 
of a berm (b) and oblique wave attack (). The reduction coefficient f to consider 
roughness effects also contains the effect of porosity of the structure 

 

b f m 1,0
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m 1,0
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H 4.0

 




       
 

  
      
    

  (2.14) 

Generelly, the current design practice does not distinguish between the effect of porosity and 
roughness and the effect of porosity is included in the reduction coefficient for the roughness, 
because both parameters are connected inseperably with each other on revetments. 

Based on the approach of EurOtop (2007) in eq. (2.14) by using a reduction coefficient f to 
account for both porosity and roughness of PBA-revetments on the wave run-up, the results of 
the large-scale tests with irregular waves by Oumeraci et al. (2010b) are given in Fig. 2.5. The 
comparison with the relative wave run-up on the smooth impermeable slope (f = 1) clearly 
illustrates the significant effect of the porous and rough slope on the wave run-up.  

In the numerical study using regular waves on PBA-revetments by Foyer (2013), the wave run-
up and run-down heights were analysed for the first time as related to the mean water level 
(MWL) instead of the commonly used approach using SWL as a reference level. In the latter 
approach the wave set-up S is implicitly included in the wave run-up Ru and run-down Rd, 
while it is removed and considered separately in Foyer (2013) due to the significantly different 
time scale (see eq (2.15)). The following equation for wave run-up and run-down heights 
describes two curves which are symmetric around MWL and the coefficients a and b depend 
on revetment thickness. This is also shown in Fig. 2.6: 
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  (2.15) 



State of the Art Review 18

 

 

 

Fig. 2.5: Wave run-up height Ru2% for irregular waves (Oumeraci et al. (2010b)) 

 

Fig. 2.6: Fitted curves for the wave run-up and run-down height related to MWL with and without revetment 
(Foyer (2013)) 

Alcérreca Huerta (2014) also applied in his numerical study with regular waves on PBA-
revetments the same approach using MWL instead of SWL as a reference level for wave run-
up and run-down. Moreover a basic distinction was made between impact and a non-impact 
component. The maximum run-up and run-down heights were obtained for surf similarity 
parameters between 2.0 and 4.0 and the resulting plunging and collapsing breakers (see Fig. 
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2.7). Instead of fitting functions for the numerical data, only upper envelopes were proposed 
due to the large scattering of the data (conservative approach for design).  

 

Fig. 2.7: Fitted curves for the wave run-up and run-down height related to MWL for different revetment 
thicknesses (Alcérreca Huerta (2014)) 

 

b) Wave run-down 

In comparison to the large amount of studies on the wave run-up, the number of studies on wave 
run-down is very limited.  

Bruun & Günbak (1977) also studied the wave run-down in their test series on breakwater 
slopes. The regular wave model tests were performed on smooth slopes with an angle between 
1:1.5 and 1:3. In the tests the wave run-down provided positive values for  < 2.2 (plunging 
breakers) which means that run-down values did not fall under the still water level. The derived 
eq. (2.16) only showed a good fit for the obtained values for  < 3.5: 

  1 0.45dR

H
      (2.16) 

Losada et al. (1981) studied the wave run-down too and also determined an exponential 
approach. This is shown in eq. (2.17). 

 (1 )BdR
A e

H
    (2.17) 

In addition to the data sets of Van der Meer & Stam (1992), Van der Meer (1993) also proposed 
a design formula for the wave run-down. A reduction of the data scatter was achieved by the 
consideration of slope steepness and the introduction of factor n to consider the effect of 
permeability through the pores in the equation (eq. (2.18)). These results showed clearly that 
there is an effect of a porous structure on wave run-down. 
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Using a tangent hyperbolic model to fit the data for the relative wave run-down height 
Schüttrumpf (2001) proposed the following equation for irregular waves on smooth 
impermeable slopes: 

 2% 0.7 0.7 tanh( 2.1)d
SO

S

R

H
     (2.19) 

For regular wave tests Schüttrumpf (2001) also obtained values above SWL for  < 2.2 (spilling 
and plunging breakers) which could not be fit by the tangent hyperbolic function in eq. (2.19). 

An overview of the formulae found for wave run-down in previous studies together with a short 
description can be found in Tab. 2.5. According to wave run-up, also for the wave run-down 
most of the studies used the surf similarity parameter for the derived model. 

Tab. 2.5: Summary of selected wave run-down formulae from previous studies 

Author Formula Considerations 
Battjes & 
Roos (1974) 

 d u 0R R 1 0.4      Empirical approach for regular waves and 
uniform smooth impermeable slope 

Losada & 
Giménez-
Curto (1981) 

  u
U U

0

R
A 1 exp B

H
     

Based on a dimensionless analysis and 
experimental databases for rough 
permeable slopes under regular waves 

Foyer (2013) 
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Wave run-down related to MWL. Based on 
numerical modelling of PBA-revetments; 
regular waves 

Alcérreca 
Huerta (2014) 
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Wave run-down related to MWL. Based on 
numerical modelling of PBA-revetments; 
regular waves 
Upper envelopes: 
A = 0.55 for drev = 0.15 m 
A = 0.77 for drev = 0.25 m 
A = 0.97 for drev = 0.35 m 

Van der Meer 
(1988) 
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Developed for irregular waves on rock 
slopes; consideration of the notional 
permeability P 

Pilarczyk 
(1987) 
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 Maximum wave run-down for irregular 
waves on impermeable and rip-rap slopes 

Schüttrumpf 
(2001) 
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In the current design practice the following equations can be found for the determination of the 
wave run-down: 

(i) The CEM (USACE (2002)) recommends to use eq. (2.20) which is, according to the 
wave run-up model (eq. (2.20)), divided into two parts with a separation point. 
Surprisingly, this separation point at op = 4.0 differs from the one found for wave run-
up. Eq. (2.20) is also based on deep water parameters and irregular waves and was 
developed for an impermeable revetment. 

 2%
0.33 0 4

1.5 4
op opd

opS

forR
forH

 


   
   

 (2.20) 

(ii) The „Rock Manual“ by CIRIA/CUR/CETMEF (2007) also gives a design formula for 
wave run-down on porous riprap revetment which is based on Thompson und Shuttler 
(1977): 

 1% 0.34 0.17d
p

S

R

H
      (2.21) 

In the context of the large-scale tests of Oumeraci et al. (2010b), the wave run-down height on  
PBA-revetment was also analysed. The results in Fig. 2.8 show that the wave run-down height 
is not significantly affected by the porous structure in comparison to an impermeable and 
smooth revetment.  

 

Fig. 2.8: Wave run-down height Rd2% for irregular waves (Oumeraci et al. (2010b)) 
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The results for the wave run-down of the numerical study using regular waves on PBA-
revetments by Foyer (2013) were already shown in Fig. 2.6 together with the wave run-up 
related to MWL. The fitting curve was found to be symmetric wave run-up and run-down 
depending on the revetment thickness.  

A similar approach by Alcérreca Huerta (2014) (see Fig. 2.7) with the application of upper 
envelopes also showed symmetry between wave run-up and run-down related to MWL. This 
also includes the maximum wave run-down heights in the range of plunging and collapsing 
breakers (see Fig. 2.7). 

 
A significant amount of studies related to wave run-up on revetments are available as compared 
to those on wave run-down. Most of them were focussed on smooth and impermeable slopes, 
showing that the parameter governing wave run-up/run-down is the surf similarity parameter. 
The studies for rough and permeable revetments are generally restricted to specific types of 
structures, showing that the highest effect of roughness and porosity as compared to smooth 
impermeable slopes occurs for surf similarity parameter  = 2-4 (plunging-collapsing breakers). 
More research is necessary, which is based on more systematic irregular wave tests with 
different revetment porosities and covering the full range of surf similarity parameters 
(plunging to surging breakers). 

No study could be found which addresses the effect of the porosity and roughness on wave run-
up/run-down separately and more systematically. It was already shown that roughness and 
porosity both decrease wave run-up. Thus, systematic research is necessary to investigate the 
effect of porosity and roughness separately. 

The effect of porosity interacting with different slope steepnesses on the reflection performance 
of bonded porous revetments has not yet been investigated. 

More recent studies related to porous bonded revetments have shown the advantage of relating 
wave run-up and wave run-down to the mean water level (MWL) instead of the common 
approach using SWL as a reference level due to the significantly different time scale. It is 
therefore recommended to apply this method in the current study. 

Most of the derived models including the design practice recommend the application of split 
functions for the determination of the wave run-up and run-down. Among the diverse models 
available to predict wave run-up and run-down as a function of , the model of Schüttrumpf 
(2001) appear to be the most promising for this study, because the tanh-model especially 
describes the transition from collapsing to surging breaker more appropriately. 

2.1.4 Wave set-up 

Wave set-down and wave set-up are generated in the process of wave shoaling and breaking, 
respectively; i.e. shoaling causes the water level to decrease up to the breaking point where the 
set-down reaches its maximum value. The water level then increases toward the shore as a result 
of wave energy dissipation. The final result is a mean water level (MWL) instead of SWL in 
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the absence of wave action. As the effect of wave set-up is directly linked to the loading area 
on the revetment and therefore affects all the processes on and beneath the revetment only the 
wave set-up is addressed in this section. For regular waves, the MWL is constant over time 
while it varies continuously for irregular waves, also including a dynamic component that 
oscillates with the wave group period. 

Longuet-Higgins & Stewart (1964) were the first to describe the relation between the wave 
momentum flux based on the radiation stress concept and the wave set-up process.  

Based on the radiation stress concept and a wave breaking model, the following equation for  
the variation of the set-up S of irregular waves over distance x was proposed by Goda (1975) 
which was successfully validated by laboratory tests and field measurements: 
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8 2 sinh 2
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 (2.22) 

In Kim (2010) an overview of the empirical and theoretical approaches for wave setup is given 
by Dean & Walton (2010). For the breaking of monochromatic waves in shallow water the 
following equation for wave setup S: 
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The breaking index  = Hb/hb is determined related to the beach slope (e.g. based on Dally et 
al. (1985)). Moreover, a summary of several field studies on permeable and impermeable beach 
slopes, showing that both static and dynamic components of the wave set-up must be considered 
as both affect the MWL in the surf zone. The static component is directly caused by the waves 
as described by the theory of radiation stress the dynamic component is caused by infragravity 
waves as described by the theory of surf beat (Lo (1988)) . The dominant role of the slope 
steepness and the wave steepness for the wave set-up is also shown. However, permeability and 
porosity of the beach slope is not taken into account in the formulae (Dean & Walton (2010)). 

Battjes (1972) was one of the first to perform laboratory tests with irregular waves showing that 
the variation of the width of the energy spectrum hardly affects the wave set-up. However, the 
measured wave set-up significantly differs from the theoretically predicted values.  

A much better agreement of the predicted wave set-up based on nonlinear wave theories with 
the data of a comprehensive laboratory study was obtained by Stive & Wind (1982). 

The CEM (USACE (2002)) provides general guidance to determine wave set-up for both 
regular and irregular waves. For the wave set-up induced by regular waves at the still water 
shoreline the following equation is given: 
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Ludwigs & Oumeraci (2011) further analysed the data of Oumeraci et al. (2010b) for regular 
waves in order to determine wave set-up on porous bonded revetments. Applying the wave 
length instead of the wave height as commonly used in several previous studies to make the 
wave set-up dimensionless, a better correlation between relative wave set-up S/L0 and surf 
similarity parameter m was obtained in Fig. 2.9 also showing the significant effect of the slope 
steepness on the wave set-up in the numerical investigations of Foyer (2013). 

 

Fig. 2.9: Relative wave set-up as a function of surf similarity parameter for regular waves on slopes with different 
steepnesses (Foyer (2013)) 

The significant effect of slope steepness on relative wave set-up S/L0 in Foyer (2013) is 
confirmed by the numerical study with regular waves by Alcérreca Huerta (2014), using a 
slightly different model to fit the numerical data (see Fig. 2.10), but achieved a similar result. 

 

Fig. 2.10: Relative wave set-up as a function of surf similarity parameter for regular waves on slopes with different 
steepnesses ( Alcérreca Huerta (2014)) 
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Moreover, it was also shown that the effect of slope steepness on the wave set-up was much 
more important than the effect of the revetment-filter thickness 

Alcérreca Huerta (2014) also determined the internal wave set-up at the interface of revetment 
and sand core (S,int) as a function of the wave set-up on the revetment S, showing that the 
wave set-up directly at the bottom of the revetment on the sand core is 21% larger than on the 
revetment: 

 ,int 1.21S S     (2.25) 

Defined as the external mean water level (EMWL) resulting from wave action, the wave set-up 
on porous revetment is directly related to the development of the internal mean water level 
(IMWL) in the sand core (see section 2.3), thus affecting not only all other processes on the 
revetment, but also those beneath the revetment and in the sand core. As particularly and clearly 
shown by the results of the comprehensive numerical studies by Foyer (2013) and Alcérreca 
Huerta (2014) for regular waves, the consideration of the effect of wave set-up on all other 
processes and beneath the revetment is crucial. However, a confirmation for these findings for 
irregular wave tests is still missing.  

Moreover, the results from both studies have also clearly shown that the wave length is more 
appropriate than the commonly used wave height to define the relative wave set-up and that the 
effect of the slope steepness on the wave set-up on the revetment is dominant as compared to 
that of the revetment-filter thickness. Consequently, this approach appears to be also promising 
for this study and has to be verified within irregular wave tests. 

The effect of a changing porosity on wave set-up was not yet addressed in previous studies and 
has to be determined for both regular and irregular waves. 

 

2.2 Wave-induced pressures on the revetment 

The processes described in the previous section are in close relation to the wave-induced 
pressure on the revetment. Especially the wave breaking and breaker types (see section 2.1.1) 
significantly affect the energy dissipation on the structure and thus the wave-induced pressures. 
Wave reflection (section 2.1.2) and wave run-up and run-down (section 2.1.3), which indirectly 
affect wave-induced pressure through the wave breaking process, are also affected by the 
breaker types. Therefore, a classification in quasi-static and impact loads (Fig. 2.11) is 
commonly used in the analysis of the wave-induced pressure on the revetment. 

In many studies this dynamic pressure was in the focus of the investigations (e.g. Witte (1988), 
van Vledder (2001)). Davidse (2009) and Ludwigs (2009) give a very good overview over 
previous investigations concerning this issue. 

a) Wave load classification 

The time history of both quasi-static and impact load are schematically shown in Fig. 2.11. 
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Fig. 2.11: Schematic pressure history of a) a quasi-static load and b) an impact load 

The classification of the wave loads is mainly based on the breaker type, which is described by 
surf similarity parameter  for sloping structures (see Tab. 2.2). Quasi-static wave loads on 
sloping structures are generally induced by surging breakers with a cyclic variation according 
to the wave motion. Only a single pressure peak occurs in the pressure signal (pstat = pmax) (see 
Fig. 2.11a). The impact load Fig. 2.11b) is generally induced by stronger plunging or collapsing 
breakers. It is composed of two components: an impact component with a very high peak 
pressure and a very short duration (ca. 0.1 to 0.001 s) and quasi-static component similar to the 
quasi-static wave load in Fig. 2.11a. Between these two different wave loads a transition zone 
can be observed.  

Based on large-scale tests in GWK, a wave load classification was proposed by Oumeraci et al. 
(2010b), including impact load (m-1,0 = 1.6-2.5), non-impact load (m-1,0 > 2.9) and a transition 
zone (m-1,0 = 1.6-2.5). 

 

b) Magnitude of peak pressure on the revetment 

One of the first experiments at prototype scale to investigate wave-induced pressures were 
conducted by Stive (1984) in the Delta Flume. An impermeable asphaltic revetment with a 
slope steepness of 1:3 and a 1:4 concrete stone pavement with regularly placed stones were 
tested. The following relations for the peak pressure as a function of wave height H were 
proposed: 

Asphaltic revetment (1:3): max 2.7p g H      (2.26) 

Concrete stone pavement (1:4): max 2.3p g H      (2.27) 

Moreover, it was found that the peak pressure also depends on the wave steepness. With 
decreasing wave steepness, a larger thickness of the water layer from the previous wave on the 
slope was observed which damps the impact of the next breaking wave. 
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Zhong (1985) conducted model tests in a scale of 1:10 together with large-scale tests on an 
asphaltic revetment with regular waves on a slope 1:4.  Peak pressure pmax was found to follow 
a log-normal-distribution. The normalised impact pressure reaches a maximum value for “wave 
steepness” H/(gT²) = 0.0045. The effect of slope steepness on the impact pressure was further 
tested for regular waves by Führböter & Sparboom (1988) on a concrete revetment with slopes 
1:4 and 1:6. The following relations for the peak pressures were obtained: 

Slope steepness 1:4 max 6.0p g H     (2.28) 

Slope steepness 1:6 max 4.0p g H     (2.29) 

Klein Breteler et al. (2000) investigated the influence of ageing of block revetments. In case of 
block revetments ageing means the washing in of silt and sand through the gaps between the 
stones leading to a reduction of permeability in the cover and filter layer. Klein Breteler et al. 
(2000) conducted large-scale tests in the Deltaflume in Delft with revetments made of rough 
natural stone and rectangular concrete blocks. It was concluded from their experiments that 
damages on block revetment which was exposed to ageing processes occur at the same or even 
larger wave heights compared to non-aged block revetments. That means that ageing effects 
with a connected decreasing porosity did not increase the probability of a failure of the 
revetment. 

The crucial effect of aeration and scaling on wave impact pressures was investigated among 
others (e.g. Popov & Ryabykh (1969), Chanson & Lee (1997)) and Bullock et al. (2001)). The 
peak pressures were found to decrease with the aeration level. Bullock et al. (2001) found out 
that in seawater the entrained air bubbles are much smaller than in freshwater. Based on their 
field measurements the crucial importance of air content for scale effects was also shown for 
seawater. 

The first large-scale model study related to wave-induced pressures on and beneath bonded 
porous revetments was performed in GWK by Oumeraci et al. (2010b) with regular and 
irregular waves. The following equations were obtained for the relative impact pressure peak 
induced by irregular waves: 

On the revetment: max
1,0 1,0

0

4 12.5  for  1.6< 2.5m m
m

p

g H
 

      
 

 (2.30) 

Just beneath the revetment:  2max
1,0 1,0

0

0.6 4 12.5   for  1.6< 2.5m m
m

p

g H
 

       
 

 (2.31) 

Eq. (2.30) and (2.31) show the peak of impact pressure on the revetment is decreased by a factor 
of 0.6 as compared to that just beneath the revetment. In contrast, the transmission of the quasi-
static pressure through the revetment was not significantly affected.  

A similar large-scale test series was conducted by Gier et al. (2012) with a IPPB-revetment, 
which was further analysed by Alcérreca Huerta & Oumeraci (2012) and compared to Oumeraci 
et al. (2010b) by Liebisch et al. (2012). The low porous IPPB-revetment showed significantly 
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higher peak pressures compared to the PBA revetment (for the same wave conditions) thus 
implying that lower peak pressures occur rather on porous revetments than on impermeable 
revetments. 

Alcérreca Huerta (2014) investigated the effect of revetment thickness of bonded porous 
revetments on the wave-induced pressure and developed a model for the upper envelope of the 
numerical data for regular waves which includes two distinct pressure components: 
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  (2.32) 

As shown in Fig. 2.12 for three revetment thicknesses, the first component describes the impact 
pressure, which becomes negligible for surging breakers and only occurs for plunging and 
collapsing breakers. The second component describes the quasi-static pressure which is present 
for all breaker types.  

 

Fig. 2.12: Relative peak pressure on the revetment for different revetment thicknesses and applied model for an 
upper envelope for regular waves (Alcérreca Huerta (2014)) 

The quasi-static component is not affected by the revetment thickness. In contrast, the effect of 
the latter on the impact component, though not fully clear due to the limited amount and large 
scatter of the data, seems to strongly depend on surf similarity parameter 0 and even basically 
differs for 0 < 2.4 and 0 > 2.4. 

 
c) Location of the peak pressure on the revetment 

Besides the magnitude of the peak pressure, its location on the revetment is also important. In 
earlier studies (e.g. Stive (1984)) a location at H/2 beneath the still water level was suggested. 
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In more recent studies the location of peak pressure zpmax was found to be strongly related to 
surf similarity parameter . 

Schüttrumpf (2001) used a model with hyperbolic tangent to fit the data of the location of peak 
pressure in his experiments on smooth slopes. He derived the following equation for both, 
regular and irregular waves. 

 max
00.8 0.6 tanh( 2.1)p

S
s

z

H
     (2.33) 

In the context of the validation of the software GOLFKLAP®, Klein Breteler (2007) developed 
a formula for the location of the peak pressure dependent on the surf similarity parameter. But 
Klein Breteler (2007) used a straight line up to a maximum value at 4.45   for his equation. 
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Oumeraci et al. (2010b) adopted the model of Klein Breteler (2007) on PBA-revetments to 
develop the following two equations for the location of the peak pressure:  

 max
1,0 1,0

0

0.7 0.6  for 3.2p
m m

m

z

H
       (2.35) 

 max
1,0 1,0

0

0.2 1.0  for 3.2p
m m

m

z

H
       (2.36) 

In his numerical simulations with regular waves, Alcérreca Huerta (2014) also investigated the 
location of the peak pressure on PBA-revetments. Due to the large scattering of the numerical 
data for three revetment thicknesses an upper and lower envelope were developed, based on the 
eq. (2.12) by Schüttrumpf (2001) which was modified in order to fulfil the condition that for 
0 = 0 and zpmax/H0 = 0: 

Upper envelope:  max 1.58
0

0

1.34 tanh 0.07pz

H
    (2.37) 

Lower envelope:  max 1.59
0

0

1.64 tanh 1.04pz

H
    (2.38) 

The results of Alcérreca Huerta (2014) (Fig. 2.13) showed no correlation to the different tested 
revetment thicknesses.  
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Fig. 2.13: Relative location of peak pressure on the revetment as a function of surf similarity parameter and applied 
model for an upper and lower envelope for regular waves (Alcérreca Huerta (2014)) 

d) Pressure distribution on the revetment 

In addition to the magnitude and location of the peak pressure, the pressure distribution on the 
revetment is required to obtain the total wave loading of the structure. 

Popov & Ryabykh (1969) belong to the first who documented the spatial pressure distribution. 
In their study, the peak pressure was always located under the still water level.  

 

Fig. 2.14: Spatial distribution of wave-induced pressure on an impermeable asphaltic revetment (Lattermann 
(2006)) 

In scale model tests with regular waves on impermeable asphaltic revetments, Lattermann 
(2006) determined the spatial distribution of the wave-induced pressure due to breaking waves 
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as shown in Fig. 2.14. Formulae to determine the peak pressure as well as distances l1-l4 are 
also provided in Lattermann (2006). 

Similar to Lattermann (2006) but using the pressure related to peak pressure p/pmax and 
distances related to its location zpmax (z’/z’pmax), Oumeraci et al. (2010b) also described the 
spatial pressure distribution on and just beneath a PBA-revetment based on a linear 
interpolation between characteristic points along the revetment slope (x’-axis). For impact-
loads five points were chosen and three points for non-impact loads. Design formulae were 
established for the particular points of the spatial pressure distribution and their distance to the 
location of peak pressure on the x’-axis.  

Alcérreca Huerta & Oumeraci (2012) used a continuous empirical equation for to describe the 
spatial pressure distribution on a low porous IPPB-revetment in relation to the peak pressure on 
the revetment. Due to the limited data sets from GWK-tests, this approach was successfully 
applied only for impact loads. 
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  (2.39) 

with A, B, C, D = empirical coefficients 

Using more extensive numerical data sets for regular waves, it was shown for the first time by 
Alcérreca Huerta (2014) that the pressure distribution for both impact and non-impact loads can 
be described by a single equation (eq. (2.39)). Moreover, Alcérreca Huerta (2014) identified a 
second pressure peak in the spatial pressure distribution for both loading cases above the 
location of the main peak pressure.  

Wave-induced pressure on the revetment basically differ depending on the prevailing loading 
case. Therefore, a distinction must be made between two basic loading cases: impact and non- 
impact loads which are relatively well-described by surf similarity parameter . 

To describe the total wave load on the revetment, three load characteristics are necessarily 
required: the peak pressure pmax (because it is decisive for the design), its location with respect 
to SWL and the spatial pressure distribution on the revetment.  

Among the structural parameters affecting the wave load on the revetment, the slope steepness 
and the porosity of the revetment appear to be the most relevant parameters. Though the former 
is already included in surf similarity parameter  to distinguish between the different loading 
cases, indications on possible additional effects on the aforementioned load characteristics can 
hardly be found in the literature. Further research is necessary to investigate these additional 
effects of slope steepness of bonded porous revetments which particularly focus on irregular 
wave tests. As the numerical simulations of Foyer (2013) and Alcérreca Huerta (2014) provide 
a large database for regular wave tests, the investigations should be extended to systematic 
irregular wave tests. Moreover, no study is available which provides explicitly quantitative 
indications on further effects of the porosity or on the combined effects of both porosity and 
slope steepness on the wave loads.   
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The wave-induced pressures are mostly described by split functions based on the wave height 
or the surf similarity parameter depending on the two basic loading cases. The fully new 
approach proposed by Alcérreca Huerta (2014) using a model for the upper envelope of the 
numerical data for regular waves which includes two distinct pressure components might also 
be promising for this study to cope with large data scatter for plunging breakers. For the spatial 
pressure distribution on the revetment a continuous model was successfully applied by 
Alcérreca Huerta (2014). Among the diverse (mostly linear) models available to predict the 
location of peak pressure zpmax as a function of , the tanh-model of Schüttrumpf (2001) would 
be most promising, if no zpmax-values above SWL are obtained. 

 

2.3 Pressure damping through and beneath porous revetments 

As shown in the previous sections, revetment porosity is an important structure parameter as it 
contributes among others to reduce wave reflection and wave run-up. Apart from that, it causes 
the flow to propagate through the revetment and the underlying sand core, thus causing the 
pressure induced on the revetment to be transmitted and energy to be dissipated through the 
porous layers which both decrease with depth inside and beneath the revetment. The processes 
associated with the pressure damping through the different layers and particularly those inside 
the sand core are important for the stability of the revetment.  

In this section, an attempt is therefore made to briefly review the current knowledge, together 
with some basics, which are most relevant for the processes involved in the damping of wave-
induced pressure through porous revetments and the underlying sand core. First, some basics 
related to the Darcy-Forchheimer flow in porous media (section 2.3.1) and to stability analysis 
against soil liquefaction (section 2.3.2) are given. Both are relevant for porous revetments. Then 
a brief review of the studies directly related to the damping of wave-induced pressure through 
porous revetments and inside the sand core beneath the revetment is made, including the 
possible failure mechanisms (section 2.3.3). 

2.3.1 Flow in porous revetment 

The water resulting from the breaking waves on the porous revetment flows rapidly through the 
pores of the revetment and then much slower through the underlying sand core, resulting in a 
different flow behaviour, energy dissipation and pressure damping inside the two different 
porous media. In the sand core the flow is assumed to be laminar and steady, so that Darcy's 

law is valid: fi k v  . It is a linear equation describing the proportionality between hydraulic 

gradient i and filter velocity vf (fictive or Darcy’s flow velocity), where proportionality factor 
k describes the hydraulic permeability which has the same dimensions as filter velocity vf (m/s) 
and depends on the properties of the porous medium and the pore fluid. For coarser soil material 
such as gravel and the commonly used aggregates in PBA-revetment, vf becomes higher so that 
the flow may not remain laminar (dominated by viscous forces), but turbulent (dominated by 
inertial forces). In the latter case, the validity of Darcy’s law becomes questionable. Therefore, 
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Darcy’s law was extended by Forchheimer by adding a non-linear term to consider the inertial 
forces associated with turbulent flow, leading to the so-called Darcy-Forchheimer equation: 

 f f fi a v b v v      (2.40) 

where a and b are the Forchheimer coefficients in [s/m] and [s²/m²], respectively.  

Several formulae are available to determine a and b, showing that coefficient b mainly depends 
on the properties of the porous media such as porosity n and grain size d while coefficient a like 
k in the Darcy law also depends on the viscosity of the pore fluid. Some of the most relevant 
formulae for a and b are given in Tab. 2.6. 

Tab. 2.6: Equations for the determination of coefficients a und b 

Author Coefficient a Coefficient b Considerations 

Ergun (1952) 
 2

f 3 2

1 n

n gd

 
  f 3

1 n 1

gdn


  f = 150 and f = 1.75 

Engelund (1953) 
 3

f 2 2

1 n

n gd

 
  f 3

1 n 1

gdn


  f = 780 and f = 1.8-3.6 

Ward (1964) f 2gd


  f

1

gd
  f = 360 and f = 10.44 

Koenders (1985) 
 2

f 3 2
15

1 n

n gd

 
  f 5

15

1 1

gdn
  f = 290 (confidence levels 95%: 250-330),  

f = 1.4 

Den Adel (1987) 
 2

f 3 2
15

1 n

n gd

 


 
f 2

15

1 1

gdn
  f = 160 (confidence levels 95%: 75-350), 

f = 2.2 (confidence levels 95%: 0.9-5.3) 

Shih (1990) 
 2

f 3 2
15

1 n

n gd

 


 
f 3

15

1 n 1

gdn


  

f = 1684+3.12x10-3(g/υ2)2/3  (d15)2 
f = 1.72+1.57 exp[-5.1 x 12x10-3(g/υ2)1/3  (d15)] 
For wide grade material replace d15 by: 
      d*=d15 (d15/d50)-1.11 (d50/d85)0.52 

 

The first linear term in eq. (2.40) represents the contribution of laminar flow as described by 
Darcy’s law while the second non-linear term is the contribution of the turbulent flow. 
However, both terms describe steady flow. To also account for unsteady flow, a time-dependent 
term was introduced in the Darcy-Forchheimer equation by Polubarinova-Kochina in 1952 as 
follows: 

 
f

f f f

v
i a v b v v c

t


      


 (2.41) 

For the determination of coefficient c [s²/m], several formulae are available, from which the 
two most relevant are given below: 



State of the Art Review 34

 

 

 

1
1 m

n
C

nc
g




   (2.42) 

 

1
1 m

n
C

nc
n g







  (2.43) 

where Cm is a virtual mass coefficient and n the porosity. 

The determination of coefficient c is based on a virtual mass concept in which the virtual mass 
is the inertia added to a system. The virtual mass derives from the accelerating body that also 
has to accelerate the surrounding. If eq. (2.42) or eq. (2.43) is more appropriate is not yet clear. 
If the same assumption regarding the cross-section of the flow are made for Cm like for the 
fictional velocity vf (cross-section includes both pores and grains), eq. (2.42) would be used 
(Burcharth & Andersen (1995)). 

Based on extensive tests for oscillatory flow through different porous media (n > 38%) in a 
water tunnel, van Gent (1993) determined the relative contribution of the three terms in eq. 
(2.41) to hydraulic gradient i, and thus of the relative importance of corresponding coefficients 
a, b and c. The results show that for a similar tested crushed stone material (n = 40%) to that in 
the GWK-tests of Oumeraci et al. (2010b), the second non-linear term with Forchheimer 
coefficient b provides the largest contribution over the entire flow cycle, while the contribution 
of the third term c is only noticeable over a very short time near the zero-crossings in the signal 
of hydraulic gradient i, but still smaller than the contribution of the first linear term with 
Forchheimer coefficient a outside the zero-crossing area (see example in Fig. 2.15). 

 

Fig. 2.15: Relative contribution of coefficients a, b and c for the extended Darcy-Forchheimer equation (van 
Gent (1993)) 
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Revetment porosity is an important structure parameter for the prevailing regime of the flow 
through the revetment. It thus significantly affects the energy dissipation and pressure reduction 
inside and beneath the revetment. For the wave-induced flow conditions as well as for the 
properties of the granular material of the revetment and the underlying soil which are relevant 
for this study, the following implications can be drawn: 

The flow in the porous revetment is predominantly turbulent and the second non-linear term 
with coefficient b in eq. (2.41) provides the largest contribution over the entire flow cycle. In 
the sand core beneath the revetment the situation is different with a predominantly laminar flow, 
leading to pressure gradients at the interface revetment and the sand core. 

For the stability of the entire structure, it is important to investigate the pressure gradient over 
time in the experiments and the effect of a changing porosity and slope steepness on the pressure 
gradient. 

2.3.2 Stability of the sand core and failure mechanisms 

In general soil consists of a particular grain structure and pores, which can be partially or fully 
filled with water. When a saturated soil is loaded, the load is carried by the grain structure and 
the pore water. The pore (water) pressure is reduced over time, as long as drainage is not 
hindered. The total stress () consists of pore pressure u and effective stress ' (average stress 
between soil grains) according to the following relationship: 

 ' u    (2.44) 

The degree of saturation provides the response on a partially saturated soil. In partially saturated 
soils the total stress is increasing together with both effective stress and pore pressure when a 
drainage of the soil is not possible. When the total stress is still increasing in a fully saturated 
soil, pore pressure is also still increasing but without the effective stress. Whereas for a fully 
saturated soil under drained conditions the effective stress increases but not the pore pressure. 
This is shown in Fig. 2.16 of a partially saturated soil under drained and undrained conditions. 

 

Fig. 2.16: Behaviour of pore pressure, soil effective and total stresses in partially saturated soils (Lambe & 
Whitman (1969)) 
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The effect of pore pressure on the deformation behaviour and the stability of a soil is indirect 
via a change in the effective stress which directly affects the shear strength. The grain structure 
fails when the inner stress condition changes so significantly that the soil breaks (brittle failure 
behaviour) or starts to flow (ductile behaviour). Soil liquefaction occurs, if the pore pressure in 
the soil reaches the value of the total stress and the effective stress tends to zero. The 
relationship between effective strength ’ and shear strength  is described by the limit 
condition of Coulomb: 

 ' tansc      (2.45) 

where cs is the cohesion and  the friction angle of the soil material. 

For non-cohesive materials such as the sand core beneath a bonded porous revetment with 
(cS=0) an increase of pore pressure u up to u = ’ may cause a shear strength  approaching 
zero. The soil then behaves like a viscous fluid resulting in large soil deformations. On slopes, 
the liquefied soil may be transported downwards the slope. 

For the sand core beneath PBA-revetments, Oumeraci et al. (2010b) identified two types of soil 
liquefaction beneath the revetment: Transient (or instantaneous) liquefaction and residual 
liquefaction. The mechanism of transient liquefaction is well-illustrated in Fig. 2.17 by 
Alcérreca Huerta & Oumeraci (2014) based on a modified figure from Oumeraci et al. (2010b) 
by adding the infiltration and exfiltration processes from de Groot et al. (2006). 

 

Fig. 2.17: Transient liquefaction due to cyclic wave loading and physical process description (Alcérreca Huerta 
(2014)) modified from Oumeraci et al. (2010b) 
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Transient liquefaction might occur under cyclic wave loading during the passage of a wave 
trough where the excess pore pressure in the soil beneath the revetment gets „negative“. An 
upwards directed pressure difference (u0*-ut) between the top of the sand core (initial pressure 
u0*) and a sand layer at a deeper location (pore pressure ut) is induced. In this case, the pressure 
gradient at depth z’ normal to the slope beneath the top of the sand core can reach the value of 
effective stress ’ and the soil gets in suspension and behaves like a fluid, thus resulting in an 
instantaneous liquefaction. 

Residual liquefaction in the soil occurs when the residual pressure ur gradually increases due to 
plastic deformation of the soil skeleton and exceeds the value of total stress and the effective 
stress tends to zero. Usually both residual and transient pore pressure occur together during 
wave attack. The transient pore pressure ut* and the residual pore pressure ur are superimposed. 
Oumeraci et al. (2010b) used the following equation in a stability analysis for the identification 
of liquefaction failures: 

    0* *' ' ' 0r rev s t rgd gz u u u           (2.46) 

with:  r = density of revetment material [kg/m³] 

 's = bulk density of submerged soil [kg/m³] 

 drev = thickness of the revetment [m] 

 z’ = depth beneath the top of the sand core (normal to the slope) [m] 

 u0* = initial pore pressure at the top of sand core (z’=0) at time t [N/m²] 

 ut* = transient pore pressure in depth z’ at time t [N/m²] 

 ur = residual pore pressure in depth z’ at time t [N/m²] 

2.3.3 Studies on wave-induced pressure beneath porous revetments 

As compared for instance to the studies on the hydrodynamic processes on the revetment such 
as wave loads and wave-run up, only very few studies were performed on wave-induced pore 
pressures in the soil beneath revetments. 

Kudella & Oumeraci (2006) performed large-scale experiments to investigate the pore pressure 
development in the sand foundation of caisson breakwaters. They found out that the compaction 
density of the soil under the caisson breakwater greatly affects the residual pore pressure 
development. Furthermore, the drainage conditions of the soil are crucial. For regular waves 
and very long drainage lengths the residual pore pressures may lead to total liquefaction. This 
represents the difference to sloped bonded porous revetments with an easier drainage. Here 
liquefaction is predominantly caused by transient pore pressures. 

Different processes of partial and total soil liquefaction with the relevant parameters and 
conditions are comprehensively described in de Groot et al. (2006). It was outlined that pore 
pressure is fluctuating with the wave-load leading to an excess of pore pressure under the wave 
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trough. Consequently, liquefaction may also most likely be induced under a wave trough. For 
revetments maximum excess pore pressure is connected to wave run-down process. It was 
stated in de Groot et al. (2006) that residual pore pressure may lead to partial liquefaction, but 
the ability of drainage and release of the excess of pore through the interface of revetment and 
soil leads to a higher resistance against the generation of large excess pore pressures. According 
to de Groot et al. (2006), the pore pressure damping in a linear elastic, homogeneous soil can 
be described by the following equation: 
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In this equation z2 describes the characteristic length for pore pressure amplitude damping due 
to elastic storage. The parameter z2 is described by: 
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de Groot et al. (2006) states that in a depth of 3z2, the initial pore pressure is completely damped 
and hardly any pore pressure fluctuation occurs. However, de Groot et al. (2006) only reviewed 
the stability of the porous seabed against liquefaction and the application of eqs. (2.47) and 
(2.48) for the stability analysis of the subsoil for PBA-revetments against liquefaction during 
irregular wave attack has to be verified.  

In the large-scale tests of Oumeraci et al. (2010b) the wave-induced pore pressures in different 
depths of the sand core beneath a PBA-revetment were investigated. Both transient and residual 
pore pressures were considered, but the former were found to be determinant for the stability 
of the sand core under cyclic wave loading. Residual pressure was relatively much smaller, und 
was therefore not taken into account in the stability analysis. The pore pressure damping in the 
different layers was related to the initial pressure at the interface between revetment and sand 
core and the damping rate was found to significantly depend on the initial pressure.  
Unexpectedly, no impact pressure was recorded in the sand core where all the pressure are 
rather quasi-static, irrespective of the type of wave load taking place on the revetment. The 
developed formulae for the pore pressure damping show that all pressure are almost completely 
damped at a depth of less one meter in the sand core beneath the revetment. No difference was 
found in pressure reduction in the sand for the different locations of initial pressure. 

During the experiments failure of the PBA-revetment occurred and a stability analysis of the 
sand core beneath the revetment was performed, showing that the failure was due to transient 
soil liquefaction of the upper sand layers. As illustrated in Fig. 2.18, the collapse of the 
revetment occurred between wave 74 and wave 75 and was induced by the progressive increase 
of “negative” pore pressure in the upper layer of the sand core. 
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Barends (1993), Losada et al. (1998) and Hall & Foster (1990) proposed different approaches 
to describe the internal wave set-up. Barends (1993) suggested the water storage capacity of the 
porous structure during wave attack as the dominant mechanism. Losada et al. (1998) suggested 
an internal wave breaking while the rising water level in front of the structure was suggested 
by Hall & Foster (1990). Therefore, Foyer (2013) further analysed the pore pressures recorded 
in the sand core beneath PBA-revetments in Oumeraci et al. (2010b) to investigate the 
development of the internal mean water level (IMWL). Foyer (2013) found out that the IMWL 
is directly related to the external mean water level (EMWL) and that this relation depends on 
the breaker type. A prediction formula for the spatial distribution of the relative internal set-up 
was developed (see Fig. 2.19). It was underlined that this approach was tentative and not fully 
physically based so that more research is necessary to understand the processes. The results of 
the analysis, also show that no build-up of residual pore pressure under PBA-revetment 
occurred, thus confirming the finding of Oumeraci et al. (2010b). 

Alcérreca Huerta (2014) conducted an extensive numerical study of the pore pressure 
distribution beneath PBA-revetments for regular waves. Based on the results, the approach of 
de Groot et al. (2006) was recommended for the prediction of pore pressure development in the 
sand core. Furthermore, the parameter study showed that soil parameters such as permeability 
are rather important to describe pore pressure development and that the surf similarity 
parameter should not be used for this purpose. Alcérreca Huerta (2014) also conducted a 
stability analysis against soil liquefaction beneath PBA-revetments with different revetment 
thicknesses which was validated with the data of Oumeraci et al. (2010b). He explained the 
failure of the PBA-revetment which occurred in the GWK-tests (see Fig. 2.18) with the 
accumulation of small liquefied zones in the sand core into a larger liquefied area leading to the 
collapse of the revetment.  

 

Fig. 2.18: Pore pressure development in the substructure of the PBA-revetment model at the moment of failure 
(Oumeraci et al. (2010b)) 
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Fig. 2.19: Relation between internal mean water level in the sand core int and the mean water level directly at 
the bottom of the revetment S,int for different surf similarity parameters (Foyer (2013)) 

The failure of the PBA-revetment in the experiments of Oumeraci et al. (2010b) showed the 
crucial relevance of the analysis of pore pressure in the sand core beneath bonded porous 
revetments. However, the transient and the residual pore pressure have been investigated mostly 
for porous seabeds and not for the sand core underneath revetments. For the sand core beneath 
PBA-revetments, Oumeraci et al. (2010b) identified two types of soil liquefaction beneath the 
revetment: transient (or instantaneous) liquefaction and residual liquefaction. 

As the cyclic wave loading was found to be affected by a porous revetment (see section 2.2) it 
is assumed that also the pore pressure development underneath the revetment is directly 
connected to changes in the processes on the revetment. Consequently, further systematic 
research is necessary to investigate the effect of the porosity and slope steepness on the wave-
induced pressures in the sand core underneath bonded porous revetments.  

The approach of de Groot et al. (2006) was successfully applied by Alcérreca Huerta (2014) for 
the description of the pore pressure development in the sand core under bonded porous 
revetments subject to regular waves. An application of this model for irregular waves has to be 
verified.  

Furthermore, a stability analysis against soil liquefaction beneath bonded porous revetments 
with different thicknesses was conducted for regular waves by Alcérreca Huerta (2014). This 
approach is very promising for a systematic application on revetments with different porosities 
and slope steepnesses in order to identify the effect of both parameters on the stability of the 
sand core under irregular wave attack. 

Foyer (2013) found out that the IMWL is highly dependent on the EMWL. The relation between 
IMWL and EMWL at the revetment depends on the breaker type. No build-up of residual pore 
pressure was found by Foyer (2013) under the bonded porous revetment. However, the long-
term investigations of the development of the IMWL was only conducted for one specific 
revetment.  
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In the numerical investigations of Foyer (2013) and Alcérreca Huerta (2014) no investigation 
of the long-term development was possible due to hardware restrictions. An extension of the 
experimental data is necessary to describe the development of IMWL under irregular waves as 
a function of the revetment porosity and slope steepness. 

 

2.4 Specification of objectives and methodology 

In this chapter, the current knowledge related to the processes in front of, on and beneath 
revetments, which are relevant for bonded porous revetments under wave attack was reviewed 
and analysed. The main implications drawn from the results of this chapter may be summarized 
as follows: 

 For wave reflection, only two types of models were found to be appropriate among the 
several formulae available: eq. (2.4) as the most widely used model with the lowest 
uncertainties, and eq. (2.5) which was successfully used to fit 6000 data from a data base 
for different types of structures. The results of the application of both models to porous 
bonded revetments by Oumeraci et al. (2010b) (eq. (2.4)) und by Alcérreca Huerta (2014) 
(eq. (2.5)) showed that both models are promising for this study. 

 For wave set-up and wave run-up/run-down, it was shown that both increasing revetment 
porosity and roughness result in a decrease of the wave run-up/run-down while no study 
could be found about the effect of porosity and roughness on wave set-up. The swash 
processes are also obviously affected by the storage capacity and the saturation of the 
revetment. The time scale of wave run-up/run-down (seconds) and that of wave set-up 
(hours) are quite different and the latter was shown to strongly affect all processes on and 
beneath the revetment. Moreover, wave set-up is also crucial for the development of the 
internal mean water level (IMWL) in the sand core beneath the revetment. Therefore, it is 
physically more appropriate to consider wave set-up and wave run-up/run-down 
separately; i.e. instead of the common approach using SWL as a reference water level for 
wave run-up/run-down, the external mean water level (EMWL) should be used. The latter 
approach was successfully applied only for regular waves and need thus to be verified for 
irregular waves. For this purpose, a focus on irregular wave tests would be required to 
further investigate the effect of the porosity and slope steepness on wave set-up and wave 
run-up/run-down. 

 For wave loads on and beneath the revetment, it is often assumed that porous revetments 
are associated with lower peak pressures than impermeable revetments. In contrast to 
impact pressures, quasi-static pressures are not affected by the thickness of porous 
revetments. For regular waves, only slight differences were found in the non-dimensional 
spatial distribution of the pressure on the revetment for impact and non-impact loads.  
However, the effect of the porosity for different slope steepnesses on the location of the 
peak pressure on the revetment and the related spatial pressure distribution as well as on 
the related pressure through the different porous layers of the revetment and the sand core 
are still unknown. 
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 For wave-induced pressure in the sand core and stability analysis, the previous studies, 
especially the numerical study by Alcérreca Huerta (2014), have shown that the most 
promising and simplest approach for the prediction of pore pressure distribution in the sand 
core beneath a bonded porous revetment  are the formulae by de Groot et al. (2006), which 
were initially proposed for the development of wave-induced  pressure in a porous seabed 
without any protective cover. Moreover, it was shown that for the stability analysis of 
porous bonded revetments, not only transient pore pressure is important, but also residual 
pore pressure induced by the internal mean water level (IMWL), which is strongly related 
to EMWL (i.e. to the wave set-up) and that this relation is governed by the surf similarity 
parameter, i.e. by the breaker type (Foyer (2013)). Since the above mentioned numerical 
study was performed only for regular waves without any variation of the revetment 
porosity, laboratory tests focusing on irregular wave tests and the effect of the porosity for 
different slope steepnesses on the pore pressure in the sand core beneath the revetment 
would be required. 

2.4.1 Specification of objectives 

The analysis of the current knowledge in this chapter confirms the primary objective of this 
study as briefly formulated in section 1.1, which consists in the improvement of the knowledge 
related to the effect of the porosity for different slope steepnesses of a bonded revetment on the 
hydrodynamic processes on and beneath the revetment. Based on the aforementioned 
implications from the results of this chapter, an improved understanding is particularly required 
regarding the effect of the revetment porosity for different slope steepnesses on the following 
processes by focusing on irregular waves: 

(i) Processes in front of and on the revetment, including wave reflection, wave set-up and 
wave run-up/run-down 

(ii) Wave-induced pressures on the revetment, including wave breaking and wave load 
classification, peak pressure, its location and the spatial pressure distribution on the 
revetment 

(iii) Processes in the sand core beneath the revetment, including wave damping through the 
revetment, damping of the transient pore pressure in the sand core beneath the revetment, 
development of the internal mean water level (IMWL) as well as their effect on the stability 
of the sand core beneath the revetment 

Moreover, the relative importance of the effect of the revetment porosity and roughness and 
that of the slope steepness should also be first investigated before starting with more detailed 
experimental investigations and with the development of formulae which account explicitly for 
the effect of the revetment porosity on these processes. This must be considered in the 
specification of the work phases of the methodology described below.  
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2.4.2 Specification of methodology 

To achieve these objectives, the methodology as illustrated in Fig. 2.20 is proposed which 
includes the four work phases already mentioned in section 1.2 and specified more precisely 
below: 

Phase 1: Review and analysis of current knowledge. The main objective of this phase as 
reported in this chapter was to identify the knowledge gaps related to (a) the processes in front 
of and on the revetment such as wave breaking, wave reflection, wave run-up/run-down, wave 
set (EMWL) (b) wave loads on and beneath the revetment, including peak pressure as well as 
its location and the spatial pressure distribution on the revetment and (c) wave-induced pore 
pressures in the sand core beneath the revetment, including the development of the internal 
mean water level (IMWL) in the sand core and their importance for the stability analysis. In 
this respect, the laboratory study by Oumeraci et al. (2010b) and the completed numerical PhD-
studies of Foyer (2013) and Alcérreca Huerta (2014) were particularly considered, as they 
comprehensively address diverse processes directly related to porous bonded revetments. As a 
final result of phase 1, both objectives and methodology for this PhD-study are specified more 
precisely. 

Phase 2: Preliminary scale model tests. To study the effect of the revetment porosity on the 
aforementioned processes and its relative importance as compared to the effect of the slope 
steepness and roughness, a variation of a very large number of structural parameters would be 
required which might be practically not feasible in a usual scale model set-up using common 
“realistic” revetment models. Therefore, a simplified model set-up in which the slope angle, 
roughness and porosity can be easily and quickly varied would be required for preliminary scale 
model tests. In order to determine the relative importance of the effects of these parameters on 
the aforementioned processes, a large number of systematic tests with a focus on regular waves 
are necessary. The obtained results, though primarily used for phase 3 as described below, are 
expected to substantially contribute to an improved understanding of the effect of the revetment 
porosity (including the variation of both slope steepness and roughness) on the processes in 
front of, on and beneath the revetment. 

Phase 3: Optimization of the model set-up and programme for the main tests. The results 
from the preliminary tests in phase 2, together with those from the GWK-tests by Oumeraci et 
al. (2010b) as well as with the findings from the completed PhD-studies of Foyer (2013) and 
Alcérreca Huerta (2014) are used to develop an optimized and more realistic model set-up and 
to determine an optimized programme for the main tests in phase 4 both in terms of efficiency 
and practical feasibility within the frame of the allocated time and resources. The optimisation 
also includes for instance the determination of (a) the most appropriate solution to reproduce  
different porosities of a bounded revetment and (b) the most adequate locations of the limited 
available number of measuring devices for this study and further technical constraints and 
boundary conditions.  

Phase 4: Main scale model tests. This phase which particularly focusses on irregular waves 
represents the major work phase of the PhD-study. It includes the performance of the main tests 
using the experimental set-up with a more realistic model set-up and with the optimized 
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locations of the measuring devices as determined in the previous phase as well as the analysis 
of the results in order to obtain a better understanding of the effect of the revetment porosity 
and slope steepness. Therefore, a systematic analysis of the following processes is performed 
with a focus on irregular waves (a) processes in front of and on the revetment (wave reflection, 
wave set-up and wave run-up/run-down), (b) wave-induced pressures on the revetment (wave 
breaking and wave load classification, peak pressure, its location and the spatial pressure 
distribution on the revetment), (c) processes beneath the revetment (damping of wave-induced 
pressures in the revetment, pore pressure in the sand core beneath the revetment, internal mean 
water level, stability of the sand core). 

Chapters 2-7 corresponding to the aforementioned work phases are indicated in Fig. 2.20. In 
the concluding chapter 8, the key results are summarized, including their limitations and the 
implications for future research. 

 

Fig. 2.20: Specified methodology and work phases of the PhD-study 

 

Review and analysis of current 
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 Wave-induced pore pressures, IMWL

• Specification of objectives and methodology

Preliminary scale model tests (scale 1:5)
• Simplified model with easy variat ion of

slope steepness, porosity and roughness
• Focus on regular wave tests
• Analysis of the obtained data depending on

the varied parameters
• Quantificat ion of relat ive importance of the

varied parameters on the processes

Optimisation of the model set-up and programme for the main tests
• optimisation of a more realistic model set-up and determination of an optimized testing

programme.
• Based on the results of preliminary tests, the GW K-tests (Oumeraci et al. (2010b) and

the completed PhD-studies (Foyer (2013) and Alcérreca Huerta (2014))
• Based on practical feasibility with in the allocated time and resources

Phase 1 (chapter 2) Phase 2 (chapter 3)

Phase 3 (chapter 3)

Main model tests (scale 1:5)
• Optimised non-simplified model set-up
• Optimised testing programme
• Focus on irregular waves

Phase 4 (chapter 4-8)

(chapter 4)

Analysis of processes in front 
of and on the revetment

• Wave reflection
• Wave set-up
• Wave run-up and run-down

Analysis of wave-induced 
pressures on the revetment

• Wave breaking and wave load 
classification

• Peak pressure on the revetment
• Location of peak pressure
• Spatial pressure distribution 

Analysis of processes in and 
beneath the revetment

• Damping performance of 
porous revetment

• Pore pressure damping 
performance in the sand core

• Development of the internal 
mean water level (IMWL)

• Stability of the sand core

(chapter 6)(chapter 5) (chapter 7)

Summary, discussion and outlook

(chapter 8)



Preliminary model tests 45

 

 

3 Preliminary model tests 

This chapter describes briefly phases 2 and 3 of the methodology specified in Fig. 2.20, which 
includes the performance of preliminary hydraulic model tests with a simplified revetment and 
model set-up to easily vary the slope angle, roughness and porosity of the revetment and to 
quantify the effects of these parameters on the wave-loading. Even though roughness and 
porosity are inextricably linked with each other in bonded porous revetments, these two 
parameters are considered separately in the preliminary tests to achieve a better process 
understanding. 

The results of the preliminary tests together with the results of a parallel conducted numerical 
study of Alcérreca Huerta & Oumeraci (2013), of the GWK-tests by Oumeraci et al. (2010b) 
and of a previous numerical study of Foyer (2013) are used to optimise the model set-up and 
the testing programme for the main tests with a more realistic revetment model. 

The model set-up and the programme of the preliminary tests are briefly described in 
section 3.1. In section 3.2 only selected results of the analysed model tests are addresses which 
contribute most to optimise the model set-up and the programme for the main tests. The 
implications for this purpose are drawn in section 3.3. 

The detailed description of the preliminary tests and their analyses with all obtained results are 
reported in Liebisch et al. (2013b). 

3.1 Model set-up and test programme 

Based on the given restrictions in terms of the dimensions of the LWI wave flume and the 
possible range of wave parameters, a model scale of 1:5 related to the larger model tested in 
GWK (Oumeraci et al. (2010b)) is selected. A similar model set-up to that of the GWK-tests is 
important to ensure comparability and to assess possible scale effects.  

In the preliminary model tests slope steepnesses of 1:3 and 1:6 are selected which are associated 
with significantly different effects on the wave loading of the revetment, but still within the 
range of common slope steepness values used in coastal protection practice. A slope steepness 
of 1:4 obviously represents a transition between such different effects, especially with regards 
to the propability of the breaking waves impacting on a water free revetment surface due to the 
timing of the wave run-down (e.g. Führböter (1991)). Consequently, these two slope 
steepnesses are chosen for the model tests because, a slope of 1:3 is commonly used for highly 
porous revetments and the flatter slope of 1:6 is typical for the seaside slope of sea dikes. 

To fulfil the requirement of a fast and easy variation of slope steepness, roughness and porosity 
of the in the preliminary tests, a revetment model is developed which uses relatively thin metal 
sheets (d = 1.5 mm) as a cover layer instead of the bonded porous cover layer. Overall, one 
impermeable sheet (p0) and two different perforated metal sheets with a porosity of n = 23% 
(p1) and n = 48% (p2) are used. The roughnesses variation is achieved by the fixation of 
roughness elements made of wood (L/W/D = 0.10/0.06/0.04 m) on the revetment. The elements 
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are arranged in two layouts on the metal sheets in order to obtain two significantly different 
roughnesses described by a covering index CI, which is defined as the surface covered by the 
roughness elements as related to the total surface (see eq. (3.1) and Fig. 3.1): 

 surface covered by roughness elements 

total surface
CI    (3.1) 

Fig. 3.1 illustrates the two different layouts for the arrangement of the roughness elements. 

 

Fig. 3.1: Layouts of roughness elements on the slope, left: covering index 9.9%, right covering index 19.2% 

The combined variation of porosity (p0, p1 & p2) and roughness (r0, r1 & r2) result in 9 model 
configurations as defined in Tab. 3.1. 

Tab. 3.1: Configurations investigated in the preliminary scale model tests (phase 2) 

Configuration Porosity 0 
n = 0% 

Porosity 1 
n = 23% 

Porosity 2 
n = 48% 

Roughness 0 
smooth 

Roughness 1 
Layout 1 

Roughness 2 
Layout 2 

p0r0 X   X   
p0r1 X    X  
p0r2 X     X 
p1r0  X  X   
p1r1  X   X  
p1r2  X    X 
p2r0   X X   
p2r1   X  X  
p2r2   X   X 

 
The revetment model was constructed in front of a brick wall with a height of 1.10 m (see 
Fig. 3.3). Sand with a mean grain size d50=0.14 mm is used for the sand core. This results in a 
scale factor of 1:2.43 related to the grain size used in the large-scale tests of Oumeraci et al. 
(2010b). In fact, a downscaling with a factor of 1:5 would result in a cohesive material. A filter 
layer is placed on the sandy substructure with a geotextile in between to prevent a wash out of 
the sand material. The filter material in the large-scale tests of Oumeraci et al. (2010b) was 
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made of crushed limestone 20/40 mm. Scaled in 1:5 it would result in a grain size of 4/8 mm 
which might result from the occurrence of possible laminar flow in the filter layer. To prevent 
such effects the filter grain size is chosen to 8/16 mm resulting in a distortion factor of 2.0. The 
metal sheets are placed on top of the filter material. 

Altogether, a total of nine revetment configurations are tested for both slope steepnesses. This 
systematic procedure allows to quantify the effect of structure parameters on the hydrodynamic 
processes on and beneath the revetment. Each of the 9 revetment configurations is subject to 
the same wave conditions. This includes 14 tests with regular waves (16-150 waves/test, 
depending on the wave period), 5 tests with wave spectra (600 waves/test) and 3 tests with 
solitary waves. Wave heights are chosen between 0.08 m and 0.25 m with wave periods from 
1.0 s up to 6.0 s. Consequently, a wide range of surf similarity parameters m between 0.93 and 
7.21 (1:3) resp. between 0.62 and 3.61 (1:6) results to cover the full range of wave loading 
conditions from impact load to pulsating wave load conditions. In total, 210 model tests are 
performed in phase 2. The test programme for each of the 9 revetment configurations is 
summarized in Tab. 3.2. 

Tab. 3.2: Test programme for each of the 9 revetment configurations (R = regular waves, S = wave spectra) 

 wave height Hm resp. Hm0 

0.08 0.12 0.16 0.20 0.25 

solitary waves  X X X  
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1.0  S R R  
1.5  R R  R 

2.0   R   

2.5 R R S S  

3.0   R  R 

4.0  S  R  

5.0   R R  

6.0  R  S  

 

Based on the wave conditions in Tab. 3.2, pre-calculations are conducted to optimize the model 
set-up, including the number and location of the necessary measuring devices. The detailed 
calculations can be found in Liebisch et al. (2013b) and the implications from the results might 
be described as follows. 

From the 23 pressure transducers (PT) which are deployed, 11 are placed on the revetment 
(layer 1), and 4 PTs are placed in different layers underneath the revetment: at the bottom of 
the filter layer on the geotextile (layer 2) and in the sand in a depth of 5 cm (layer 3) and 10 cm 
(layer 4). This results in 4 columns with 4 PTs perpendicular to the slope (also see Fig. 3.3) to 
measure the wave-induced pressure on the slope and its reduction through the different layers 
of the revetment. The 11 pressure transducers on the revetment are situated in a water-proof 
metal box where they are fixed in the cap of the box. During the experiments, the cap is flush-
mounted with the revetment cover layer (metal sheet). This construction is required to ensure a 
fast change of the cover layer without moving the pressure transducers. Furthermore, the wave 
run-up and run-down are measured by run-up gauges placed on the slope. The development of 



Preliminary model tests 48

 

 

the internal water level in the sand core is recorded over time by means of a wave gauge (1:3 
revetment) resp. a PT (1:6 revetment) placed in a plastic pipe in the sand (see Fig. 3.3). The 
water surface elevation is measured at two gauge arrays with 5 wave gauges each. To visualize 
the test results and to review possible inconsistencies during data analysis, two digital video 
cameras were deployed. One was placed on top of the wave flume and one laterally.  

The water depth is varied from 0.45 m to 0.7 m in order to allow the waves to break within the 
location where most of the pressure transducers were installed (see Fig. 3.3). 

A plan view of the model set-up in the flume is shown exemplarily for the model with the 1:3 
slope in Fig. 3.2. 

 

Fig. 3.2: Plan view of the model set-up for the preliminary tests in the 2 m wide wave flume of LWI (exemplarily 
for slope steepness 1:3) 

The detailed model set-up with the deployed measuring devices exemplarily for the 1:6 
revetment model is sketched in a side view in Fig. 3.3. The different layers 1-4 and columns A-
D of PTs are also illustrated. 

 

Fig. 3.3: Side view of the model set-up for the preliminary tests in the 2 m wide wave flume of LWI (exemplarily 
for slope steepness 1:6) 
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3.2 Results of preliminary tests 

Even though a very simplified revetment model was used in the preliminary tests, adequate 
conclusions can be drawn regarding the processes on and in front of the revetment. Particularly, 
a proper assessment of the pore pressure damping with increasing depth in the subsoil with 
proper implications for the optimization of the locations of the pressure transducers in the sand 
core of the main tests can be obtained. In this section, the most important findings of the 
preliminary tests are briefly and systematically reported according to the different processes in 
front of, on and beneath the revetment. The procedures for the acquisition, pre-processing and 
analysis of the data are described in Liebisch et al. (2013b) and generally comply with the 
procedures used in the main tests reported in chapter 1 below. 

3.2.1 Processes in front of and on the revetment 

a) Wave reflection 

The analyses of the preliminary tests show that both roughness and porosity have a decreasing 
effect on the reflection coefficient. Irrespective of the slope steepness, the roughness elements 
induce more turbulence on the revetments leading to higher energy dissipation. The latter is 
more significant for larger surf similarity parameters, because the effect of porosity and 
roughness is more pronounced for surging breakers than for other breaker types such as 
plunging breakers which are anyway associated with a high energy dissipation even on a smooth 
and impermeable revetment. The effect of the porosity on the reflection coefficient is much 
smaller (up to 50%) for both slope steepnesses compared to that of the roughness. 

 

Fig. 3.4: Effect of porosity on the wave reflection coefficient as a function of surf similarity parameter m for 
regular waves (slope steepness 1:3) 

configuration A B r² 'diff
p0r0 1.08 7.89 0.88 0.19

p1r0 0.91 8.42 0.91 0.16

p2r0 0.88 7.47 0.89 0.18
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When porosity increases from n = 0% to n = 23%, a significant decrease (up to 38%) of the 
reflection coefficient occurs. For a larger porosity n = 48% almost no additional effect is 
observed (“saturation”). Obviously this is due to the limited capacity of the porous revetment 
to cope with the infiltration of the uprushing water into the slope (see Fig. 3.4). 

Combining both effects, an increasing roughness results in smaller reflection coefficients on a 
highly porous revetment, but no additional effect can be obtained by further increasing the 
porosity of a revetment with a high roughness. 

The slope steepness also affects the reflection coefficient. The 1:6 revetment provides reflection 
coefficients which are up to 40 % smaller than those for the 1:3 slope. However, this has to be 
proven also for large surf similarity parameter (m > 3.7), which are lacking for the 1:6 
revetment. 

For all configurations and both slope steepnesses an increase of the reflection coefficient for 
small surf similarity parameters was observed.  

 
The effect of roughness dominates the effect of porosity on the reflection performance. 

It can be assumed that for a given m there must be a threshold value of the porosity where 
“saturation” occurs, so that the effect on wave reflection becomes negligible. This statement 
has to be proven in the main tests by the investigation of at least two revetment configurations 
with significantly different porosities. 

The slope steepness also affects the reflection coefficient. The flatter slope provided smaller 
reflection coefficients compared to the steep slope. Consequently, it is recommended to 
investigate two slope steepnesses at minimum with an extension of the data sets for large surf 
similarity parameter (m > 3.7). 

 

b) Wave setup 

In the preliminary tests the relative wave set-up is found to slightly increase with an increasing 
roughness. This effect is larger for the 1:6 than for the 1:3 revetment. However, the effect of 
slope steepness on the relative wave set-up is decisive. For the flatter slope the relative wave 
set-up is smaller than for the steeper slope. The results of relative wave set-up are comparatively 
shown for both tested slopes 1:3 and 1:6 in Fig. 3.5, together with the related equations and 
determination coefficients r² obtained. 
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Fig. 3.5: Effect of slope steepness on relative wave set-up as a function of surf similarity parameter m for regular 
waves (all configurations) 

A larger scattering occurs for the 1:3 revetment and surf similarity parameters smaller than 2. 
Obviously, for plunging breakers the slope steepness is not the only parameter which strongly 
affects the wave set-up. 

Especially for smaller surf similarity parameters (plunging breakers) more research is necessary 
as the slope steepness is not the only important structure parameter strongly affecting the wave 
set-up. For the main experiments, more appropriate measurements of the wave set-up inside the 
sand core would be required in order to better describe the relation between the external mean 
water level and the internal mean water level in the sand. 

 

c) Wave run-up and run-down 

The wave run-up decreases significantly with increasing porosity, due to the infiltration of the 
up-running water mass into the porous structure and the associated higher turbulence and 
energy dissipation. In Fig. 3.6 the time series of wave run-up and run-down on a smooth 
revetment (r0) are exemplarily shown for the 3 tested porosities n = 0%, 23%, and 48%. The 
selected test for regular waves with a height of Hm = 0.16 m and a period Tm = 3.0 s in a water 
depth h = 0.60 m corresponds to non-impact load conditions, thus resulting in larger wave run-
up than for impact loads. 
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Fig. 3.6: Time series of wave run-up and run-down for smooth revetments with different porosities (regular 
waves, Hm = 0.16 m, Tm = 3.0 s, h = 0.60 m) 

In this example, the wave run-up for the impermeable revetment (n = 0%) is reduced by more 
than 20% on the highly porous revetment (n = 48%), which corresponds to the findings of 
Oumeraci et al. (2010b) for a comparison of the results obtained for highly porous PBA-
revetment and the run-up formula for smooth impermeable revetments. The effect of the 
porosity on wave run-down is less distinct and less pronounced. This might be due to the 
exfiltration processes which are more influenced by the porosity of the soil beneath the 
revetment than by that on the relatively thin revetment itself. Generally, similar results for the 
effect of the porosity of the smooth revetment are also obtained for the different roughnesses 
tested. However, the effect of porosity by varying the roughness is much more complex. For 
instance, it is not imperative that wave run-up decreases with increasing porosity. This is 
probably due to the combined effect of turbulence induced by the roughness elements and the 
infiltration/exfiltration processes which needs to be examined in more detail. For the 1:6 slope 
the effect of roughness is much more significant due to a larger ration of roughness element 
height to the water layer thickness on the slope. With the relative wave run-up and run-down 
as related to the external mean water level (EMWL) the results are confirmed. This method is 
physically much more appropriate than that related to SWL and a much smaller scattering is 
obtained. 

Both roughness and porosity have a decreasing effect on the wave run-up. This effect is more 
pronounced for larger surf similarity parameters.  

It is physically much more appropriate to analyse wave run-up and run-down related to the 
external mean water level (EMWL) than related to still water level (SWL). 
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3.2.2 Wave-induced pressures 

An example of a recorded time series of the wave-induced pressure in different layers on and 
beneath the high porous revetment (p2) is illustrated for column C in Fig. 3.7 for regular waves 
with a height of 0.25 m and a period of 1.5 s in a water depth of h = 0.50 m which corresponds 
to impact load conditions.  

 

Fig. 3.7: Time series of wave-induced pressures on and beneath a highly porous and smooth revetment (regular 
waves, Hm = 0.25 m, Tm = 1.5 s, h = 0.50 m) 

The reduction of the pressure through the revetment becomes obvious. The pressure peak is 
damped up to 40% by the porous revetment and the filter layer underneath. In the second sand 
layer in a depth of 10 cm, only small pressure values are visible so that the impact pressure is 
damped completely in a depth of 10 cm in the sand. Furthermore, it is also obvious that the 
quasi-static loads are transferred nearly completely through the cover and the filter layer. The 
entire porous structure induces almost no damping of the quasi-static loads which typically 
occur for larger surf similarity parameters. 

Both roughness and porosity have a damping effect on the peak pressure for impact loads for 
both tested slope steepnesses. However, due to the retaining effect of the roughness elements a 
water layer remains on the revetment which damps the pressure peaks more significantly as 
compared to the present porosity. The slope steepness also affects the loading of the revetment. 
For steeper slopes high pressure peaks are less likely than for flatter slopes. Quasi-static loads 
are not affected by porosity or roughness. 

Regarding the location of the peak pressure the direct relation with the wave run-down and the 
residence time of the associated water layer on the slope is underlined. If a water layer remains 
longer on the slope the incident waves glide on this water layer and break further upwards the 
slope. As the effect of roughness on the wave run-down is more distinctive than the effect of 
porosity, the same also applies for the location of the peak pressure on the slope. 
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Based on the model of Alcérreca Huerta & Oumeraci (2012) for the spatial pressure distribution 
to analyse the data, almost no change is found in the spatial pressure distribution with an 
increasing porosity. Similar to the location of the peak pressure it is found that the wave run-
down also affects the spatial pressure distribution leading to a smoother distribution. The spatial 
pressure distribution for quasi-static loads is affected neither by roughness nor porosity for both 
tested slopes 1:3 and 1:6. However, it is not possible to “close” the spatial pressure distribution 
at the toe of the revetment, because no measurements are available at this location. 

The peak pressure is affected by both roughness and porosity only for impact loads. The 
location of peak pressure and the spatial pressure distribution are closely related to the wave 
run-down and the residence time of the associated water layer on the slope, and thus especially 
affected by the roughness. 

An additional pressure measurement at the toe of the revetment is necessary to “close” the 
spatial pressure distribution. 

 

3.2.3 Wave-induced pore pressures 

A time series of the pore pressure recorded for impact loads in the preliminary tests was already 
shown in Fig. 3.7. The results confirm the findings of the exponential reduction of the wave-
induced pore pressure in the sand in Oumeraci et al. (2010b). However, for many of the 
preliminary tests especially those related to non-impact loads, the pore pressure distribution in 
the sand core is not entirely captured as shown at the deepest measuring location (layer 4) in 
Fig. 3.8, where the amplitude of the pore pressure signal (red line) is not zero, but still relatively 
high. 

 

Fig. 3.8: Time series of wave-induced non-impact pressure on a porous and smooth revetment 
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In the preliminary tests, no effect of the revetment porosity or roughness on the pore pressure 
development in the sand core was found, but the wave period seems to substantially affect the 
infiltration depth of wave-induced pore pressures. Like in the GWK-tests by Oumeraci et al. 
(2010b) and in the numerical study by Alcérreca Huerta & Oumeraci (2013) no difference in 
pore pressure distribution is obtained for the four columns of PTs. 

Pressure signals of the IMWL at a single point in the sand using a plastic pipe with a pressure 
transducer inside (see Fig. 3.3) could be obtained for the 1:6 revetment model. In case of the 
1:3 revetment a piling up of the water occurred in front of the boundary brick wall for some 
tests and affected the development of the IMWL. Consequently, a comparison with the results 
obtained by Ludwigs & Oumeraci (2011) is so far not possible due to the missing measurement 
of the spatial development of IMWL in the sand core. 

The wave-induced pore pressures are reduced exponentially in the sand core, but is not 
completed for many tests especially for non-impact loads at the deepest measuring location 
(layer 4). 

Due to the lack of measurements at different points of the internal mean water level (IMWL) 
in the sand core, no statements on the spatial distribution and temporal development of the 
IMWL are so far possible. In the main tests a finer resolution of measuring points for the IMWL 
in the sand is necessary. 

 

3.3 Summary and implications for the main tests 

The different processes in front of, on and beneath the simplified model revetment investigated 
in the preliminary tests with the purpose of optimising the model set-up and the programme of 
the main tests. Both are described in detail in Liebisch et al. (2013b). The most important results 
with respect to the aforementioned purpose have briefly been discussed in this chapter. For this 
purpose, the results of the GWK tests (Oumeraci et al. (2010b)) and those of the numerical 
studies of Foyer (2013) and Alcérreca Huerta (2014) were also considered. 

In this respect the following implications for the model set-up of the main tests can be drawn: 

 The simplified revetment will be replaced by a more realistic bonded porous revetment. 
Two significantly different porosities need to be investigated. A small porosity in the 
range 10% is recommended. This is particularly important for identifying a possible 
threshold value of the porosity where “saturation” occurs and the effect on wave 
reflection becomes negligible. In advance it has to be tested with small test cubes if it is 
technically possible to achieve such a low porosity for a revetment. 

 The effect of roughness dominated the effect of porosity on the reflection performance. 
However, roughness and porosity are inextricably linked with each other in bonded 
porous revetments, so these two parameters have to be considered together in the main 
tests. 
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 For the 1:3 revetment a larger distance between the revetment and the rear boundary 
(brick wall) of the model is required to prevent a piling up of the water in front of the 
brick wall in the sand. 

 Due to the effect of slope steepness on most of the processes on and beneath the 
revetment, the slopes 1:3 and 1:6 tested in the preliminary study are also the most 
appropriate to be further considered for the main tests. 

For the location of the measuring devices in the main tests, the following implications are 
drawn: 

 A pressure transducer at the toe of the revetment is necessary to “close” the spatial 
pressure distribution on the revetment. 

 A fifth layer of pressure transducers at a deeper location (20 cm) in the sand core is 
necessary to fully describe the wave-induced pore pressure reduction. 

 To capture the spatial development of the IMWL a sufficient amount of pressure 
transducers in the rear part under the EMWL is needed.  

 Due to the limited amount of pressure transducers (PT), the PT-columns may be reduced 
from four to three to obtain more devices for the spatial development of the IMWL. This 
is possible because no significant difference in the pore pressure distribution was 
observed at the four PT-columns. 

Regarding the testing programme the following issues have to be regarded: 

 For the development of more generic formulae, a substantially improved understanding 
of the processes on and beneath the revetments is required which can be achieved 
through a large number of more systematic regular and irregular wave tests. The 
numerical studies of Foyer (2013) and Alcérreca Huerta (2014) provide a large data set 
for regular wave tests. Therefore it is necessary to extend the data set with irregular 
wave tests. Especially for the investigations of the long-term development of IMWL the 
tests have to be long enough to capture the complete development of IMWL. The latter 
is especially important for regular wave tests. 

 To ensure comparability with the preliminary tests and the large-scale tests of Oumeraci 
et al. (2010b) selected tests from both studies have to be reproduced in the main tests 

 A wider range of surf similarity parameters have to be extended especially for the 1:6 
slope regarding surf similarity parameter  larger than 3.5. 

For the data analysis the following issues have to be remarked: 

 It is recommended to use wave run-up and run-down height related to the EMWL in the 
analyses because it is physically much more appropriate than to SWL. 

 The relation of external mean water level and internal mean water level in the sand 
needs to be determined in the main tests. 

A comprehensive description of the planning of the main tests phase with the considerations of 
practical restrictions in the laboratory can be found in Liebisch et al. (2013a). 
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4 Experimental set-up and programme for the main model tests 

Based on the results of the preliminary tests with the simplified model implications for the main 
tests were drawn in chapter 3 to develop a more realistic model set-up as well as to optimise 
the locations of the measuring devices and the test programme (phase 4 in Fig. 2.20). This 
chapter first give some general remarks on scale effects in section 4.1 and then the optimised 
model set-up together with the optimised locations of the measuring devices is described 
(section 4.2). The developed test programme with a focus on irregular wave tests is addressed 
in section 4.3. The final section 4.4 of this chapter is dedicated to the description of the 
procedure for the pre-processing and analysis of the data which is applied to generate the results 
reported in chapters 5, 6 and 7. 

The detailed calculations for the determination of the locations for the deployed measuring 
devices are reported in Liebisch & Oumeraci (2014). 

4.1 General remarks on model scale and scale effects 

To possibly ensure comparability to the large-scale model tests in GWK of Oumeraci et al. 
(2010b), the preliminary tests of Liebisch et al. (2013b) and the model in the main tests needs 
to be designed accordingly. Based on the given restrictions in terms of the dimensions of the 
LWI wave flume and the possible range of wave parameters, a model scale of 1:5 related to the 
larger model tested in GWK (Oumeraci et al. (2010b)) is selected.  

For scaled model tests a geometric, kinematic and dynamic similitude is necessary to transfer 
the obtained results into prototype scale. It is hardly possible to achieve a dynamic similitude 
in small scaled model tests because the characteristic fluid parameters (surface tension, 
viscosity, compressibility) cannot be scaled and model effects occur, which have to be 
considered in the interpretation of the results. For physical model tests in coastal engineering 
the model law of FROUDE is recommended, because the processes are mainly governed by 
gravity forces. In terms of the processes in front of, on and beneath bonded porous revetments, 
possible scale effects which might be considered in the analysis of the processes are discussed 
in the following. 

a) Processes in front of and on the revetment 

For the scale effects concerning the processes in front of and on the revetment (wave 
propagation, wave breaking, wave run-up/run-down), Schüttrumpf & Oumeraci (2005) 
analysed the scale effects in their experiments on wave run-up and overtopping on a smooth, 
impermeable revetment model in the wave flume of the LWI. More specifically, the influence 
of surface tension and viscosity on the afore mentioned processes were analysed showing that 
scale effects can be neglected considering wave propagation and wave breaking for common 
test conditions in the wave flume of the LWI (for wave-induced pressure due to wave breaking, 
see section c) below).  
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As the study of Schüttrumpf & Oumeraci (2005) was focussed on the analysis of wave 
overtopping processes, it was stated that tests with overtopping Reynolds numbers Req < 103 
with Req = 2(R-Rc)²/(T) have to be interpreted carefully. Since this study is focussed on the 
analysis of the swash processes on bonded porous revetments, for most of the tests Ru2% < Rc 
and no wave overtopping occurs. For this case, Schüttrumpf & Oumeraci (2005) recommended 
tests in large scale, because especially near run-up height Ru small swash velocities on the slope 
might result in a larger relevance of surface tension and viscosity. As the investigations of 
Schüttrumpf & Oumeraci (2005) were carried out on a smooth and impermeable revetment, this 
effect might be increased by the porous structure in this study, due to the flow in the porous 
structure during the swash processes. The magnitude of the scale effects due to surface tension 
and viscosity during swash in and on the revetment can hardly be determined. For the reduction 
of the scale effects due to flow in the porous media see next section b) below. The swash 
processes on the revetment are additionally affected by the degree of saturation of the porous 
structure underneath, which again affects the layer thicknesses during run-up/run-down leading 
to a changing effect of surface tension and viscosity depending on the degree of saturation. 
With a fully saturated porous revetment, larger water layers on the revetment are more likely 
resulting in a smaller relevance of scale effects for the swash processes. Overall, the magnitude 
of possible scale effects for wave run-up/run-down can only be estimated by the comparison of 
the results obtained in the small-scale tests with those of the GWK-tests. 

Due to the much larger time scale of wave set-up, scale effects are unlikely for this process and 
do not have to be considered in the analysis of the small scale tests. 

b) Flow in porous media and scaling of the porous revetment 

The flow on and especially in the revetment is affected by surface tension and viscosity (see 
section a) above). Scaling the grain size of the revetment stones might result in too large viscous 
forces and possibly in laminar flow in small-scale models. The revetment material in the large-
scale tests of Oumeraci et al. (2010b) was made of crushed limestone 20/40 mm. Scaled in 1:5, 
it would result in a grain size of 4/8 mm, for which the occurrence of laminar flow in the porous 
layer is more likely. To prevent exaggerated viscous effects in the small scale model according 
to Jensen et al. (1983), the grain size is chosen to 8/16 mm (also see Liebisch et al. (2013b)) 
resulting in a distortion factor of 2.0. Using this grain size for the revetment, viscous effects are 
largely prevented when the grain-size related Reynolds-number Recrit = vd50/ > 5.0. Even 
though the Reynolds-number varies over time during the swash processes on the revetment, this 
requirement is fulfilled most of the time. For a mean grain diameter d50 = 0.011 m and a 
kinematic viscosity of  = 10-6 m²/s, a porous flow velocity of v = 0.05 cm/s is necessary to 
prevent viscous effects. 

Nevertheless, the method of Jensen et al. (1983) is only valid for the assumption of a constant 
hydraulic gradient (steady flow), which is not given for a revetment under wave attack. 
Consequently, the application of a distortion factor might result in additional scale effects in 
the analysis of other processes in front of, on and just beneath (pressure damping of the 
revetment) the porous structure. The magnitude of this potential scale effects cannot be 
determined at this stage from a direct comparison of the small-scale tests of this study and the 
GWK-tests. 
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For a smaller porosity like in the down-scaled GWK-tests (n = 40%), the relevance of viscous 
effects increases again. Thus, the results are, strictly speaking, valid only for the tested 
conditions and cannot used directly and without correction for prototype conditions. 

c) Wave-induced pressures on the revetment 

Similar to the GWK-tests, the full range of relevant wave conditions (breaker types from 
plunging to surging breakers) and associated loading cases (from impact loads to quasi-static 
wave loads) is investigated. Scale effects are very likely for plunging breakers and the 
associated impact loads. The entrapped and compressed air in plunging breakers cannot be 
scaled by the Froude-law. Its effect is more pronounced in the smaller scale model, thus 
resulting in a larger damping of the peak pressures for impact loads (e.g. Bullock et al. (2001)), 
which has to be considered in the analysis. For surging breakers and the associated non-impact 
loads, scale effects are not expected, because this effect is not relevant. 

d) Wave-induced pore pressures in the sand core 

In fact, it is not possible to scale the grain size of the sand used in the large-scale tests of 
Oumeraci et al. (2010b) with a scale of 1:5, because a cohesive material would result. A grain 
size d50=0.14 mm is used for the sand core resulting in a scale factor of 1:2.43 related to the 
grain size used in the GWK-tests. The processes in the sand core are dominated by viscous 
effects which cannot properly be scaled by the FROUDE law, thus resulting in a hardly possible 
direct comparison of the obtained results with those of the large-scale tests. A qualitative 
description of the processes in the sand core is nevertheless possible.  

4.2 Model set-up and measuring devices 

As afore mentioned, the revetment in the main tests needs to be designed accordingly to the 
large-scale model tests in GWK of Oumeraci et al. (2010b) and the preliminary tests of Liebisch 
et al. (2013b). For instance, slope steepness 1:3 investigated in both GWK-tests and preliminary 
tests is also used for the main tests. For the same reason mentioned in chapter 3, slope 1:6, 
investigated in the preliminary tests, is also used for the main tests.  

Moreover, the same crushed stones (8/16 mm) for the filter layer and the same sand material 
(d50 = 0.14 mm) in the underlying sand core as in the preliminary tests (see chapter 3) are used. 
The main function of the filter layer is to provide an additional weight for the stability against 
uplift. A geotextile (Terrafix® 609) is located between the sand layer and the crushed stones to 
ensure stability of the sand against wash out. 

As already mentioned in chapter 3, it is practically not feasible to test 9 model configurations 
for each slope steepness like in Liebisch et al. (2013b). Thus, PBA-samples are manufactured 
with different grain sizes to firstly test which porosities are possible using polyurethane-glue. 
It was shown that porosities less than 20% can hardly be achieved (Liebisch & Oumeraci 
(2014)). Based on a small test series of small scale tests (1:15) in the small wave flume 
(“Berliner Rinne”) of the LWI, a highly porous cover layer with porosity n = 20% could be 
achieved only through a mixture of grain sizes (50 Vol.-% 4/8 mm, 25 Vol.-% 2/4 mm and 
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25 Vol.-% 1/2 mm) (Liebisch & Oumeraci (2014)). The two PBA-samples with the highest and 
lowest porosity of the cover layers (45% and 20%) which are used in the main tests are shown 
in Tab. 4.1.  

Tab. 4.1: PBA-samples with the highest (45%) and lowest (20%) porosity of the cover layers used in the main 
tests 

 PBA-sample 

No. 1 2 

picture 

  

grain size [mm] 8/16 50 Vol.-% 4/8 + 25 Vol.-% 2/4  + 25 Vol.-% 1/2 

pore volume [%] 45 20 

 

The mass distributions of the two cover layer materials together with the characteristic grain 
diameters are reported in Liebisch & Oumeraci (2014). Small changes in surface roughness 
between the two materials occur, but they are not considered in the analyses, because these 
differences would also occur in large scale caused by aging processes. The two cover layers are 
placed on the filter layer. Therefore, the cover layer material is mixed with the 2-component 
polyurethane agent in small batches outside the flume and modelled batch by batch on the filter 
layer. 

Three configurations (see Tab. 4.2) are used to investigate the effect of porosity and slope 
steepness on the processes in front of, on and beneath the revetment.  

Tab. 4.2: Model configurations in the main tests related to slope steepness and revetment porosity 

configuration slope steepness Porosity 
(revetment no.) 

c1 1:3 45% (1) 

c2 1:3 20% (2) 

c3 1:6 45% (1) 

 

The thickness of the cover layer is set to 5 cm for all configurations, because the effect of the 
revetment thickness on the processes in front of, on and beneath the revetment was already 
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investigated in Foyer (2013) and because a variation of this parameter in laboratory tests is 
highly time and cost consuming.  

A brick wall is constructed in the flume to border the revetment model on the back side. 
Draining holes in the brick wall prevent a water level rising in the sand due to a water storage 
in front of the brick wall. Based on the findings of the preliminary tests for the 1:3 slope a 
horizontal sand platform between the revetment crest and the brick wall is built (see Fig. 4.1). 
This is not necessary for the 1:6 slope, because in the preliminary tests no piling up of the water 
at the brick wall was observed. If the latter is nevertheless observed these tests are excluded 
from the analysis of the development of the IMWL. Further tests are excluded from the analysis 
of the IMWL-development if wave overtopping occurs on the 1:3 slope and results in a water 
layer on the horizontal platform, because the measurements are affected by the infiltrating 
water. The seaward boundary for all model configurations is realized by a foreshore with a 
slope steepness of 1:17.  

The general model set-up can be seen in Fig. 4.1 and Fig. 4.2. 

 

Fig. 4.1: General model set-up for model configuration c1 and c2 with a slope steepness of 1:3 

 

Fig. 4.2: General model set-up for model configuration c3 with a slope steepness of 1:6 

Based on the implications of the preliminary tests and the hydraulic boundary conditions, as set 
in section 4.3, the optimal locations of the measuring devices are determined. The detailed 
calculations are reported in Liebisch & Oumeraci (2014). 11 pressure transducers (PTs) are 
used for the wave-induced pressure on the revetment. 10 of them are placed in a water-proofed 
metal box and one transducer at the toe of the revetment to “close” the spatial pressure 
distribution on the revetment. The metal boxes were successfully used in the preliminary tests 
and allow an easy change of the cover layer without relocating the measuring devices. The 
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distance between the single PTs is set to 5 cm or 6 cm in the inner impact area and 10 cm in the 
outer zone. Depending on the wave conditions the water level varies between 0.45 m and 0.70 m 
to ensure that the location of peak pressure is in the inner impact area. For configurations c2 
and c3 only 10 PTs are used to measure the wave-induced pressure on the revetment due to a 
damage of a PT in the tests with configuration c1. 

Three PT-columns (A-C) perpendicular to the slope were used to record the pore pressure 
development in the sand core (see Fig. 4.3). As an important implication from the finding of 
the preliminary tests ( Liebisch et al. (2013a)), a PT-layer 5 is added  in a depth of 20 cm in the 
sand core in order to obtain a complete distribution of the pore pressures normal to the slope in 
the main tests. The upper PT-layers are located like in the preliminary tests: layer 2 to measure 
the initial pressure p0 on top of the sand core, layer 3 in a depth of 5 cm and layer 4 in a depth 
of 10 cm (layer 4) (see Fig. 4.3). 

 

Fig. 4.3: Locations of the PT-layers and PT-columns of the pressure transducers (PTs) on and beneath the 
revetment 

Like in the preliminary tests, the PTs in the sand are installed in a fixation unit (see Fig. 4.4) to 
avoid possible changes in the planned location of the devices in the sand core, especially during 
the construction period and the compaction of the sand layer. Furthermore, the PTs are installed 
next to the metal box to prevent an unintended effect of the box on the measurements. The PTs 
in layer 2 on the top of the sand layer were fixed on the geotextile between sand and filter 
material. 

The metal box and the fixation unit with the PTs in the sand core are depicted in Fig. 4.4. 

To ensure a finer spatial resolution than in the preliminary tests for the measurement of the 
development of the IMWL, 6 additional PTs are installed in the rear sand core below the 
external mean water level (EMWL) 20 cm above the flume bottom (Fig. 4.5). In this depth the 
pressure transducers are not affected by the swash oscillations induced by the waves on the 
slope. 
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Fig. 4.4: Metal box and fixation unit with pressure transducers during construction period (slope steepness 1:3) 

 

Fig. 4.5: Locations of the pressure transducers (PTs) for the measurement of the internal mean water level 
(IMWL) 

The tests with configuration c1 showed that the locations of the pressure transducers to measure 
the IMWL in Fig. 4.6 were not suited to also capture the development of the IMWL further 
away from the shoreline. Therefore, the locations of these PTs were adjusted accordingly for 
the tests with configurations c2 (Fig. 4.8) and c3 (Fig. 4.9). 

The measurement of the wave run-up and run-down on the revetment is realized by run-up-
gauges (RUG) placed flush-mounted with the porous cover layer as shown in Fig. 4.7. 3 RUG 
with a length of 1 m each are used on the 1:3 model (Fig. 4.11) and 5 RUG on the 1:6 slope 
(Fig. 4.12). The water surface elevation is measured by 10 wave gauges (WG) which are 
arranged in two wave gauge arrays (Fig. 4.11 and Fig. 4.12). This arrangement is necessary for 
the reflection analysis using the standard approach of Mansard & Funke (1980). The distances 
between the wave gauges are dependent on the wave lengths in the test programme. Due to the 
slightly different testing programmes for the two slopes 1:3 and 1:6 (see section 4.3) also 
different distances between the single gauges in the wave gauge arrays are obtained (Tab. 4.3 
and Tab. 4.4).  

SWL SWL 

IMWL EMWL 

PTs for measurement of IMWL 
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Tab. 4.3: Distances between the 5 wave gauges in the two wave gauge arrays (slope steepness 1:3) 

wave gauge No. 1 2 3 4 5 

distance [m] 0.30 0.45 0.60 1.00 

 

Tab. 4.4: Distances between the 5 wave gauges in the two wave gauge arrays (slope steepness 1:6) 

wave gauge No. 1 2 3 4 5 

distance [m] 0.25 0.4 0.55 1.15 

The final model set-up with the exact locations of the measuring devices for configuration c1 
with the 1:3 slope are illustrated as a side view in Fig. 4.6 and as a top view in Fig. 4.7. 

 

Fig. 4.6: Final model set-up and locations of pressure transducers (PTs) for configuration c1 (slope steepness 1:3, 
porosity n = 45%) 
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Fig. 4.7: Top view of the final model set-up and locations of pressure transducers (PTs) for configuration c1 
(slope steepness 1:3, porosity n = 45%) 

The final model set-up for configuration c2 with the adjusted locations of the PTs to measure 
the IMWL further inside the sand embankment is shown in Fig. 4.8. 

 

Fig. 4.8: Final model set-up and locations of pressure transducers (PTs) for configuration c2 (slope steepness 1:3, 
porosity n = 20%) 

0.45m

1.00m

wave run-up
gauges

pressure
transducers

IMWL: sand layer

Layer 1: cover layer
Layer 2: filter layer
Layer 3: sand layer (5 cm)

0.95m

0.05m

0.10m 0.05m

0.95m

0.95m

cable
lead-through

metal box

0.04m

wooden sheet

sand

0.05m

Layer 4: sand layer (10 cm)
Layer 5: sand layer (20 cm)

pressure transducers

0.047m

0.095m

0.117m

0.057m

0.095m

0.057m

0.047m

0.047m

0.047m

0.20m

0.20m

0.20m

0.20m

0.20m

0.20m

0.651m

0.095m



Experimental set-up and programme for the main model tests 66

 

 

For configuration c3 with a 1:6 slope the side view is shown in Fig. 4.9. 

 

Fig. 4.9: Final model set-up and locations of pressure transducers (PTs) for configuration c3 (slope steepness 1:6, 
porosity n = 45%) 

A photograph of the completed model with the measuring devices and the PBA-revetment is 
exemplarily shown in Fig. 4.10 for configuration c1. 

 

Fig. 4.10: Completed model in the 1m-wide wave flume, exemplarily for model configuration c1 
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Two digital video cameras at two different locations are deployed to support the analysis of the 
measured data (e.g. identification of breaker types and inconsistencies with wave and wave run-
up signals). An overview of the models in the flume is shown in Fig. 4.11 for the model with 
the 1:3 slope and in Fig. 4.12 with the 1:6 slope. 

 

Fig. 4.11: Overview of the model with the 1:3 slope in the 1 m-wide flume   

 

Fig. 4.12: Overview of the model with the 1:6 slope in the 1 m-wide flume 

4.3 Test programme 

The preliminary tests reported by Liebisch et al. (2013b) provided the primary basis for the 
development of the programme for the main tests. However, some adjustments were made 
because on the one hand in the main tests a focus is made on irregular waves and on the other 
hand tests with wave periods of 1.0 s and 6.0 s performed in the preliminary tests are not 
repeated in the main tests due to large energy dissipation and water depth limitations.  

A wide range of wave conditions is considered. The single test conditions with regular waves 
(R) and JONSWAP-spectra (S) based on characteristic wave height Hm or Hm0 and wave period 
Tm or Tm-1,0 together with the respective surf similarity parameter m or m0, can be seen in Tab. 
4.5 for the 1:3 revetment and in Tab. 4.6 for a slope steepness of 1:6. Depending on the wave 
conditions the water level varies between 0.45 m and 0.70 m to ensure that the location of peak 
pressure is in the inner impact area. The wave parameters given in Tab. 4.5 and Tab. 4.6 are 
nominal values. In the tests the measured wave heights Hm or Hm0 in front of the revetment 
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model are used to determine the deep water wave height to ensure comparability with the GWK-
tests. The surf similarity parameters are calculated like in Liebisch et al. (2013b) by: 

Regular waves: 
0

tan
m

mH L

    (4.1) 

with:    
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0 2
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Wave spectra: 0
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The irregular wave tests consist of 600 waves in most cases and of 1000 waves for some selected 
tests to examine the influence of the test duration on the results. Selected tests of the wave 
spectra programme are repeated to control the repeatability of the tests and the scattering of the 
data. At least 65 wave spectra tests are conducted for each configuration. Furthermore, for each 
revetment configuration, 11-18 tests with regular waves (16-150 waves each, depending on the 
wave period) are performed to allow a comparison with the preliminary tests of Liebisch et al. 
(2013b) and the numerical simulations of Alcérreca Huerta (2014) which both were focused on 
regular waves. The entire programme of the main tests with the nominal values of wave height, 
wave period and surf similarity parameter is given in Tab. 4.5 for the 1:3 slope (configurations 
c1 and c2) and in Tab. 4.6 for the 1:6 slope (configuration c3). Due to the flatter slope for 
configuration c3 the wave period of 1.8 s was replaced by a wave period of 5.5 s and the wave 
height of 0.14 m was replaced by a wave height of 0.04 m to achieve a similar range of surf 
similarity parameters. The nominal values of the surf similarity parameters (m-1,0 = 0.67-8.10) 
cover the full range of relevant wave conditions (breaker types from plunging to surging 
breakers) and associated loading cases (from impact loads to quasi-static wave loads).  

 
Tab. 4.5: Test programme for the main tests (slope steepness 1:3) 

 

0.08 0.10 0.12 0.14 0.16 0.20 0.22

S S R/S S R/S S S R regular waves
2.21 1.98 1.80 1.67 1.56 1.40 1.33 1.80 m

S S S S S S R/S

2.65 2.37 2.16 2.00 1.87 1.68 1.60 S wave spectra

S S S S R/S S S 1.67 m0

2.95 2.63 2.40 2.23 2.08 1.86 1.78
R/S S R/S S S R/S S S repeated test

3.68 3.29 3.01 2.78 2.60 2.33 2.22

S S S S R/S S S m0 < 2.5 Impact load

4.42 3.95 3.61 3.34 3.12 2.79 2.66 2.5 ≤ m0 ≤ 2.9 Transition zone

S S S S S R/S S 2.9 ≤ m0 Non‐Impact load

5.89 5.27 4.81 4.45 4.17 3.73 3.55
S S S S R/S R/S S

8.10 7.24 6.61 6.12 5.73 5.12 4.88
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Tab. 4.6: Test programme for the main tests (slope steepness 1:6) 

 

Transferring the test programme in Tab. 4.5 and Tab. 4.6 to prototype scale (1:1) would results 
in wave heights Hm0 between 0.20 m and 1.10 m with wave periods Tm-1,0 between 3.35 s and 
12.30 s. 

4.4 Procedure for data pre-processing and data analysis 

The acquired raw data must be pre-processed prior to their analyses, including further 
preparations. The general procedure for data pre-processing, further data preparations and data 
analyses which has been adopted throughout this study is briefly described in this section to 
avoid repetitions in the subsequent chapters. More details on this general procedure and other 
specific procedures are provided accordingly in the corresponding subsequent chapters. 

Immediately after each test, all recorded signals are carefully checked regarding abnormal 
signals or mal-functioning devices. 

For all conducted tests time frames are defined for all measuring devices. These time frames 
are necessary to exclude the ramping-up phase of the wave maker and the time that the waves 
need to propagate through the flume to reach the model. Furthermore, they include a defined 
number of waves for irregular waves for data analysis: 600 waves in most cases and 1000 waves 
for some selected tests. For regular wave tests the set time frames also exclude waves re-
reflected by the wave maker. All analyses are conducted for the defined time frames. 

The incident and reflected waves are determined by the commonly applied reflection analysis 
based on Mansard & Funke (1980), which is conducted for both wave gauge arrays deployed 
in the wave flume (see Fig. 4.11 and Fig. 4.12). However, the incident wave parameters for the 
loading of the revetment model are determined at wave gauge array 2 and contain the incident 
wave height (Hm or Hm0), the wave period (Tm or Tm-1,0) as well as the reflection coefficient 
(Cr), which is analysed in chapter 5. 

To maintain comparability with the GWK-tests by Oumeraci et al. (2010b), the numerical tests 
by Alcérreca Huerta & Oumeraci (2012) and the 1:5 downscaled preliminary tests by Liebisch 

0.04 0.08 0.10 0.12 0.16 0.20 0.22

S S S R/S R/S S R/S R regular waves

1.56 1.10 0.99 0.90 0.78 0.70 0.67 1.30 m
S S S S R/S R/S S

2.08 1.47 1.32 1.20 1.04 0.93 0.89 S wave spectra

S S S S R/S S S 1.50 m0

2.60 1.84 1.65 1.50 1.30 1.16 1.11
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et al. (2013b) the measured incident wave heights Hi at wave gauge array 2 are transformed in 
the deep water wave heights H0. For the calculation of H0 the shoaling factor Ks was used: 

 0

0

1

2
i

s

H c
K

H n c
    (4.3) 

with:     
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Nevertheless, in this study the calculated deep water height H0 is called Hm (regular waves) and 
Hm0 (irregular waves). These wave heights are used with wave period Tm (regular waves) and 
Tm-1,0 (wave spectra) for the calculation of surf similarity parameter m and m-1,0, respectively: 
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   (4.4) 

 1,0

0 0
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    (4.5) 

 

Like in Liebisch et al. (2013b) wave run-up/run-down is measured with run-up gauges (RUG) 
(see section 4.2) consisting of four measuring channels for 25 cm each (see Fig. 4.13). Three 
RUGs are used on the 1:3 slope and five RUGs on the 1:6 slope. To obtain a time series of the 
total wave run-up and run-down on the revetment model, the single channels are added together 
in a new written channel to describe the total wave run-up and run-down. This method is also 
illustrated in Fig. 4.13 for a regular wave test. Wave run-up and run-down is analysed for the 
selected time frames. 

The RUGs are also used to analyse the wave set-up in the considered time frame of the tests. 
The wave set-up S is determined as the difference between the still water level (SWL) and the 
external mean water level (EMWL). More details on the procedure are given in chapter 5. 
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Fig. 4.13: Wave run-up gauges with recorded signals of the measuring channels and calculated time series 
(exemplarily for slope steepness 1:3) 

Prior to the analysis of any recorded pressure signals of the PTs, all measured data 
independently of their location is pre-processed by filtering the data with a low pass filter of 
25 Hz. In PT-column B and C (see section 4.2) the pre-processing of the signals also includes 
some more correctional filtering due to the large noise recorded at these locations.  

For each PT the maximum pressure pmax recorded in the considered time frame is determined. 
Using this procedure the peak pressure on the revetment (PT-layer 1) is determined for every 
test. The peak pressure on top of the sand core in PT-layer 2 is directly connected with this peak 
pressures pmax PT-layer 1, meaning that for every PT-column A-C the peak pressure in PT-layer 
1 is identified and the associated damped pressure is determined in the PT-layer 2. This peak 
pressure on top of the sand core is defined as the initial pressure p0 on top of the sand core and 
all measured pressures pi in the layers beneath are normalized by p0 (pi/p0) for the analyses of 
the pore pressure damping in the sand core. 

For the pressure transducers in the sand core further pre-processing of the signal is necessary 
to identify possible residual pore pressure and to separate the residual from the transient pore 
pressure component. For this purpose the method proposed by Oumeraci & Kudella (2006) and 
shown in Fig. 4.14 is used. A Fast Fourier Transformation (FFT) is applied on the pressure 
signal to determine the magnitude and the phase spectra. A low pass filter of 0.03 Hz is then 
applied using an Inverse Fourier Transformation for all measured signals in the sand core to 
separate the low frequency residual pore pressure (mean component) from the high frequency 
transient pore pressure (oscillating component).  
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Fig. 4.14: Separation of the recorded signal in mean and oscillating component (Oumeraci et al. (2010b)) 

For the development of empirical formulae based on regression analysis, the statistical 
parameters, already used in Liebisch et al. (2013b) are also applied in this study to describe the 
fitting accuracy for the results of the main tests. Kortenhaus (2003) divided the standard 
deviation by the measured mean value and obtained the coefficient of variation, which is less 
dependent on the input values:  
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In addition to the coefficient of variation the coefficient of determination is given, which is 
calculated by: 
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5 Processes in front of and on the revetment 

In this chapter the results of the systematic main tests concerning the processes taking place in 
front of and on the revetment are analysed. The wave reflection is presented in section 5.1. In 
section 5.2 the wave set-up at the structure is analysed which describes the change of EMWL 
(wave set-up). The swash processes on the revetment including wave run-up and run-down are 
addressed in section 5.3 both related to the SWL and the MWL, followed by a summary and 
the implications of the key results in section 5.4. 

All analyses are conducted first for the configurations with the same slope steepness (1:3) and 
different porosities to investigate the effect of porosity on the considered process. Afterwards, 
the effect of slope steepness with a constant porosity is considered. 

5.1 Wave reflection 

One of the most important processes which has to be considered when planning a revetment is 
the wave reflection, because it can lead to scouring at the toe of the structure or higher loading 
of the structure due to the interaction of the incident waves and the reflected waves which are 
in phase at the structure. Knowing the reflection coefficient Cr, the energy dissipation 
(coefficient Cd) can easily be determined under the assumption of no wave overtopping by: 

 21d rC C    (5.1) 

The key results of the preliminary model tests concerning wave reflection were already shown 
in section 3.2.1a). In section 2.1.1 the most commonly used model proposed by Seelig & Ahrens 
(1981) was introduced in eq. (2.4), which was also used in Oumeraci et al. (2010b) to fit the 
GWK-data.  

In the following the reflection coefficient is analysed as a function of the surf similarity 
parameter for all tested revetment configurations tested with irregular waves. The results of the 
large-scale tests of Oumeraci et al. (2010b) and Alcérreca Huerta & Oumeraci (2012) and the 
preliminary tests in Liebisch et al. (2013b) are also considered for comparison. 

 

5.1.1 Effect of the revetment porosity 

Firstly, the reflection coefficient is investigated for configurations c1 and c2 with a slope 
steepness 1:3 (also see Tab. 4.2). The porosity changes from n = 45% (configuration c1) to 
n = 20% (configuration c2). Fig. 5.1 illustrates the effect of porosity on reflection coefficient 
Cr as a function of surf similarity parameter m-1,0 for configurations c1 and c2 tested with wave 
spectra. The model of Seelig & Ahrens (1981) (eq. (2.4)) is applied on the results and compared 
to the studies of Oumeraci et al. (2010b), Alcérreca Huerta & Oumeraci (2012) and Allsop 
(1990). 
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Fig. 5.1: Effect of the revetment porosity on reflection coefficient Cr as a function of surf similarity parameter 
m-1,0 for wave spectra (slope steepness 1:3) 

Fig. 5.1 shows that the highly porous configuration c1 provides lower reflection coefficients 
compared to the less porous configuration c2 for almost all surf similarity parameters. As 
expected, more energy is dissipated by the more porous revetment. Furthermore, the results for 
configuration c1 show a quite good agreement with the results of the large-scale tests of 
Oumeraci et al. (2010b) indicated by the dashed line. This was expected because the PBA-
revetment tested in GWK had a similar porosity (n = 40%). The porous structure with lower 
porosity (n=20%) behaves almost like an impermeable revetment as shown in Fig. 5.1 by the 
comparison of the fitting function for revetment c2 (also see eq. (5.3) and that of Allsop (1990) 
found for a smooth and impermeable revetment (A = 0.96, B = 4.80). The GWK-tests performed 
by Gier et al. (2012) with another almost impermeable smooth revetment (IPPB-revetment) 
were analysed by Alcérreca Huerta & Oumeraci (2012). For the reflection performance the 
model of Zanuttigh & Van der Meer (1988) was used. This formula also provides a good 
agreement for the data of c2 up to a surf similarity parameter of 2.5 (see Fig. 5.1). No 
comparison  was possible for m-1,0 > 3 since the focus of the tests by Gier et al. (2012) was 
focused on impact loads (m-1,0 = 1.5-3). 

For both configurations c1 and c2 the model of Seelig & Ahrens (1981) shows a good agreement 
with coefficients of determination larger than 90 %. The following equations were found: 
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Configuration c2 (tan = 1:3; n = 20%): 
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However, for configuration c1 a larger scattering occurs with a kind of clustering of the data 
points into distinct groups. This was already observed in Oumeraci et al. (2010b), where it was 
stated that the effect of wave period is much more important than considered in the surf 
similarity parameter. It can be seen that for the cover layer with a porosity of 20 % in Fig. 5.1 
no clustering occurs and the results are also well described with the model of Seelig & Ahrens 
(1981). 

To examine the data clustering more closely, the results of the reflection coefficient for 
configuration c1 are subdivided into groups with respect to the wave period Tm-1,0 and also with 
respect to the wave height Hm0. This is shown in Fig. 5.2 for configuration c1 (n = 45%) with 
different colours and legends for each group of wave period. For each group the model of Seelig 
& Ahrens (1981) is applied. The different wave heights are indicated with dashed lines.  

 

Fig. 5.2: Applied model of Seelig & Ahrens (1981) on the reflection coefficient Cr as a function of surf similarity 
parameter m-1,0 in groups of different wave periods for configuration c1 for wave spectra (slope 
steepness 1:3) 

Fig. 5.2 confirms the findings of Oumeraci et al. (2010b) in the sense that for highly porous 
revetments the effect of wave period is indeed more important than considered in the surf 
similarity parameter. This can only be due to the high porosity of the cover layer, because for 
the configuration c2 with 20% porosity this effect does not occur (also see Fig. 5.1). A larger 
porosity obviously leads to a decreasing effect of the reflection coefficient especially for small 
wave periods. For each group of values with the same wave period the reflection coefficient 
decreases with increasing wave height and decreasing surf similarity parameter, i.e. the 
dissipation on the revetment is larger for higher waves with the same wave period. For regular 
waves this clustering is also present but less pronounced than for irregular waves (see Liebisch 
& Oumeraci (2014)). The same was also found by Oumeraci et al. (2010b). No clustering was 
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identified by Foyer (2013) and Alcérreca Huerta (2014) in their numerical studies with regular 
waves. 

However, reflection coefficients tending to 1.0 for large surf similarity parameters, are not 
achieved with the application of the model of Seelig & Ahrens (1981). Consequently another 
approach is applied for the reflection coefficient which is expected to be physically more 
appropriate. The obtained results are subdivided into groups of the same wave height Hm0, 
which is directly connected to the incident wave energy and represents thus the basis for the 
consideration of reflected and dissipated wave energy (see Fig. 5.3) 

In the numerical studies of Foyer (2013) and Alcérreca Huerta (2014) two different models 
were used to fit the data of reflection coefficient Cr. Alcérreca Huerta (2014) applied the tanh-
model (see eq. (2.5)) as also proposed by Zanuttigh & Van der Meer (1988) and Foyer (2013) 
used a modified version of the model of Seelig & Ahrens (1981) (see eq. (5.4)). In this modified 
model coefficient A is set to 1.0, so that only coefficient B needs to be determined. Thus, Cr 
tends against 1.0 for large surf similarity parameter, which is physically more appropriate than 
the original model of Seelig & Ahrens (1981) (see eq. (2.4)): 
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  (5.4) 

In this study both models are applied on the data but only the results of the data fitting with 
eq. (5.4) are shown, because a better correlation is achieved and the formula is much easier in 
the application compared to eq. (2.5). The results can be seen in Fig. 5.3 for configuration c1 
with different colours and legends for each group of wave heights. For each group the modified 
model of Seelig & Ahrens (1981) is applied. The different wave periods are indicated with 
dashed lines.  

 

Fig. 5.3: Reflection coefficient Cr as a function of surf similarity parameter m-1,0 in groups of different wave 
heights for configuration c1 for wave spectra (slope steepness 1:3) 
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The approach using the wave height data grouping results in curves which are simply shifted 
horizontally depending on the wave height. For all curves a very good fitting is obtained using 
eq. (5.4) and the obtained coefficients B are listed together with the coefficient of determination 
for the different wave heights. For large wave heights parameter B in eq. (5.4) tends to smaller 
values which means that the porous structure is less effective in reducing reflection and behaves 
increasingly like an impermeable revetment with increasing wave heights. For comparison with 
Fig. 5.3 the GWK-data of Oumeraci et al. (2010b) are downscaled to 1:5 and plotted in Fig. 5.4 
using the same approach for data grouping. 

 

Fig. 5.4: Reflection coefficient Cr as a function of surf similarity parameter m-1,0 in groups of different wave 
heights for down-scaled GWK-data tested for wave spectra (slope steepness 1:3) 

A similar shifting of the fitting curves as in Fig. 5.3 (LWI-flume tests) is also observed for the 
GWK-tests in Fig. 5.4. Also in the GWK-tests parameter B in eq. (5.4) tends to smaller values 
for larger wave heights indicating that the porous structure is less effective in reducing 
reflection (larger reflection coefficient Cr). This means that the PBA-revetment in the GWK-
tests also behaves increasingly like an impermeable revetment with increasing wave heights. 
However, for the same wave conditions, indicated with the red line in Fig. 5.3 and Fig. 5.4, the 
small-scale model provides a smaller reflection coefficient and thus a larger energy dissipation. 
This also results in larger values of coefficient B for configuration c1 compared to GWK-data 
for the same wave height. This might be explained by scale effects due to the used distortion 
factor of 2 for the scaling of the revetment material (see section 4.2). This results in a different 
ratio between pore size and/or grain size and the incident waves leading to a higher energy 
dissipation for configuration c1 for almost the same porosity. Obviously the used distortion 
factor, which was applied to prevent exaggerated viscous effects in the small scale model 
(Jensen et al. (1983)), cannot prevent all scale effects. It is assumed, the reason can be found in 
the simplified assumption of a constant hydraulic gradient in Jensen et al. (1983) (also see 
section 4.1). 
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In the following the parameter B in eq. (5.4) is examined more closely. In this context the model 
of Allsop (1990) who applied the model of Seelig & Ahrens (1981) to define a model for an 
impermeable, smooth revetment is used limit state line for the reflection coefficient, which 
means that it is assumed that the equation of Allsop (1990) describes the maximum reflection 
on revetments. Using eq. (5.4) to fit the data produced by the model of Allsop (1990) the 
following model for impermeable and smooth revetments is obtained:  
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   (5.5) 

Based on the findings for configuration c1 in Fig. 5.3, Fig. 5.5 shows that parameter B tends to 
a value of 5.56 for very large wave heights which corresponds indeed to the B value in eq. (5.5)
for smooth and impermeable revetments.  

 

Fig. 5.5: Coefficient B as a function of wave height Hm0 for configuration c1 for wave spectra (slope steepness 
1:3) 

The following equation was found for configuration c1 with a slope steepness of 1:3 and a 
porosity of 45% providing a very good fitting to the obtained data: 

  021.38 exp 14.18 5.56mB H       (5.6) 

2 0 .98r   

As afore mentioned, it has to be underlined that scale effects lead to a larger energy dissipation 
and less wave reflection for configuration c1 compared to the GWK-tests (also see section 4.1). 
Consequently, particular caution is recommended when using eq. (5.6) which, together with 
eq. (5.4), describes the additional effect of the wave height on the reflection coefficient. 
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5.1.2 Effect of the revetment slope steepness 

After the analysis of the effect of porosity on wave reflection by considering configuration c1 
with n = 45 % and configuration c2 with n = 20 %, both with a slope steepness of 1:3, the effect 
of slope steepness tan is analysed in this section. This is done by considering configuration c1 
with tan = 1/3 and configuration c3 with tan = 1/6, both with a porosity of n = 45%. Fig. 5.6 
shows the results for the reflection coefficient for different surf similarity parameters for 
configuration c1 and c3 tested with wave spectra. 

 

Fig. 5.6: Effect of the revetment porosity on reflection coefficient Cr as a function of surf similarity parameter 
m-1,0 for wave spectra (porosity n = 45%) 

In Fig. 5.6 it seems that the values of the reflection coefficient in case of the 1:6 revetment are 
smaller compared to those of the 1:3 revetment especially for larger surf similarity parameter. 
This would be in contrast to the findings of the numerical study with regular waves by Foyer 
(2013), where it was stated that the effect of slope steepness on the reflection coefficient is 
adequatly considered in the surf similarity parameter. However, for the flatter configuration c3 
tests with a very small wave height (Hm0 = 0.04 m) were conducted (see Tab. 4.6), which might 
have led to the smaller reflection coefficients. 

Consequently, like for the 1:3 revetment in Fig. 5.3, the same grouping approach of the wave 
height data with is also applied for the 1:6 slope in Fig. 5.7. The results show a similar shifting 
of the fitting curves depending on the wave height. For large wave heights, when the parameter 
B reaches values tending to 5.56 (impermeable and smooth revetment) in eq. (5.5), the data 
scattering gets larger as also indicated by the coefficients of determination getting lower.  
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Fig. 5.7: Reflection coefficient Cr as a function of surf similarity parameter m-1,0 in groups of different wave 
heights for configuration c3 for wave spectra (porosity n = 45%) 

The results of configuration c3 in Fig. 5.7 also confirm the findings of the previous section that 
a highly porous revetment behaves increasingly like an impermeable revetment with increasing 
wave heights. This again supports the assumption that with the smallest wave height 
(Hm0 = 0.04 m) the smallest reflection coefficients are provided. For all other wave heights the 
obtained values for coefficient B for configuration c3 are just slightly smaller than those 
obtained for configuration c1, which might be caused by a saturation of the porous layers. 
However, for the same surf similarity parameter, indicated with the red line in Fig. 5.7, almost 
the same reflection coefficient is obtained as for configuration c1 in Fig. 5.3. This confirms the 
findings of Foyer (2013) that the effect of slope steepness on the reflection coefficient is 
adequatly considered in the surf similarity parameter. The same wave conditions like for 
configuration c1 (red line in Fig. 5.3), indicated with the blue dashed line in Fig. 5.7, would 
lead to a smaller reflection coefficient. However, as only two different slope steepnesses were 
considered in Fig. 5.6, its effect on the reflection coefficient has to be verified in further studies 
with numerical or physical model tests for a wider of the slope steepness values. 

The same exponential function like in the previous section was used which tends against a value 
of 5.56 for large wave heights (see eq. (5.6)). The following equation was found for confi-
guration c3 with a slope steepness of 1:6 and a porosity of 45%: 

  033.29 exp 19.88 5.56mB H       (5.7) 

2 0 .99r   

Also for configuration c3 it has to be pointed out that the same scale effects as for configuration 
c1 with the steeper slope occur and lead to a larger energy dissipation and less reflection for 
compared to the GWK-tests.  
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5.1.3 Prediction formula for reflection coefficient Cr 

In sections 5.1.1 and 5.1.2 eq. (5.6) and (5.7) were derived for the parameter B based on the 
modified model of Seelig & Ahrens (1981) (see eq. (5.4)) which provide a very good fitting of 
the data for both slopes 1:3 and 1:6. Thus, an equation for parameter B can be generally defined 
as: 

  0exp 5.56refl refl mB a b H       (5.8) 

For both highly porous revetment configurations c1 and c3 and the GWK-tests, parameter B in 
eq. (5.8) tends to smaller values for larger wave heights. This leads to a horizontally shifting of 
the obtained fitting curves based on eq. (5.4) depending on the wave height. This means that 
the highly porous revetments behave increasingly like an impermeable revetment with 
increasing wave heights.  

For configuration c2 with a porosity of n = 20% no significant differences for parameter B were 
found depending on the investigated wave heights. It was shown in Fig. 5.1 that configuration 
c2 almost behaves like an impermeable revetment. Consequently, this means for the prediction 
model in eq. (5.8) that the parameter arefl is almost zero and the parameter B tends to 5.56. 

Coefficients arefl and brefl in eq. (5.8) which are obtained for all tested revetment configurations 
are given in Tab. 5.1 together with the coefficients of determination. The derived parameter arefl 
and brefl for configuration c2 and the down-scaled results of Oumeraci et al. (2010b) are also 
included. 

Tab. 5.1: Coefficients arefl and brefl for all revetment configurations 

configuration 
tan  porosity  arefl  brefl  r² 

[‐]  [%]  [‐]  [1/m]  [‐] 

c1  1/3  45  21.38  14.38  0.97 

c2  1/3  20  0  ‐  ‐ 

c3  1/6  45  33.29  19.88  0.99 

GWK‐tests (Oumeraci 
et al. (2010b)) 

1/3  40  30.25  34.00  0.98 

 

In the comparison of the small-scale model data (configuration c1) with the GWK-data (also 
see Fig. 5.3 and Fig. 5.4), larger values for coefficient B in the small-scale model than in the 
GWK-model are obtained for the same wave height. This results in a larger energy dissipation 
and less reflected energy for the same wave conditions. This was also seen for configuration c3 
with the flatter slope which also provides significantly larger values for parameter B compared 
to the GWK-tests. The differences for the parameters arefl and brefl in Tab. 5.1 between the down-
scaled GWK-tests and the small-scale tests may have the following reasons: 
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- Scale effects due to the used distortion factor of 2 for the scaling of the revetment material 
(see section 4.2). This results in a different ratio between pore size and/or grain size and 
the incident waves leading to a higher dissipation for configurations c1 and c3.  

- The slightly smaller values for configuration c3 compared to those of c1 might be explained 
by the longer residence time of the water on the flatter slope during wave run-up/run-down 
leading to a “saturation” of the porous structure and less dissipation of the incident waves.  

To correct the differences between configuration c1 and the down-scaled GWK-data for the 
coefficient B, a correction factor ccorr,B is introduced in eq. (5.9), which can be determined 
graphically in Fig. 5.9. 

 1
,

c
corr B

GWK

B
c

B
   (5.9) 

The correction factor ccorr,B can be determined for wave heights larger than 0.08 m. For this 
wave height ccorr,B becomes maximum which indicates maximum scale effects. For large wave 
heights scale effects become negligibly small and ccorr,B tends against 1.0. For wave heights 
Hm0 < 0.08 m further research is necessary. 

 

Fig. 5.8: Correction factor for the differences in coefficient B between configuration c1 and the down-scaled 
GWK data 

The calculated values of the reflection coefficient using the modified model of Seelig & Ahrens 
(1981) in eq. (5.4) with parameter B determined according to eq. (5.8) and Tab. 5.1 are plotted 
against the experimental data obtained for all configurations c1, c2, c3 and the GWK-data tested 
with irregular waves, showing a relatively good agreement, particularly for slope for c1 and c2 
with slope 1.3.  
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Fig. 5.9: Calculated reflection coefficient Cr,calc as a function of measured reflection coefficient Cr,measured for 

wave spectra (all configuration) 

An increasing porosity leads to an additional effect of the incident wave height (incident wave 
energy) on the reflection coefficient. On the highly porous revetment the reflection coefficient 
tends to smaller values for larger wave heights indicating that the porous structure is less 
effective in reducing reflection, i.e. with increasing wave heights the revetment behaves 
increasingly like an impermeable revetment. The low porous configuration does not show this 
behaviour and behaves almost like an impermeable and smooth revetment for all surf similarity 
parameters. 

The effect of slope steepness on the reflection coefficient Cr is less significant, which confirms 
the findings of Foyer (2013) that the effect of slope steepness on the reflection coefficient is 
adequatly considered in the surf similarity parameter. However, this needs to be verified in 
further studies for a wider variation of the slope steepness by using numerical or physical model 
tests. 

The highly porous small-scale model (configurations c1 and c3) result in smaller reflection 
coefficients compared to the GWK-data for the same wave conditions (also see Fig. 5.3 and 
Fig. 5.4). This can be explained by a larger energy dissipation due to scale effects which might 
be also caused by introducing a distortion factor of 2 for scaling of the revetment material 
leading to a different relation between pore size and/or grain size and the incident waves. A 
correction factor was derived for the reflection coefficient obtained in the small-scale model. 
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5.2 Wave set-up 

Wave set-down and wave set-up are induced by the shoaling process (radiation stress increase) 
and the breaking process (radiation stress decrease), respectively. The former causes the water 
level to decrease up to incipient breaking from where the water level then increases up to the 
shoreline. The water level which results from these processes is called mean water level 
(MWL). Therefore, MWL remains static for regular wave trains and is dynamic for irregular 
wave trains. Foyer (2013) well demonstrated how wave set-up affects most of the processes on 
and beneath the revetment and why it is physically more appropriate to define wave run-up and 
wave run-down with respect to MWL instead of SWL. The definition of wave set-up and set-
down can be seen in Fig. 5.10. 

 

Fig. 5.10: Wave set-up and set-down (definition sketch) 

Wave set-down is not regarded in this work, since wave set-up is much more important for the 
processes on the revetment. Moreover, the linear relation between wave set-up and set-down 
developed by Foyer (2013) can be used. 

As mentioned in section 4.4, the time series of the run-up gauges (RUG) is used to analyse the 
wave set-up S. In the considered time frame of the tests the difference between the SWL and 
the MWL is determined as the wave set-up S. This is shown in Fig. 5.11. 

In the preliminary tests of Liebisch et al. (2013b) no change in wave set-up was found for a 
changing revetment porosity and a significant effect of the slope steepness on the wave run-up 
was assessed. These statements have to be checked in the main tests. In the following, the 
relative wave set-up (S/L0) is shown as a function of surf similarity parameters m-1,0 for all 
tested revetment configurations based on the same model which was successfully used by 
Alcérreca Huerta (2014) for the numerical data for regular waves. For irregular waves in this 
study this model is formulated as follows:  

 1,0
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su ma
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   (5.10) 
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Fig. 5.11: Determination of the wave set-up (test 20130819 01) 

5.2.1 Effect of the revetment porosity 

Firstly, the relative wave set-up S/L0 is analysed for configuration c1 and c2 both with a slope 
steepness of 1:3 (see also Tab. 4.2). The porosity changes from n = 45% (configuration c1) to 
n = 20% (configuration c2). The results for the relative wave set-up S/L0 as a function of surf 
similarity parameter m-1,0 are shown in Fig. 5.12 together with the applied model in eq. (5.10). 
It is seen that the relative wave set-up is slightly smaller for configuration c1 with a higher 
porosity which might be explained by the larger energy dissipation compared to configuration 
c2 with a lower porosity. 

The difference between the results of the two tested configurations becomes larger for smaller 
m-1,0 and almost zero for very large m-1,0. This might be explained by a smaller dissipation on 
both revetments for larger surf similarity parameters (also see section 6.2). For smaller m-1,0 a 
larger dissipation on the highly porous configuration c1 occurs which means that the effect of 
porosity on the wave set-up increases for smaller surf similarity parameters. 

The derived fitting functions show a high determination coefficient: 

Configuration c1 (n = 45%): 2.32
0 1,0/ 0.063S mL  

    (5.11) 

Configuration c2 (n = 20%): 2.18
0 1,0/ 0.071S mL  

    (5.12) 
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Fig. 5.12: Effect of the revetment porosity on relative wave set-up S/L0 as a function of surf similarity parameter 
m-1,0 for wave spectra (slope steepness 1:3) 

5.2.2 Effect of the revetment slope steepness 

After the analysis of the effect of the revetment porosity on the relative wave set-up by 
considering revetments c1 (n = 45%) and c2 (n = 20%) with the same slope 1:3, the effect of 
the slope steepness is analysed in this section for configurations c1 (tan = 1/3) and c3 
(tan = 1/6) with the same porosity (n = 45%). Using eq. (5.10) to fit the data of the irregular 
wave tests, the results are shown in Fig. 5.13. 

 

Fig. 5.13: Effect of slope steepness on relative wave set-up S/L0 as a function of surf similarity parameter m-1,0 
for wave spectra (porosity n = 45%) 
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As already found by Liebisch et al. (2013b) and Foyer (2013) and shown in Fig. 5.13, the slope 
steepness of the revetment strongly affects the wave set-up. Configuration c3 with slope 1:6 
provides smaller relative wave set-up values compared to configuration c1 with slope 1:3. This 
may be explained by the shifting of the m-1,0-values which become smaller for flatter slopes 
for the same incident wave conditions. Consequently, smaller values of the relative wave set-
up on flatter slopes are obtained for the same surf similarity parameter. Furthermore, a larger 
scatter occurs for the flatter revetment which was also observed in Liebisch et al. (2013b). This 
can be explained by the longer residence time of wave run-up and run-down on the flatter slope. 
For the fitting function based on eq. (5.10) this means that the coefficient asu becomes 
significantly smaller for configuration c3 (asu = 0.012) compared to configuration c1 
(asu = 0.012), which causes the afore mentioned shifting of the fitting curve in the direction of 
smaller m-1,0-values.  

The following prediction formula was found for configuration c3: 

Configuration c3 (tan = 1/6; n = 45%): 

 1.43
0 1,0/ 0.012S mL  

    (5.13) 

For configuration c1 (tan = 1/6; n = 45%) see eq. (5.11). 

5.2.3 Prediction formula for relative wave set-up S/L0 

It was shown in the previous sections, that the effect of the slope steepness on relative wave 
set-up is much more important than that of the revetment porosity when plotted against surf 
similarity parameter m-1,0 and that a good fitting was achieved using the model in eq. (5.10), 
especially for slope 1:3 (see Fig. 5.12).  

The coefficients which were determined using eq. (5.10) for all revetment configurations tested 
with irregular waves are summarized in Tab. 5.2, together with the determination coefficient 
and the coefficient of variation.  

Tab. 5.2: Coefficients asu and bsu in eq. (5.10) for all tested revetment configurations 

1,0
0

subS
su ma

L

 
   

tan  porosity  asu  bsu  r²  ’diff 

[‐]  [%]  [‐]  [‐]  [‐]  [‐] 

configuration c1  1/3  45  0.063  2.32  0.97  0.123 

configuration c2  1/3  20  0.071  2.18  0.98  0.108 

configuration c3  1/6  45  0.012  1.43  0.76  0.302 

 

A smaller coefficient asu in eq. (5.10) results in a shifting of the fitting curve in the direction of 
smaller m-1,0-values, which was seen for the flatter slope of configuration c3 (see Fig. 5.13).  
The coefficient bsu affects the steepness of the curve.  
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It is seen that the relative wave set-up is slightly smaller for configuration c1 with a higher 
porosity which might be explained by the larger energy dissipation compared to configuration 
c2 with a lower porosity. The difference between the results of the two tested configurations 
becomes larger for smaller m-1,0 and almost zero for very large m-1,0. This might be explained 
by a smaller dissipation on both revetments for larger surf similarity parameters (see also 
section 6.2). For smaller m-1,0 a larger dissipation on the highly porous configuration c1 occurs 
which means that the effect of porosity on the wave set-up increases for smaller surf similarity 
parameters. 

- asu depends on both revetment slope steepness tan and revetment porosity n: 
asu = asu (tan, n) 

- bsu depends primarily on revetment slope steepness and only slightly on porosity: 
bsu = bsu (tan) 

 

The effect of the slope steepness on relative wave set-up S/L0 versus surf similarity parameter 
m-1,0 is much more important than the effect of the revetment porosity. This effect becomes 
larger for smaller m-1,0 and almost zero for large m-1,0, which might be explained by a larger 
dissipation in the range of impact loads for the highly porous revetment. 

5.3 Wave run-up and run-down  

The maximum water elevation above still water level (SWL) to the point where the up rushed 
water starts to run down the slope again is described by the wave run-up height (see Fig. 5.14), 
which is a key parameter to determine the crest height of dikes and embankments. The wave 
run-up height Ru is the highest point of the swash zone, which is bounded at the bottom by the 
run-down height Rd. The latter is the lowest point under SWL reached by the down rushing 
water just before the next wave breaks on the slope (see Fig. 5.14). The following incident 
waves are affected by the wave run-down significantly. 

 

Fig. 5.14: Wave run-up and run-down related to SWL (definition sketch) 

The common design formulae (e.g. EurOtop (2007)) for the wave run-up and run-down 
implicitly include the wave set-up, even though the latter and the former processes are 

RuSWL 

Wave run-up and run-down 

Swash
zoneRd
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characterized by significantly different time scales. Consequently, it is more appropriate to 
consider the wave run-up and run-down and the wave set-up separately, which was also 
successfully done in the preliminary tests in Liebisch et al. (2013b). However, the wave run-up 
and the wave run-down related to SWL is first investigated in section 5.3.1 to ensure a direct 
comparison to the results of previous studies. In section 5.3.2, the wave run-up and run-down 
is considered again, but related to the external mean water level (EMWL), i.e. without the wave 
set-up. 

In Fig. 5.15 a time series of the wave run-up is shown exemplarily for a regular wave test, which 
illustrates the run-up height Ru and the run-down height Rd related to SWL as well as both 
values Ru,EMWL and Rd,EMWL related to EMWL. For irregular wave tests the wave run-up height 
Ru2% and the wave run-down height Rd2% which are exceeded by 2% of the respective Ru and 
Rd-values are determined and analysed. 

 

Fig. 5.15: Time series for wave run-up and run-down (configuration c1; test 20130815 08) 

For the investigations of the wave run-up and run-down in the preliminary tests (Liebisch et al. 
(2013b)) the tanh-model proposed by Schüttrumpf (2001) was successfully used in the analysis. 
For the data fitting in this study this model is applied again, because the generated continuous 
function was found to be more appropriate compared to current design formulae (e.g. EurOtop 
(2007)). 

Model proposed by Schüttrumpf (2001) for wave run-up: 

  2%
1,0

0

tanhu
ru ru m

m

R
a b

H
     (5.14) 

For smooth and impermeable revetments Schüttrumpf (2001) obtained the following values for 
the coefficients aru and bru with implicit consideration of the wave set-up: 

For wave spectra: 3.00rua    0.65rub   

Model proposed by Schüttrumpf (2001) for wave run-down: 
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   2%
1,0

0

1 tanhd
rd m rd

m

R
a b

H
      (5.15) 

With ard = -0.7 and brd = 2.1 for a smooth impermeable revetment and wave spectra (derived in 
Schüttrumpf (2001) with implicit consideration of the wave set-up). 

 

5.3.1 Wave run-up and run-down related to SWL 

5.3.1.1 Wave run-up related to SWL 

a) Effect of the revetment porosity 

Firstly, the relative wave run-up height Ru2%/Hm0 is analysed for configurations c1 and c2 with 
different porosities for the same slope steepness 1:3. The porosity changes from n = 45 % 
(configuration c1) to n = 20 % (configuration c2). Fig. 5.16 shows the results for the relative 
wave run-up height as a function of the surf similarity parameters for configurations c1 and c2 
tested with wave spectra and the tanh-model (eq. (5.14)) applied for the data. Furthermore, the 
model proposed by Schüttrumpf (2001) for a smooth and impermeable revetment and the model 
proposed by Oumeraci et al. (2010b) for a bonded porous revetment are also shown for 
comparison. 

 

Fig. 5.16: Effect of porosity on the relative wave run-up height Ru2%/Hm0 for configurations c1 and c2 for wave 
spectra (slope steepness 1:3) 

Fig. 5.16 shows that revetment configuration c1 with the higher porosity (n = 45%) provides as 
expected smaller relative run-up heights compared to configuration c2 with the smaller porosity 
(n = 20%). This is expected due to the larger energy dissipation in the highly porous revetment. 
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Despite the large scatter of the data, the results for configuration c1 show a relatively better 
agreement with the GWK-tests (dashed curve) of Oumeraci et al. (2010b) for  a PBA-revetment  
than those for the less porous revetment c2. Due to the large scatter of the data for both 
configurations c1 & c2 and possibly also because the wave run-up height is related to SWL, the 
comparison with the model by Schüttrumpf (2001) is not satisfactory. Consequently, the wave 
run-up heights should be analysed like in the preliminary tests, i.e. separated from the wave set-
up (see section 5.3.2). The following equations were found for the wave run-up related to SWL: 

Configuration c1 (n = 45%):  2%
1,0

0

2.96 tanh 0.38u
m

m

R

H
     (5.16) 

Configuration c2 (n = 20%):  2%
1,0

0

3.54 tanh 0.37u
m

m

R

H
     (5.17) 

The results of the main tests of configuration c1 (n = 45%) are compared in Fig. 5.17 with the 
results from GWK-tests (n = 40%) by Oumeraci et al. (2010b) and the data set of the preliminary 
tests (configuration p2r2: highly porous, very rough cover layer). Since all the test series in 
Fig. 5.17 are performed for revetments with the same slope 1:3 and nearly the same porosity, 
the comparative analysis in Fig. 5.17 might possibly allow to identify scale effects. 

 

Fig. 5.17: Comparison of different data series of relative wave run-up height Ru2%/Hm0 as a function of surf 
similarity parameter m-1,0 for wave spectra (slope steepness 1:3)  

Fig. 5.17 shows that the data of the GWK-tests are in the same range as those of the BoPoRe 
main test data, that both depict a similar large scatter and that a comparison of both data sets is 
hardly possible beyond surf similarity parameters larger than 5, due to the lack of GWK-data 
for higher m-1,0. Nevertheless, for m-1,0 < 5 the small-scale data set shows a relatively good 
agreement with those of GWK-tests and indicate that no significant scale effects occur for the 
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wave run-up related to SWL. The data set of the preliminary tests (Liebisch et al. (2013b)) also 
shows a relatively good agreement with the two other data sets.  

 

b) Effect of the revetment slope steepness 

Fig. 5.18 shows the results for the relative wave run-up related to SWL as a function of surf 
similarity parameter m-1,0 for configurations c1 and c3 tested with the same porosity (n = 45%) 
and different slopes 1:3 & 1:6 tested with wave spectra. Also shown is a comparison with the 
model proposed by Schüttrumpf (2001) for a smooth and impermeable revetment and the model 
proposed by Oumeraci et al. (2010b) for a bonded porous revetment.  

The revetment configuration with the flatter slope 1:6 obviously provides higher relative wave 
run-up than that with the steeper slope 1:3. The following equation was found: 

Configuration c3 (tan = 1/6; n = 45%): 

  2%
1,0

0

4.51 tanh 0.29u
m

m

R

H
      (5.18) 

For surf similarity parameters larger than 5 very high relative wave run-up heights occur similar 
to the other configurations (see Fig. 5.18). 

 

Fig. 5.18: Effect of slope steepness on the relative wave run-up height Ru2%/Hm0 for configurations c1 and c3 for 
wave spectra (porosity n = 45%) 

The result can be explained by the shifting of the data points due to the additional effect of the 
slope steepness already included in the surf similarity parameter. The values for the relative 
wave run-up heights for configuration c3 are shifted to smaller values of the surf similarity 
parameter, though a direct comparison of the data for the same revetment porosity with different 
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slope steepnesses is limited. Therefore, the relative wave run-up is shown as a function of wave 
steepness Hm0/L0 in Fig. 5.19 for all tested configurations c1, c2 and c3 to enable a direct 
comparison of the relative effects of porosity and slope steepness on wave run-up. 

 

Fig. 5.19: Effect of slope steepness and porosity on relative wave run-up height Ru2%/Hm0 as a function of wave 
steepness Hm0/L0 for wave spectra 

Fig. 5.19 illustrates the relative importance of the effect of the porosity and that of the slope 
steepness on the relative wave run-up much more clearly than by comparing Fig. 5.16 and 
Fig. 5.18. The effect of slope steepness is clearly more important than the effect of porosity, 
and configuration c3 with the flatter slope of 1:6 and the larger porosity provides the smallest 
values for the relative run-up heights. 

 

5.3.1.2 Wave run-down related to SWL 

a) Effect of the revetment porosity 

The relative wave run-down height Rd2%/Hm0 is first investigated for configurations c1 and c2 
with the same slope steepness 1:3, but with different porosities (n = 45% for c1 and n = 20% 
for c2). Fig. 5.20 shows the results for the relative wave run-down as a function of the surf 
similarity parameter for configurations c1 and c2 tested with wave spectra, based on the tanh-
model described by eq. (5.15). 
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Fig. 5.20: Effect of revetment porosity on relative wave run- down height Rd2%/Hm0 as a function of surf similarity 
parameter m-1,0 tested for wave spectra (slope steepness 1:3) 

Fig. 5.20 shows that both configurations c1 and c2 provide similar values of relative wave run-
down heights leading to almost the same fitting functions. The wave run-down is, as expected, 
smaller compared to the smooth impermeable revetment in Schüttrumpf (2001) for which the 
water remains on the slope for a longer time before the next incident wave breaks. However, 
for surf similarity parameters around 2.0 (plunging breakers), configuration c2 obviously 
provides larger relative run-up heights compared to configuration c1, which might be caused 
by a higher energy dissipation in the more porous revetment. The values for the wave run-down 
still continue to increase for m-1,0 > 5.0 and are thus not properly captured with the applied 
model. 

The following equations are found: 

Configuration c1 (n = 45%):   2%
1,0

0

0.58 1 tanh 2.19d
m
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H
        (5.19) 

Configuration c2 (n = 20%):   2%
1,0

0

0.55 1 tanh 1.94d
m

m

R

H
        (5.20) 

In Fig. 5.21 the data from the main tests of configuration c1 is compared with the data from 
GWK-tests (n = 40% and tan = 1/3) of Oumeraci et al. (2010b) and those of the preliminary 
tests (configuration p2r2 with n = 48% and tan = 1/3) of Liebisch et al. (2013b). 
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Fig. 5.21: Comparison of different data series of relative wave run-down height Rd2%/Hm0 as a function of surf 
similarity parameter m-1,0 tested for wave spectra (slope steepness 1:3)  

Fig. 5.21 shows that the run-down values of the GWK-tests are larger than those of the BoPoRe 
main tests. For surf similarity parameters smaller than 4 the fitting function of Schüttrumpf 
(2001) for smooth and impermeable revetments seems to provide a relatively good fitting also 
for porous revetments. For larger surf similarity parameters, however, the model proposed by 
Schüttrumpf (2001) largely underestimates the GWK-data whereas it generally overestimates 
the BoPoRe-data. The data set of the preliminary tests with wave spectra (Liebisch et al. 
(2013b)) for the highly porous and very rough revetment configuration are in the range of the 
main test data. In contrast to the results of the wave run-up in Fig. 5.17, the values from the 
GWK-tests are larger than those in the smaller scale model tests. This issue will be analysed in 
more detail in section 5.3.2 where the wave run-down is related to EMWL. It is shown in this 
section that an analysis of the wave run-down related to SWL is less appropriate than an analysis 
related to EMWL. Consequently, the effect of slope steepness on relative wave run-down 
related to SWL is not shown in this study, but can be found in Liebisch & Oumeraci (2014). 
The effect of slope steepness on wave run-down related to EMWL is shown in section 5.3.2.2. 

 

5.3.2 Wave run-up and run-down related to EMWL 

After the analyses of the wave set-up in section 5.2 and the wave run-up and wave run-down 
related to SWL in section 5.3.1, the wave run-up and run-down is analysed again in this section, 
but as related to the external mean water level (EMWL). For some tests, especially those with 
configuration c2 with the lower porosity, wave overtopping occurred. The values for relative 
wave run-up related to EMWL with significant overtopping are excluded from the analysis.  
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In contrast to the analysis in Section 5.3.1 using SWL as a reference level, the data for both 
wave run-up and run-down are analysed in the same graph and the tanh-model proposed by 
Schüttrumpf (2001) for smooth impermeable slopes is applied to fit the data for both wave run-
up (eq. (5.21)) and run-down (eq. (5.22)): 

Run-up:  2%,
1,0

0

tanhu EMWL
ru ru m

m

R
a b

H
     (5.21) 

Run-down:  2%,
1,0

0

tanhd EMWL
rd rd m

m

R
a b

H
     (5.22) 

 

5.3.2.1 Effect of the revetment porosity 

The data from the irregular wave tests for relative wave run-up Ru2%,EMWL/Hm0 and run down 
Rd2%,EMWL/Hm0 related to the EMWL of configurations c1 and c2 with the same slope steepness 
(1:3) and different porosity (c1 with n = 45% and c2 with n = 20%) are plotted against surf 
similarity parameter m-1,0 in Fig. 5.22. 

 

Fig. 5.22: Effect of porosity on relative wave run-up and run-down related to EMWL as a function of surf 
similarity parameter m-1,0 for wave spectra (slope steepness 1:3) using eq. (5.21) and eq. (5.22) 

Generally, the more porous revetment provides smaller values for both relative wave run-up 
and run-down. The effect of the revetment porosity is more pronounced for wave run-up than 
for run-down, particularly for large m-1,0–values where this effect becomes negligible for 
relative run-down. Furthermore, for both configurations a larger scatter occurs for relative wave 
run-up than for relative wave run-down. The tanh-model also shows a good correlation for both 
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porous revetments. For relative run down Rd2%;EMWL/Hm0 obviously both fitting functions tend 
against the same maximum value irrespective of the porosity. The following equations are 
obtained for relative wave run-up related to EMWL: 

Configuration c1 (n = 45%):  2%,
1,0

0

3.20 tanh 0.25u EMWL
m

m

R

H
     (5.23) 

Configuration c2 (n = 20%):  2%,
1,0

0

4.01 tanh 0.23u EMWL
m

m

R

H
      (5.24) 

For the relative wave run-down related to EMWL the following equations are obtained: 

Configuration c1 (n = 45%):  2%,
1,0

0

1.75 tanh 0.31d EMWL
m

m

R

H
      (5.25) 

Configuration c2 (n = 20%):  2%,
1,0

0

1.61 tanh 0.46d EMWL
m

m

R

H
       (5.26) 

 

5.3.2.2 Effect of the revetment slope steepness 

In this section the relative wave run-up and run-down related to EMWL of configurations c1 
and c3 with the same porosity (n = 45%) and different slope steepnesses 1:3 and 1:6 are 
analysed. The results are shown in Fig. 5.23. 

 

Fig. 5.23: Effect of slope steepness on relative wave run-up and run-down related to EMWL as a function of surf 
similarity parameter m-1,0 for wave spectra (porosity n = 45%) using eq. (5.21) and eq. (5.22) 
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The results shown in Fig. 5.23 are rather unexpected, because it seems that the flatter slope of 
configuration c3 provides larger wave run-up and run-down related to EMWL as configuration 
c1 with a slope 1:3. But this result can be explained by the slope steepness which is directly 
included in the surf similarity parameter resulting in a shifting of the results in x-direction for 
the same wave conditions. This is indicated in Fig. 5.23 with the dashed lines in blue for 
configuration c1 and in green for configuration c3. It is obvious that the flatter configuration c3 
provides, as expected, the smaller relative wave run-up and run-down for the same wave 
conditions due to the resulting smaller surf similarity parameter. The effect of the slope 
steepness on relative wave run-up is more significant compared to the relative wave run-down. 
This was already shown in Foyer (2013) for regular waves. However, the two distinct curves 
for the slopes 1:3 and 1:6, respectively for wave run-up and run-down, rather indicate that the 
surf similarity parameter does not fully describe the effect of slope steepness on wave run-up 
und run-down. 

The following equations were found for relative wave run-up and run-down related to EMWL 
for configuration c3: 

Configuration c3 (tan = 1/6; n = 45%): 

  2%,
1,0

0

5.36 tanh 0.16u EMWL
m
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H
     (5.27) 

  2%,
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0

2.73 tanh 0.24d EMWL
m

m

R

H
      (5.28) 

The derived formulae for configuration c1 were already shown in eq. (5.23) and eq. (5.25). 

5.3.3 Prediction formulae for relative wave run-up and run-down related to EMWL 

As already shown in Liebisch et al. (2013b) and Foyer (2013) as well as in sections 5.3.2.1 and 
5.3.2.2, the consideration of the wave run-up and run-down related to the EMWL instead of 
SWL is physically more appropriate. Moreover, for relative wave run-down no positive values 
are obtained. The tanh-model proposed by Schüttrumpf (2001) for wave run-up on impermeable 
slopes was used to fit the data of the bonded porous revetments and provided relatively good 
results. 

The values of the coefficients aru and bru and ard and brd for the different revetment 
configurations based on eq. (5.21) for relative wave run-up related to EMWL and eq. (5.22) for 
relative wave run-down related to EMWL are given with the determination coefficient and the 
coefficient of variation in Tab. 5.3 and Tab. 5.4, respectively. 
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Tab. 5.3: Coefficients aru and bru in eq. (5.21) for all revetment configurations tested with irregular waves 

 2%,
1,0

0

tanhu EMWL
ru ru m

m

R
a b

H
      tan  porosity aru  bru  r²  ’diff 

[‐]  [%]  [‐]  [‐]  [‐]  [‐] 

configuration c1  1/3  45  3.20  0.25  0.88  0.191 

configuration c2  1/3  20  4.01  0.23  0.92  0.190 

configuration c3  1/6  45  5.36  0.16  0.92  0.124 

 

Tab. 5.4: Coefficients ard and brd in eq. (5.22) for all revetment configurations tested with irregular waves 

 2%,
1,0

0

tanhd EMWL
rd rd m

m

R
a b

H
      tan  porosity ard  brd  r²  ’diff 

[‐]  [%]  [‐]  [‐]  [‐]  [‐] 

configuration c1  1/3  45  ‐1.75  0.31  0.85  0.093 

configuration c2  1/3  20  ‐1.61  0.46  0.83  0.058 

configuration c3  1/6  45  ‐2.73  0.24  0.91  0.128 

 

A change of coefficients aru in eq. (5.21) and ard in eq. (5.22) would result in a change of the 
asymptotic value of the tanh-function since Ru2%,EMWL/Hm0 = aru and Rd2%,EMWL/Hm0 = ard for 
very large m-1,0. Coefficients bru in eq. (5.21) and brd in eq. (5.22) affect the steepness of the 
fitting curves. In Fig. 5.22 it can be seen that the relative wave run-up curves for two different 
porosities and the same slope steepness are significantly affected in their asymptotic value while 
the latter is not affected by the porosity for the relative wave run-down. When the slope 
steepness varies and the porosity remains the same, the asymptotic value and the steepness of 
both wave run-up and run-down curves change (see Fig. 5.23); i.e. the following implications 
can be drawn for coefficients aru and bru in eq. (5.21) and ard and brd in eq. (5.22): 

- aru depends on both revetment slope steepness tan and revetment porosity n: 
aru = aru (tan, n) 

- bru depends primarily on revetment slope steepness and only slightly on porosity, so that it 
can assumed that: bru = bru (tan) 

- ard depends on both slope steepness and porosity, but much more significantly on revetment 
slope steepness tan: ard = ard (tan, n) 

- brd depends on both revetment slope steepness tan and revetment porosity brd = brd (tan, 
n) 
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As in Foyer (2013), Alcérreca Huerta (2014) and Liebisch et al. (2013b), the consideration of 
the wave run-up and run-down related to the EMWL provides physically more appropriate 
results than the common approach using SWL as a reference level.  

A larger porosity leads to lower values of both relative wave run-up and run-down with a more 
significant effect of the porosity on wave run-up (reduction up to 20%). The tanh-model 
proposed by Schüttrumpf (2001) for smooth impermeable slope also performs relatively well 
for porous revetments. 

The two distinct curves for the slopes 1:3 and 1:6, respectively for wave run-up and run-down, 
rather indicate that the surf similarity parameter does not fully describe the effect of slope 
steepness on wave run-up und run-down. 

 

5.4 Summary and implications of key results 

In this chapter the results of the processes taking place in front of and on the revetment were 
analysed, including wave reflection, wave set-up and wave run-up and run-down. The wave 
run-up and run-down heights were first analysed according to the common approach using SWL 
as a reference water level; i.e. both implicitly include the wave set-up. The analysis was then 
performed without including the wave set-up; i.e. with the EMWL as a reference level. 

In section 5.1, it was shown that an increasing porosity leads to a larger effect of the incident 
wave height on the reflection coefficient. The highly porous revetment behaves increasingly 
like an impermeable revetment with increasing wave heights. The developed model based on 
the modified model of Seelig & Ahrens (1981), in which the parameter B depends on the wave 
height, performed well for all tested configurations. The effect of the slope steepness on the 
reflection coefficient Cr is less significant. 

In section 5.2, the significant effect of the slope steepness on relative wave set up S/L0 was 
clearly illustrated. The effect of the revetment porosity on relative wave set-up S/L0 is less 
pronounced than that of the slope steepness. Empirical formulae were successfully developed. 

In section 5.3, it was shown that due to the basically different time scales of the wave run-
up/run-down and the wave set-up, the analysis of wave run-up/run-down related to EMWL as 
a reference water level is physically more appropriate than with the commonly used SWL. A 
larger porosity leads to lower values of both relative wave run-up and run-down with a more 
significant effect of the porosity on wave run-up (up to 20 % smaller values for revetment c1 
with n = 45% compared to revetment c2 with n = 20%, both with the same slope 1:3). The effect 
of slope steepness, which also reduces wave run-up and run-down, is obviously not fully 
described by the surf similarity parameter. The tentative prediction models (tanh-models) also 
provided a much better fitting for the wave run-up/run-down related to EMWL.  

Overall, the results of this chapter have contributed to an improved understanding of the 
processes on the revetments of different porosity and slope steepness. However, these results 
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have limitations, so that further research will be needed. The results suggest that there is a 
porosity threshold at which the effect of porosity on the reflection coefficient becomes 
negligibly small. For this purpose, a systematic parameter study with the validated numerical 
model available at LWI might be most appropriate to determine further influencing parameters 
and their relative effect on wave reflection, wave set-up and wave run-up and run-down. The 
derived model for the wave reflection which accounts for the additional effect of the wave 
height might also be applied on the extensive existing data sets which were already used in 
Zanuttigh & Van der Meer (1988) to verify the findings of this study. The effect of the slope 
steepness by keeping the revetment porosity constant has been investigated numerically by 
Alcérreca Huerta (2014). Further numerical simulations would be required to investigate the 
effect of porosity for different slope steepnesses for a wider range of the slope steepness. 
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6 Wave-induced pressures on the revetment 

This chapter addresses the wave-induced pressures on the revetment. This includes the wave 
load classification, the analysis of the peak pressure, its location on the revetment and the 
pressure distribution on the revetment. The results of this chapter are based on the 
measurements of 11 pressure transducers (PT) on the revetment in PT-layer 1 (see Fig. 6.1, and 
for details Fig. 4.6, Fig. 4.8 and Fig. 4.9). For configurations c2 and c3 only 10 PTs are used to 
measure the wave-induced pressure on the revetment due to a damage of a PT in the tests with 
configuration c1. 

 

Fig. 6.1: Locations of pressure transducers PT01-11 in layer 1 for the analyses of the wave-induced pressure on 
the revetment 

The wave-induced loads are first classified into impact and non-impact loads in section 6.1. In 
section 6.2 the peak pressures are analysed. For the development of a prediction model the peak 
pressures are divided in an impact and quasi-static component. The location of the peak pressure 
on the revetment is the objective of section 6.3. The spatial pressure distribution on the 
revetment is analysed in section 6.4. 

 

6.1 Wave load classification and parameterization 

All pressure transducers were set to zero at the beginning of all tests which means that the 
measured pressures were only induced by wave motion. At the pressure transducers under still 
water level (SWL) the hydrostatic pressure p0(x) results from the local water depth h(x) at SWL: 

 0 ( ) ( )p x g h x    (6.1) 

This leads to the reference pressure p0(x) for all PT on and beneath the revetment and in the 
sand core (Fig. 6.2). 
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Fig. 6.2: Hydrostatic pressure p0(x) as a reference for wave-induced pressure pwave (definition sketch) 

6.1.1 Wave load classification 

The different wave loads on the revetment were also investigated in the preliminary tests by 
Liebisch et al. (2013b) and compared to those given in Oumeraci et al. (2010b) for a highly 
porous PBA-revetment and in Alcérreca Huerta & Oumeraci (2012) for an almost impermeable 
block revetment (IPPB). It was shown that the loading cases slightly differ depending on the 
revetment roughness and porosity. However, in the preliminary tests by Liebisch et al. (2013b) 
these loading cases were shown only for regular waves, but not for irregular wave tests. The 
load classification is conducted in this section for the main tests with a focus on wave spectra 
tests for a direct comparison with the large-scale tests of Oumeraci et al. (2010b) and Alcérreca 
Huerta & Oumeraci (2012). 

The different loading cases with the limits for regular wave tests in Liebisch et al. (2013b) are 
sketched in Fig. 6.3 together with the GWK-tests of Oumeraci et al. (2010b) and Alcérreca 
Huerta & Oumeraci (2012) for irregular waves. Depending on the revetment configuration in 
Liebisch et al. (2013b) for regular waves, a wider transition zone was obtained compared to 
Oumeraci et al. (2010b) and Alcérreca Huerta & Oumeraci (2012).  

 

Fig. 6.3: Definition of different loading cases for all configurations in Liebisch et al. (2013b) (regular wave tests) 
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In the irregular wave tests of this study, a classification of the different breaker types like in 
Foyer (2013) and Alcérreca Huerta (2014) who used regular wave tests is hardly possible, 
because the waves strongly differ in irregular wave trains. That is why the classification of 
Oumeraci et al. (2010b) into impact and non-impact loads is adopted.  

The classifications of the loading cases for all tested revetment configurations tested with wave 
spectra are shown together with the results of Oumeraci et al. (2010b) and Alcérreca Huerta & 
Oumeraci (2012) in Tab. 6.1. 

Tab. 6.1: Classifications of the loading cases for all configurations tested with wave spectra (slope steepness 1:3) 

configuration Impact load Transition zone Non-impact 
load 

c1 (tan = 1/3; n = 45%) m-1,0 < 2.35 2.35 < m-1,0 < 3.10 m-1,0 > 3.10 

c2 (tan = 1/3; n = 20%) m-1,0 < 2.25 2.25 < m-1,0 < 3.00 m-1,0 > 3.00 

c3 (tan = 1/6; n = 45%) m-1,0 < 1.70 1.70 < m-1,0 < 3.20 m-1,0 > 3.20

PBA-revetment (tan = 1/3; 
n = 40%) (Oumeraci et al. (2010b)) 

m-1,0 < 2.50 2.50 < m-1,0 < 2.90 m-1,0 > 2.90

IPPB-revetment (tan = 1/3; n = 3%) 
(Alcérreca Huerta & Oumeraci 

(2012) 
m-1,0 < 2.70 2.70 < m-1,0 < 3.00 m-1,0 > 3.00

 

The largest differences in the wave load classification in Tab. 6.1 occur for slope 1:6 
(configuration c3), for which the transition zone already begins at a surf similarity parameter 
of 1.70. This might be explained by the longer residence time of the up- and downrushing water 
of the flatter 1:6 slope resulting in a damping of the peaks already for smaller surf similarity 
parameter. But also for the two configurations with the 1:3 slope, the boundary between impact 
loads and transition zone is shifted to smaller values of surf similarity parameter m-1,0 compared 
to the results of the GWK-tests by Oumeraci et al. (2010b). However, it is assumed that 
deviations most likely occur in the determination of the boundaries due to the strongly 
subjective consideration of the different loading cases and breaker types.  

For the wave load classification according to surf similarity parameter m-1,0, the flatter 1:6 
slope provides a larger transition zone than the steeper slopes 1:3 due to the longer residence 
time of the up- and downrushing water on the flatter slope resulting in a damping of the peaks 
already for smaller surf similarity parameter (1.70 < m-1,0). 
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6.1.2 Parameterisation of the pressure signals 

The different loading classes described in the previous section are characterized by very distinct 
parameters due to their shape (see Fig. 6.3). The parameterisation of the pressure signals is 
adopted from Oumeraci et al. (2010b) like in Liebisch et al. (2013b) in order to make the 
analysis results more easily comparable. 

 
a) Pressure signals of impact wave loads 

An impact component of very large pressure and very short duration characterizes impact wave 
loads which are developed by plunging/collapsing breakers. The pressure peak is superimposed 
by a cyclic quasi-static component according to the wave motion on the slope. These were 
idealized by Oumeraci et al. (2010b) with triangles described by three parameters (Fig. 6.4b) 

 

Fig. 6.4: Parameterisation of impact wave loads (Oumeraci et al. (2010b)) 

 

b) Pressure signals of non-impact wave loads 

Like in Liebisch et al. (2013b) the parameterization of non-impact loads induced by surging 
breakers with a cyclic variation according to the wave motion on the revetment, was also 
adopted from the analysis of Oumeraci et al. (2010b). The non-impact loads are similar to the 
quasi-static component of the impact load and only one pressure peak can be observed in the 
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time history of the pressure signal (pstat = pmax). Oumeraci et al. (2010b) idealized the shape of 
the non-impact pressure with a trapezoid described by four parameters (see Fig. 6.5b). 

 

Fig. 6.5: Parameterisation of non-impact wave loads (Oumeraci et al. (2010b)) 

 

6.2 Peak pressure on the revetment 

The design of a revetment depends on the peak pressure on the revetment and its location which 
also determine the pressure distribution on and beneath the revetment. Therefore, these two 
parameters are both used as key parameters for the calculation of all other wave-induced 
pressure parameters on and beneath the revetment. In doing so, the spatial pressure distribution 
on and beneath the revetment can be derived. 

The peak pressures were used to determine a non-dimensionless parameter in terms of the wave 
height Hm0 for wave spectra: 

 max
max

0m

p
p

g H


 
 (6.2) 
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This dimensionless pressure is commonly used for the analysis of wave pressure as a function 
of the surf similarity parameter or the deep water wave steepness.  

Typical signals recorded in PT-layer 1 (see Fig. 6.1) are shown in Fig. 6.6 exemplarily for a 
selected PT for a) impact loading and b) non-impact loading on configuration c1. 

 

Fig. 6.6: Typical recorded signals of a pressure transducer on the revetment (PT-layer 1) for a) impact loading 
and b) non-impact loading (configuration c1) 

In the following sub-sections the analyses are conducted to determine the effect of the revetment 
porosity and slope steepness on the relative peak pressure separately. 

 

6.2.1 Effect of revetment porosity 

Firstly, the results for the relative peak pressure on the revetments with the same slope steepness 
(1:3) and different porosity (20% & 45%) are shown in Fig. 6.7 together with the ranges of 
loading conditions for each revetment (also see Tab. 6.1). Furthermore, the mean behaviour of 
the relative peak pressure is indicated with a dashed line for each revetment. 
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Fig. 6.7: Effect of revetment porosity on the relative peak pressure on the revetment as a function of surf 
similarity parameter m-1,0 for wave spectra (slope steepness 1:3) 

For impact loads, much smaller relative peak pressures on the revetment with a larger porosity 
(c1) are obtained as compared to revetment with the lower porosity (c2), while for non-impact 
loads, configuration c2 seems to provide only slightly larger values compared to configuration 
c1 (Fig. 6.7). This confirms the results of the preliminary tests by Liebisch et al. (2013b) for 
regular waves and wave spectra tests, where it was found that porosity and roughness do not 
significantly affect the quasi-static loads. 

The larger peak pressures induced by collapsing breakers (2.4 < m-1,0 < 4.3) for larger 
revetment thickness due to an increasing infiltration and the absence of a water layer on the 
revetment as reported by Alcérreca Huerta (2014) were not observed in the laboratory tests of 
this study. They were also not observed in the GWK-tests (Oumeraci et al. (2010b)), so that 
they are likely numerical artefacts. However, the final answer can only be provided by 
laboratory tests specifically designed for this purpose. As shown in Fig. 6.7 for the 
aforementioned range of m-1,0-values, configuration c2 with the lower porosity (n = 20%) and 
the resulting smaller infiltration capacity provides significantly larger peak pressures compared 
to the highly porous configuration c1 (n = 45%).  

For m-1,0 < 3.0, strong plunging/collapsing breakers occur resulting in large relative peak 
pressures on the revetment with values up to 4.5 for configuration c1 with the higher porosity 
and up to ca.7.0 for configuration c2 with the lower porosity. For m-1,0 < 3.0 (impact loads and 
transition zone), a larger scatter occurs for the revetment with the lower porosity (c2), which 
was already observed in the GWK-tests with an almost impermeable IPPB-revetment (Liebisch 
et al. (2012)). This might be explained by the large variability of wave breaking in this range 
of surf similarity parameters, which especially occurs on almost impermeable and low porous 

Hm0, L0

SWL 

h

pmax

zpmax

 
1,0

0 0

tan
m

mH L

  



Wave-induced pressures on the revetment 110

 

 

revetments. An increasing porosity leads to smaller peak pressures on the revetment for 
plunging/collapsing breakers and a smaller scatter of the pressure values (see Fig. 6.7). This 
might be explained by a larger energy dissipation by the highly porous revetment, which was 
also observed in the comparison of the GWK-tests of Oumeraci et al. (2010b) (see also Fig. 6.8) 
and Alcérreca Huerta & Oumeraci (2012) in Liebisch et al. (2012). Obviously, the larger energy 
dissipation by the highly porous revetment also decreases the variability of wave breaking in 
the transition zone resulting in a smaller scatter.  

For both configurations large unexpected non-impact loads occur up to relative peak pressures 
of 4.0. This was already observed in the GWK-tests on the PBA-revetment for irregular wave 
tests (see also Fig. 6.8). Furthermore, such a large non-impact pressure event is also shown in 
Fig. 6.6b) with pmax/(gHm0) = 3.88 for m-1,0 = 6.0. Since also the obtained pmax/(gHm0)-values 
on the smooth, impermeable revetment (p0r0) in the preliminary tests of Liebisch et al. (2013b) 
are in the same range for m-1,0 > 3.0, an effect of the revetment porosity is not likely. It is 
assumed that these large pmax/(gHm0)-values are a result from the analysis of the maximum 
peak pressure in irregular wave tests. However, this issue needs to be clarified in further studies, 
because also a comparison with the GWK tests of Gier et al. (2012) with an almost impermeable 
IPPB-revetment is not possible due to the tested range of m-1,0 < 3.0. 

A comparison of the results for configuration c1 and those of configuration p2r2 and p0r0 from 
the preliminary tests by Liebisch et al. (2013b), both with a highly porous cover layer (c1: 45%; 
p2r2: 48%) and a 1:3 slope, with the results from the GWK tests by Oumeraci et al. (2010b) 
with the same slope steepness and a similar porosity (PBA-revetment: 40%) is performed in 
Fig. 6.8. 

 

Fig. 6.8: Comparison of relative peak pressure on highly porous revetments as a function of surf similarity 
parameter m-1,0 obtained from different studies for wave spectra (slope steepness 1:3)  
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The comparison of the (1:5) Froude-scaled data of configuration c1 with the GWK data shows 
a good agreement for non-impact loads (m-1,0 > 3.1). In the transition zone (m-1,0 = 2.35-3.10), 
the relative peak pressures are also in the same range for the GWK data and the scaled model 
results. Only for the strong plunging breakers and the resulting impact loads (m-1,0 < 2.2), about 
10% larger relative peak pressures are obtained in the GWK tests than in the 1:5 scaled model. 

These differences between the GWK-tests and the 1:5 scaled BoPoRe-tests for impact loads 
might be explained by the following possible causes: 

 The entrapped and compressed air in plunging breakers cannot be scaled by the Froude-
law. The effect of the smaller amoumt of entrapped air is more pronounced in the smaller 
scale model, thus resulting in a larger damping of the peak pressures for impact loads 
(Bullock et al. (2001)). 

 Since the deep water wave height is used to define the relative peak pressure, smaller wave 
heights will result in larger relative peak pressures. Differences in the determination of the 
deep water wave height in the two flumes would result in differences in the relative peak 
pressure. 

 Only the largest pressure event is chosen for the analysis of the peak pressure. The 
manually selected peak can be different depending on the analyst. The performance of the 
analysis by different analysts may lead to a different subjective filtering of the measured 
signals, especially considering possible measuring errors, which leads to deviations in the 
analysis of maximum peak pressures. 

 Different wave generation and wave transformation in the two flumes. 

It is assumed that the differences between the two models are not only due to one of the 
aforementioned causes, but by several of them. The second and the third causes are assumed to 
be the most relevant. Nevertheless, the data from both models can be used for a qualitative 
comparison of the revetment configurations and the effect of porosity and slope steepness on 
the peak pressure. 

The following issues which might induce differences in the results of the two model studies can 
be excluded: 

 Measuring frequency of the PTs: it is usually not scaled. In the small-scaled tests a large 
frequency was chosen to measure the very short pressure peaks in the time history. A 
cutting of the signal resulting in smaller pressure peaks is thus unlikely. 

 Duration of the tests: generally 600 waves/tests were used in LWI model. However, 
selected tests for comparison were also conducted with 1000 waves like in the GWK 
without a significant difference. 

 Data filtering: The same data filter was used to pre-process the data before the analysis. 
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6.2.2 Effect of the revetment slope steepness 

The analysis of the effect of the slope steepness on the relative peak pressures on the revetment 
is performed by considering configurations c1 and c3 with the same porosity (n = 45%), but 
different slope steepnesses (1:3 for c1 and 1:6 for c3). The results are shown in Fig. 6.9. 

 

Fig. 6.9: Effect of slope steepness on relative maximum pressure on the revetment as a function of surf similarity 
parameter m-1,0 for wave spectra (porosity n = 45%) 

The revetment with the flatter slope c3 provides similar values for the relative peak pressure 
for surf similarity parameters between 1.5 and 2.5. The highest relative peak pressure values on 
the revetment for configuration c3 are obtained for plunging breakers at m-1,0 = 1.5 which 
decrease again for m-1,0 < 1.5. Surprisingly, for large surf similarity parameters m-1,0 > 2.5 
larger values compared to configuration c1 are obtained which might be explained by larger 
water layers on the flatter slope or due to a shifting of the peak pressure values to smaller m-

1,0-values for configuration c3: the slope steepness included in the surf similarity parameter 
shifts the peak pressure values for the same wave conditions to smaller m-1,0-values. 
Consequently, a direct comparison of the data for the same revetment porosity with different 
slope steepnesses is limited. The wider transition zone for the flatter slope (c3) compared to the 
steeper slope (c1) might be explained by the longer residence time of the up- and downrushing 
water which affects the incident waves in their breaking behaviour. 

Before deriving prediction formulae for the peak pressure pmax, the quasi-static component pstat 
is analysed separately in the next section. This procedure was already successfully conducted 
by Alcérreca Huerta (2014). 
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6.2.3 Quasi-static pressure component on the revetment 

In Liebisch et al. (2013b), the quasi-static pressure induced by the cyclic wave motion on the 
revetment was found to be only affected by the slope steepness. Neither the roughness nor the 
porosity of the revetment had any noticeable effect. Since for surging breakers no impact 
component occurs, the entire wave load consists only of the quasi-static pressure. For 
plunging/collapsing breakers, the quasi-static component of impact loads is simply 
superimposed by the impact component to provide the entire impact load (see Fig. 6.4). 

The following model was chosen in Liebisch et al. (2013b), because it provides the best fitting 
for the range of the surf similarity parameters tested, especially on the 1:3 revetment: 
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     (6.3) 

with:  astat, bstat, cstat = empirical coefficients 

Alcérreca Huerta (2014) numerically investigated the wave-induced loading of porous, bonded 
revetments for regular waves. As a result, a prediction model for the entire impact load induced 
by regular waves was developed which consists of an impact component (see eq. (6.9)) and the 
quasi-static component which is described by eq. (6.4): 
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In fact, no differences in the quasi-static component could be identified for different revetment 
thicknesses.  

In this study the model proposed in eq. (6.3) is used instead of eq. (6.4) proposed by Alcérreca 
Huerta (2014) to fit the data of the quasi-static loads, because eq. (6.3) does not tend against 
2.0 for large surf similarity parameters and eq. (6.4) can thus not describe the large peak 
pressure values found for non-impact loads on the porous revetments tested in irregular wave 
tests (Fig. 6.7, Fig. 6.8 and Fig. 6.9). However, due to the large obtained scatter like in Alcérreca 
Huerta (2014), a conservative approach using upper envelopes for the data is also considered 
instead of a common approach based on a fitting function with a standard deviation. The aim 
of this approach is to possibly enclose the analysed data as completely as possible by an upper 
envelope representing the maximum possible value for any given surf similarity parameter. For 
design purpose these maximum peak pressures might be considered as more relevant for the 
stability of the entire structure than the mean values obtained by a common fitting approach. 
Fig. 6.10 shows a comparison of the quasi-static load components for the revetment 
configurations c1 and c2 with different porosities and the same slope steepness 1:3. For the 
impact loads the maximum peak pressures pmax is excluded and only the quasi-static load 
components pstat are considered in the analysis. Upper envelopes for the values are derived 
applying eq. (6.3). 

The quasi-static load components of the two configurations with different porosities in Fig. 6.10 
show as expected only slight differences. For configuration c2 with the lower porosity, slightly 
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larger values are provided, which might be explained by less infiltration into the revetment with 
the smaller porosity resulting in a larger water layer on the revetment. Furthermore, a larger 
scatter occurs, which was already observed for the maximum peak pressures in Fig. 6.7. 
However, also for configuration c1 a larger scattering is observed for m-1,0 < 3.0 in the range 
(plunging and collapsing breakers); i.e. only for the quasi-static component of the impact load. 
It is assumed that this scatter results from the analyses the quasi-static load component 
associated to the maximum peak pressure of the impact loads on the revetment, which is related 
to high variability.  

 

Fig. 6.10: Effect of revetment porosity on the relative quasi-static pressure for wave spectra (slope steepness 1:3) 
and applied eq. (6.3) by Liebisch et al. (2013b) for upper envelopes 

Using eq. (6.3) the following formulae were found for configurations c1 and c2 with the same 
slope steepness 1:3: 

Configuration c1 (n = 45%):  0.97
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     (6.5) 

Configuration c2 (n = 20%):  0.79
1,0

0

5.54 tanh 0.23stat
m

m

p

gH


      (6.6) 

Fig. 6.11 compares the results of small-scale BoPoRe-tests (configurations c1 and c2 with slope 
steepness 1:3) with the values of quasi-static load component of the large scale tests in GWK 
of Oumeraci et al. (2010b) and Alcérreca Huerta & Oumeraci (2012) for irregular waves. 

The four datasets provide comparable results in Fig. 6.11 for all revetment configurations 
independently on the scale and the porosity of the cover layer. Also the large-scale tests in 
GWK confirm the large quasi-static loads up to pstat/(gHm0) = 4.0 for large surf similarity 
parameters. The large scattering for surf similarity parameters smaller than 3 is also observed 
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for the large scale experiments. Thus, there are no significant model or scale effects for the 
quasi-static component on the revetment.  

 

Fig. 6.11: Comparison of different data series of relative quasi-static pressure as a function of surf similarity 
parameter m-1,0 for wave spectra (slope steepness 1:3) 

In Liebisch et al. (2013b) it was reported that the quasi-static pressure component was only 
affected by the slope steepness for regular waves. In Fig. 6.12 the effect of slope steepness on 
the quasi-static pressure component is shown for wave spectra. The relative quasi-static 
pressures for m-1,0 < 2.0 show a good agreement for both revetment configurations c1 and c3 
in Fig. 6.12.  

 

Fig. 6.12: Effect of slope steepness on relative quasi-static pressure on the revetment as a function of surf 
similarity parameter m-1,0 for wave spectra (porosity n = 45%) 
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Unexpectedly, for surf similarity parameters larger than 2.0 the quasi-static pressure for flatter 
slopes (c3) is decisively larger than that for the steeper slope (c1). Like in the previous section 
the chosen fitting model was applied for the upper envelope: 

Configuration c3 (tan = 1/3):  1.23
1,0

0

5.49 tanh 0.19stat
m

m

p

gH


      (6.7) 

Considering the decisively larger relative quasi-static pressure on revetment c3 with a flatter 
slope 1:6 for surf similarity parameters larger than 2.0 in Fig. 6.12, the results for both 
configurations c1 and c3 are comparatively shown only against deep water wave steepness 
Hm0/L0 i.e. without consideration of the slope steepness in Fig. 6.13. The red ellipsis in Fig. 6.13 
highlights the peak values of the relative quasi-static component which are shifted to the left on 
the x-axis in Fig. 6.12. It is obvious that all values with small wave steepness (i.e. with small 
wave heights and especially large wave periods) cause unexpected large values of quasi-static 
pressure which can also be seen in Fig. 6.12. This means that for decreasing wave steepness 
(quasi-static loads) the effect of slope steepness on the pressure on the revetment also decreases 
and becomes negligibly small. This phenomenon has to be further examined in future laboratory 
tests or numerical studies for a wider variation range of the slope steepness. Also in Alcérreca 
Huerta (2014) this was not seen, because the wave pressure analysis was only conducted 
depending on layer thickness without a variation of slope steepness.  

 

Fig. 6.13: Effect of slope steepness on relative quasi-static pressure on the revetment as a function of deep water 
wave steepness for wave spectra (porosity n = 45%) 
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6.2.4 Prediction formulae for wave-induced peak pressure on the revetment 

In the previous section the relative quasi-static pressure component was investigated and upper 
envelopes were determined for the values of the different configurations based on Liebisch et 
al. (2013b) in eq. (6.3). The coefficients for the upper envelopes of the configurations are 
summarized in Tab. 6.2.  

Tab. 6.2: Coefficients astat, bstat and cstat in eq. (6.3) for all tested configurations c1, c2 and c3 

 1,0
0

tanh statcstat
stat stat m

m

p
a b

gH


      tan  porosity  astat  bstat  cstat 

[‐]  [%]  [‐]  [‐]  [‐] 

configuration c1  1/3  45  4.74  0.20  0.97 

configuration c2  1/3  20  5.54  0.23  0.79 

configuration c3  1/6  45  5.49  0.19  1.23 

 

For the model development in the next step, the impact pressure component has to be analysed. 
This component only occurs for breaking waves with surf similarity parameters smaller than 3 
corresponding to plunging and collapsing breaker types. The impact component is determined 
as a difference between the total peak pressure and the quasi-static peak pressure (see Fig. 6.4): 

 maximp statp p p    (6.8) 

Alcérreca Huerta (2014) also proposed an upper envelope described by the following equation 
for the impact component: 
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 (6.9) 

Eq. (6.9) has the advantage that the relative impact pressure is tending against zero again for 
large surf similarity parameters, which is important because for surging breakers no impact 
occurs. This model is adopted in this study to get a smoother fitting for the upper envelopes. 
Therefore, the coefficient c is introduced instead of the exponent. This leads to the following 
equation: 

 1,0
1,0

0

exp
impc

imp m
imp m

m imp

p
a

gH b









 
     

 
  (6.10) 

The coefficients in eq. (6.10) for the relative impact pressure component determined for the 
tested configurations are summarized in Tab. 6.3. For the impact pressure component no 
difference between configurations c1 and c3 with the same porosity (n = 45%) and different 
slope steepnesses was found. Consequently, the same coefficients are used for the upper 
envelope in eq. (6.10). 
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Tab. 6.3: Coefficients aimp, bimp and cimp in eq. (6.10) for all tested configurations c1, c2 and c3 
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  tan  porosity  aimp  bimp  cimp 

[‐]  [%]  [‐]  [‐]  [‐] 

configurations c1 and c3  1/3 and 1/6  45  1.75  304.38  6.59 

configuration c2  1/3  20  2.55  50.61  3.60 

 

The derived prediction model for the peak pressure is very similar to the model proposed by 
Alcérreca Huerta (2014), which consists of an impact and a quasi-static-component described 
in eq. (6.3) and eq. (6.10) leading to eq. (6.11): 

  1,0max
1,0 1,0

0 0

exp tanh
imp

stat

c
imp stat m c

imp m stat stat m
m m imp

p pp
a a b

gH gH b


 

 


 

 
         

 
  (6.11) 

Based on this model, the following specific formulae are obtained for the upper envelopes of 
the relative maximum peak pressure on the three revetment configurations tested with wave 
spectra (Fig. 6.14): 

Configuration c1 (n = 45%; tan = 1/3): 
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for 1,0 6.8m     

Configuration c2 (n = 20%; tan = 1/3): 
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  (6.13) 

for 1,0 6.8m    

Configuration c3 (n = 45%; tan = 1/6): 
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  (6.14) 

for 1,0 4.2m    

Combining the equations for the upper envelopes of both pressure components, the derived 
envelopes in Fig. 6.14 enclose almost all obtained data points. Like for the results of the 
numerical simulations with regular waves by Alcérreca Huerta (2014), this approach using an 
upper envelope provides relatively good results also for the results of physical model tests 
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performed in this study with irregular waves. However, for some surf similarity parameters the 
application of upper envelopes lead to an overestimation up to 50% for the maximum peak 
pressures, which would result in an overdesigned revetment. Consequently, even though the 
approach to enclose the data with upper envelopes instead of the application of common fitting 
functions represents a good alternative to handle the large variability of peak pressure values 
especially for impact loads and in the transition zone and the included safety for design 
purposes, more research is necessary to com up with a larger data base for a higher accuracy of 
this conservative approach. 

 

Fig. 6.14: Upper envelopes for relative maximum peak pressure on the revetment as a function of surf similarity 
parameter m-1,0 for wave spectra (all tested configurations) 

An increasing porosity increases the damping of impact loads leading to significantly smaller 
(up to 70%) peak pressures on the revetment, whereas non-impact loads are just slightly 
affected by a changing porosity. This might be explained by a smaller infiltration into the 
revetment and subsequent larger water layers on the revetment. Furthermore, an increasing 
porosity leads to a smaller scatter of the pressure values for m-1,0 < 3.0 (impact loads and 
transition zone). Obviously, the larger dissipation on the highly porous revetment also decreases 
the variability of wave breaking in the transition zone resulting in a smaller scatter. This effect 
was also observed in the GWK-tests. 

The flatter slope1:6 results in a broader transition zone between impact and non-impact loads 
(c3: 1.70 < m-1,0 < 3.20; c1: 2.35 < m-1,0 < 3.10). The slope steepness also affects the relative 
peak pressure (pstat/(gHm0)) of the quasi-static load. In contrast, no noticeable effect of the 
slope steepness on the impact peak pressure could be identified. The effect of the slope 
steepness on the pstat/(gHm0)-values is not well described by surf similarity parameter m-1,0, 
this is shown more explicitly for pstat/(gHm0) as a function of the deep water wave steepness.
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Therefore, using m-1,0 to describe pstat/(gHm0) makes the comparability of revetments with 
different slopes and the same porosity difficult. Further research is needed in order to come up 
with conclusive results. 

For all tested configurations, unexpectedly large non-impact loads up to relative peak pressures 
of 4.0 occur. This was already observed in the GWK-tests and in the preliminary tests on the 
smooth, impermeable revetment for irregular wave tests. It is still unclear, if these large peak 
pressure values for non-impact loads are due the analysis of the maximum peak pressure in 
irregular wave tests. 

A model similar to the one proposed by Alcérreca Huerta (2014) which includes the upper 
envelope of both peak components of the quasi-static and impact pressure is successfully used 
to develop a (conservative) prediction model, showing that the effect of the revetment porosity 
is dominant as compared to the effect of the slope steepness. 

For the transition zone and non-impact loads the 1:5 scaled model tests provide a good 
agreement to the large-scale GWK-tests, but for impact loads (m-1,0 < 2.2) the GWK-tests 
provide values for the relative peak pressure which are up about 10% larger than the results of 
the 1:5 scaled tests. This might be explained by the combination of several effects as outlined 
in section 6.2.1. 

 

6.3 Location of peak pressure on the revetment 

The magnitude of the peak pressure on the revetment was analysed in the previous section 6.2. 
However, not only the peak pressure is important for design purposes, but also the entire 
pressure distribution on the revetment. Besides the magnitude of the peak pressure, its location 
on the revetment is also a key parameter for the parameterization of the pressure distribution. 
The relative location of peak pressure is described by the vertical distance beneath SWL zpmax 
divided by the wave height Hm0 for wave spectra tests: 

 max
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  (6.15) 

The sketch in Fig. 6.15 shows the definition of the location of the peak pressure. 
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Fig. 6.15: Location of peak pressure pmax on the revetment (definition sketch) 

The approach of Schüttrumpf (2001) using a tanh-function was adopted in Liebisch et al. 
(2013b) to fit the obtained data. After slight modifications to make the function tend to zero for 
small surf similarity parameter (Liebisch et al. (2013b)), the following equation providing a 
better fitting and including only two empirical coefficients is obtained: 
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1 tanhp
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      (6.16) 

with:   aloc, bloc = empirical coefficients 

 

The effect of the revetment porosity and slope steepness on the location of the peak pressure on 
the revetment are analysed in the following sections 6.3.1 and 6.3.2. Prediction formulae are 
then proposed which account for both revetment porosity and slope steepness. 

6.3.1 Effect of the revetment porosity 

The location of the peak pressure on the revetment is first investigated for configurations c1 
and c2 with the same slope steepness (1:3) but with different porosities (45% & 20%, 
respectively). The results are shown in Fig. 6.16 together with the model proposed by Oumeraci 
et al. (2010b) for a PBA revetment and Schüttrumpf (2001) for a smooth, impermeable 
revetment. 
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Fig. 6.16: Effect of revetment porosity on the relative location of the peak pressure on the revetment as a function 
of surf similarity parameter m-1,0 for wave spectra (slope steepness 1:3) 

No noticeable effect of the revetment porosity on the relative location of the peak pressure can 
be identified for the two revetment configurations in Fig. 6.16. The close relation between wave 
run-down and the location of peak pressure was already discussed in Liebisch et al. (2013b) for 
regular wave tests. It was shown that an increasing roughness shifts the location of the peak 
pressure upwards the slope. This was also observed for an increasing porosity but less 
distinctive compared to the effect of roughness. However, the results for wave spectra tests in 
Fig. 6.16 for both configurations c1 and c2 also show larger values for the relative location of 
the peak pressure for surf similarity parameters larger than 2.4 compared to the model for a 
smooth and impermeable revetment by Schüttrumpf (2001). For impact loads the obtained 
values for all considered models are similar leading to the assumption that porosity does not 
affect the location of the peak pressure for plunging breakers (m-1,0 < 2.4). For both 
configurations, the scatter of the data is particularly significant for the range of surf similarity 
parameters covering the transition zone between collapsing breakers and surging breakers  
(m-1,0 = 2.4-4.0). A similar scatter was observed in the numerical results by Alcérreca Huerta 
(2014) for regular waves. 

In Fig. 6.17, the results of wave spectra tests are compared, including those with configuration 
c1 in this study, those with PBA-revetment in GWK by Oumeraci et al. (2010b) and those from 
the preliminary tests by Liebisch et al. (2013b). The scatter of the results of the GWK-tests are 
much less pronounced in the transition zone than those of configuration c1 which is obviously 
caused by a more pronounced effect of the porous structure on the breaking behaviour in this 
range for the 1:5 scaled model. However, as this larger scatter was also obtained in the 
numerical results of Alcérreca Huerta (2014) more systematic research is necessary to clarify 
the underlying processes. 
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Fig. 6.17: Comparison of different data sets for the relative location of peak pressure on highly porous revetments 
as a function of surf similarity parameter m-1,0 for wave spectra (slope steepness 1:3) 

Due to the large scatter obtained in his numerical data for the location of the peak pressure 
Alcérreca Huerta (2014) successfully used upper and lower envelopes to fit the numerical data 
for regular wave tests. The application of upper and lower envelopes is also conducted in this 
study, but based on eq. (6.16). The upper and lower envelopes for configuration c1 and c2 are 
considered together in Fig. 6.18, because no significant difference occurred in the results for 
different porosities in Fig. 6.16. 

The upper and lower envelopes enclosing the large scatter of the obtained zpmax/Hm0-values for 
surf similarity parameters m-1,0 = 2.5-4.0. The scattering decreases for both larger and smaller 
surf similarity parameters, are described by the following equations: 
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Fig. 6.18: Upper and lower envelopes of relative location of the peak pressure on the revetment based on eq. (6.16) 
as a function of surf similarity parameter m-1,0 for wave spectra (slope steepness 1:3)  

6.3.2 Effect of the revetment slope steepness 

The effect of the slope steepness on the location of the peak pressure on the revetment is 
analysed in Fig. 6.19 by considering revetment configurations c1 and c3 with different slope 
steepnesses but the same porosity (n = 45%). The results are shown with the fitting approach 
of the previous section using upper and lower envelopes based on eq. (6.16). The upper and 
lower envelopes for configuration c1 and c2 are also shown in Fig. 6.19 for comparison. 

 

Fig. 6.19: Upper and lower envelopes of relative location of peak pressure on the revetment based on eq. (6.16) 
as a function of surf similarity parameter m-1,0 tested with wave spectra (porosity n = 45%) 
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The results for the location of the maximum peak pressure for the flatter slope 1:6 of 
configuration c3 in Fig. 6.19 show significantly less scatter compared to those of configuration 
c1 and c2 with the steeper slope. This leads to a decisively smaller range which has to be 
enclosed by the upper and lower envelopes. This might be explained by the smaller vertical 
distances of the pressure transducers in the model set-up and the resulting smaller measuring 
range on the flatter slope (also see Fig. 4.9). The effect of slope steepness has to be further 
examined in future laboratory tests or numerical simulations for a wider variation range of the 
slope steepness. 

The following equations of the upper and lower envelopes for configuration c3 are determined: 

Upper envelope:   max
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1.45 1 tanh 1.63p
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      (6.19) 

Lower envelope:   max
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1.43 1 tanh 2.49p
m

m
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H
      (6.20) 

The coefficients for the upper and lower envelopes of all configurations are summarized in Tab. 
6.4. The index “up” of the coefficients stands for the upper envelope and “low” for the lower 
envelope.  

 
Tab. 6.4: Coefficients aloc and bloc in eq. (6.16) for all tested configurations c1, c2 and c3 

  max
1,0

0

1 tanhp
loc m loc

m

z
a b

H
       tan  porosity  aloc, up  bloc, up  aloc, low  bloc, low 

[‐]  [%]  [‐]  [‐]  [‐]  [‐] 

configuration c1 and c2  1/3  45 and 20  1.51  2.03  1.33  4.28 

configuration c3  1/6  20  1.45  1.63  1.43  2.49 

 

The revetment porosity does not affect the location of the peak pressure for impact loads  
(m-1,0 < 2.4). In contrast, the effect of the porosity is significant for m-1,0 > 2.4 leading to larger 
values compared to the model for a smooth and impermeable revetment by Schüttrumpf (2001). 
In the transition zone between collapsing and surging breakers (m-1,0 = 2.4-4.0) a large data 
scatter is observed. No significant difference is found for the location of the peak pressure 
between configurations c1 and c2 with different porosities (45% and 20 %). For all tested 
configurations upper and lower envelopes enclosing the data scatter are derived. 

A much smaller scatter of the data is obtained for the flatter slope 1:6 of configuration c3 
compared to that of the steeper slope 1:3 of revetments c1 and c2. However, the effect of the 
slope steepness is not fully clear and needs further investigations for a wider variation range of 
the slope steepness using numerical simulations or physical model tests.  
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6.4 Pressure distribution on the revetment 

Together with the peak pressure on the revetment (sections 6.2) and its location (section 6.3), 
the spatial pressure distribution on the revetment is also crucial for an appropriate design. For 
the analysis of the wave spectra tests in this section, like in the preliminary tests with regular 
waves in Liebisch et al. (2013b), the prediction model proposed by Alcérreca Huerta & 
Oumeraci (2012) is applied to describe the pressure distribution separately for impact loads and 
non-impact loads: 

 
 

   
max

2
max max max

/

1 / /

p

p p

A B z zp

p C z z D z z

  


     
 (6.21) 

with:  A, B, C, D = empirical coefficients     [-] 

 z  = vertical distance between SWL and PT  [m] 

 zpmax = vertical distance between SWL and location of pmax [m] 

In this section the procedure of analysing the pressure distribution on the revetment is 
introduced in section 6.4.1. The effect of porosity on the pressure distribution is then analysed 
in section 6.4.2 separately for impact and non-impact loads. This separation is also applied for 
the analysis of the slope steepness effect on the pressure distribution in section 6.4.3.  

6.4.1 Analysis procedure for the pressure distribution on the revetment 

Based on the preliminary results of Liebisch et al. (2013b) the analysis of the spatial pressure 
distribution on the revetment is conducted separately for impact loads, including the transition 
zone, and non-impact loads. These results have also shown that the pressure distribution of the 
quasi-static loads, in contrast to the impact loads, is not affected by the revetment roughness 
and porosity. A close link between wave run-down and the pressure distribution due to a 
potential water layer on the slope was also identified. The lowest location of the pressure 
distribution is indicated by PT11 at the toe of the slope and the highest location is determined 
by the maximum run-up height (see Fig. 6.1). 

Typical pressure signals recorded in the main tests with irregular wave tests are shown in 
Fig. 6.20 for an impact load and in Fig. 6.21 for a non-impact load on the highly porous 
revetment (configuration c1). For impact loads (Fig. 6.20), both magnitude and shape of the 
pressure on the revetment significantly differ from location to location. Comparatively, the 
shapes of the quasi-static pressure signals do not differ significantly at the different locations 
on the revetment (Fig. 6.21). 
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Fig. 6.20: Typical pressure signals recorded for impact load on the highly porous revetment (configuration c1) 

 

Fig. 6.21: Typical pressure signals recorded for non-impact load on the highly porous revetment (configuration 
c1) 
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For the analyses of the pressure distribution the recorded pressures were normalized by the 
value of the peak pressure measured during the test (p/pmax), thus resulting in a maximum value 
of 1.0 for the peak pressure. The location z of the pressure on the revetment relative to SWL is 
normalized by the location of the peak pressure zpmax (see Fig. 6.15). For every pressure 
transducer on the revetment a pair of normalized pressure (p/pmax) and distance (-z/zpmax) is 
determined, thus providing a non-dimensional pressure distribution.  

The analysis of the pressure distribution is performed separately for the impact loads, including 
the transition zone, and the non-impact loads. For every test, the obtained values p/pmax are 
plotted against -z/zpmax. The fitting model in eq. (6.21) is then applied to the data points of each 
tested revetment configuration. In contrast to the preliminary tests in Liebisch et al. (2013b), 
the approach using an upper envelope is applied due to the large scatter observed in all tests 
and all configurations, especially for impact loads. This procedure was already successfully 
applied on the data of the relative peak pressures in section 6.2 and also in the numerical study 
of Alcérreca Huerta (2014) for regular waves. 

The empirical parameters A, B, C and D in eq. (6.21) must fulfil the condition p/pmax = 1.0 for 
-z/zpmax = -1.0 which results from the normalized peak pressure and its normalized location. 

 

6.4.2 Effect of revetment porosity 

The pressure distribution on the revetment is analysed for the configurations with different 
revetment porosities and the same slope steepness (1:3), starting first with the impact loads, 
including the transition zone, followed by the non-impact loads (see load classification in Tab. 
6.1). 

6.4.2.1 Impact loads 

For impact loads, the pressure distributions on the revetment are comparatively shown in 
Fig. 6.22a) for configuration c1 (n = 45%) and in Fig. 6.22b) for configuration c2 (n = 20%), 
both with the same slope 1:3. The pressure distribution for each test is indicated by a thin line 
connecting the pressure measured at each PT in layer 1 on the revetment. Then eq. (6.21) is 
applied to derive an upper envelope which encloses most of the data points. Furthermore, the 
developed model by Oumeraci et al. (2010b) for the PBA-revetment is comparatively shown in 
Fig. 6.22 a). 

For both configurations straight lines leading from the maximum at p/pmax=1 to the run-up point 
with p/pmax=0 were found in some tests. In these tests the peak pressure was measured by PT01 
at the highest PT-location. Above this location no pressure measurements were made and due 
to the straight line between the two data points, the derived upper envelope seems to 
underestimate the obtained values. Consequently, in the range above p/pmax=0 the upper 
envlope is indicated by a dashed line. However, despite the lack of measurement it can be 
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assumed that the shape of the pressure distribution is as steep as for all other tests in which 
measurements above the location of peak pressure were possible.  

The model of Oumeraci et al. (2010b) in Fig. 6.22 developed in the GWK-tests for a PBA-
revetment is hardly comparable with the derived upper envelopes, because it was developed 
based on the mean values in the GWK-tests. The derived upper envelopes enclose most of the 
obtained scatter leading to a slight overestimation of the obtained values. As already observed 
in the numerical investigations of Alcérreca Huerta (2014) for regular waves a larger scatter is 
obtained beneath the location of peak pressure independent of the revetment porosity which can 
be explained by the variability of wave breaking also resulting in a variability of pressure 
distribution. Above the location of peak pressure the trend is much clearer with less scatter up 
to the wave run-up height.  

The second peak further upwards the slope which was observed in the numerical investigations 
of Alcérreca Huerta (2014) for regular waves was not detected in the physical model tests for 
both wave spectra and regular waves, probably due to the coarser resolution of the pressure 
measurement in the physical experiments and to the non-deployment of pressure transducers 
above PT01. As this occurred only in the numerical simulations in order to exclude the 
possibility of being only a numerical artefact, it is recommended to conduct more systematic 
physical model tests with a finer resolution of PTs between SWL and run-up height. 
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Fig. 6.22: Pressure distribution on the revetment for a) configuration c1 (tan = 1/3; n = 45%) and b) configuration 
c2 (tan = 1/3; n = 20%) for impact loads tested with wave spectra (see definition sketch in Fig. 6.1) 

The following equations based on eq. (6.21) were found for the upper envelopes: 

configuration c1: 
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configuration c2: 
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To better illustrate the effect of the porosity on the shape of the pressure distribution only the 
upper envelopes of the results in Fig. 6.22a) and Fig. 6.22b) are shown together in Fig. 6.23. 

The upper envelopes obtained from both Fig. 6.22a) and Fig. 6.22b) differ slightly. As also 
observed for regular waves in Liebisch et al. (2013b), the upper envelope of the less porous 
revetment has a slightly steeper shape below the location of peak pressure than that of the more 
porous revetment. The differences above the location are significantly smaller due to the smaller 
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scatter of the data. Larger relative distances are obtained for the less porous revetment caused 
by larger wave run-up heights. However, independently of the porosity, the highest impact 
pressures are focussed on a relatively small area on the revetment.  

 

Fig. 6.23: Effect of revetment porosity on pressure distribution on the revetment for impact loads tested with wave 
spectra (slope steepness 1:3) 

 

6.4.2.2 Non-impact loads 

The effect of the revetment porosity on the pressure distribution is analysed for non-impact 
loads by considering the same revetment configurations as for impact loads, namely c1 with 
porosity 45% and c2 with porosity 20%. The pressure distributions for non-impact loads are 
comparatively shown in Fig. 6.24a) for configuration c1 and in Fig. 6.24b) for configuration c2 
together with upper envelopes obtained by applying eq. (6.21) to the data. 

Both Fig. 6.24 a) and b) show significantly less scatter in the pressure distribution compared to 
the impact loads. Below the location of the peak pressure the scatter slightly increases. This 
might be due to a larger amount of reflected energy in the lower locations. The model of 
Oumeraci et al. (2010b) in Fig. 6.24a) developed for non-impact loads in the GWK-tests for a 
PBA-revetment is in relatively good agreement with the obtained results of configuration c1, 
showing that the pressure distribution on the revetment for non-impact loads can also be 
correctly reproduced in the small-scale tests. 

Also for non-impact loads the second pressure peak which was detected by Alcérreca Huerta 
(2014) above the maximum pressure on the slope was not found in the physical model tests due 
to the non-deployment of pressure transducers in the upper part of the swash zone. 
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Fig. 6.24: Pressure distribution on the revetment for a) configuration c1 (tan = 1/3; n = 45%) and b) configuration 
c2 (tan = 1/3; n = 20%) for non-impact loads tested with wave spectra 

Like in the previous section only the upper envelopes of the results for non-impact loads are 
shown together in Fig. 6.25 to better illustrate the effect of porosity on the pressure distribution. 

As already obtained in Liebisch et al. (2013b), the porosity has no significant effect on the 
pressure distribution on the revetment. As shown in Fig. 6.25, larger differences mainly occur 
above the location of the peak pressure (-z/zpmax > -1), which are caused by larger relative run-
up heights on the less porous revetment configuration c2 (see section 5.3). This also confirms 
the findings of section 5.1 that for larger m-1,0 (non-impact loads) less energy is dissipated in 
the breaking process, so more energy remains for wave run-up. Compared to the pressure 
distribution for impact loads in Fig. 6.23 the result seems to be vice versa for non-impcact loads 
for -z/zpmax > -1. It is assumed that this is caused by the lack of measurements between the 
location of peak pressure and the wave run-up height. This has to be proofed in further studies 
with a finer resolution of measuring points on the slope. Below the location of the peak pressure 
(-z/zpmax < -1), both configurations provide an almost similar pressure distribution for non-
impact loads.  
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Fig. 6.25: Effect of revetment porosity on pressure distribution on the revetment for non-impact loads tested with 
wave spectra (slope steepness 1:3) 

The following equations based on eq. (6.21) were obtained for the upper envelopes for non-
impact loads: 
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configuration c2: 
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6.4.3 Effect of the revetment slope steepness 

Like in the previous section for the effect of the porosity, in this section the effect of the slope 
steepness on the pressure distribution on the revetment is analysed separately for impact loads 
(and transition zone) and non-impact loads. For this purpose, the tests with configurations c1 
with a steeper slope 1:3 and c3 with a slope 1:6, both with the same revetment porosity n = 45%, 
are comparatively considered. 

6.4.3.1 Impact loads 

The pressure distributions for all tests with impact loads and the resulting upper envelope based 
on eq. (6.21) is depicted in Fig. 6.26 for configuration c3 with the flatter slope 1:6, showing a 
larger scatter of the results of the different tests compared to the results of configurations c1 
with the steeper slope 1:3 and the same porosity in Fig. 6.22a). 
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Fig. 6.26: Pressure distribution on the revetment for configuration c3 (tan = 1/6; n = 45%) for impact loads tested 
with wave spectra 

This larger scatter as compared to the steeper slope was also observed for regular waves in 
Liebisch et al. (2013b). Due to the remaining water layer on the  flatter slope during wave run-
down, the breaking process of the incident waves is significantly affected, leading to higher 
turbulence and more complex flow, and thus to more spatial variability of the pressure. To 
better illustrate the effect of the slope steepness on the shape of the pressure distribution only 
the upper envelopes of the results in Fig. 6.22a) and Fig. 6.26 are drawn together in Fig. 6.27, 
clearly showing that the flatter slope 1:6 results in a wider pressure distribution on the revetment 
than that of the steeper slope 1:3. 

The slightly smoother pressure distribution for the flatter slope was also observed in the 
preliminary tests with regular waves of Liebisch et al. (2013b) for the revetment configurations 
with the roughness elements on the slope. In both cases the residence time of the water layer on 
the slope during wave run-dow is longer. This does not only lead to a larger data scatter due to 
higher turbulence on the slope, but also to a distribution of the energy dissipation over a larger 
area and accordingly to a wider shape of the pressure distribution. Above the location of peak 
pressure only slight differences occur for the two revetments with different slope steepnesses 
with smaller wave run-up heights for the flatter slope 1:6, which was expected. 

The following equation based on eq. (6.21) was found for the upper envelope for impact loads 
on revetment c3 with slope 1:6 and porosity n = 45%: 

  
 

   
max

2
max max max

0.890 0.282 /

1 0.063 / 0.110 /

p

p p

z zp

p z z z z

  


     
 (6.26) 

 

Hm0, L0

SWL 

h

pmax

zpmax

max

2
max max max

0.890 - 0.282 (- / )

1 0.063 (- / ) 0.110 (- / )
p

p p

z zp

p z z z z




   



Wave-induced pressures on the revetment 135

 

 

 

Fig. 6.27: Effect of the slope steepness on pressure distribution on the revetment for impact loads tested with wave 
spectra (porosity n = 45%) 

6.4.3.2 Non-impact loads 

The effect of the slope steepness on the pressure distribution is analysed for non-impact loads 
by considering the same revetment configurations as for non-impact loads, namely c1 with the 
slope 1:6 and c3 with the slope 1:6, both with the same revetment porosity n = 45%. The 
pressure distribution for non-impact load is shown in Fig. 6.28 for the slope 1:6, which should 
be compared with Fig. 6.24a) for revetment c1 with the steeper slope 1:3 and the same porosity. 
This comparison shows a larger data scatter for the 1:6 slope than for the 1:3 slope. This is due 
to the remaining water layer on the flatter slope during wave run-down. The breaking process 
of the incident waves is significantly affected, leading to higher turbulence and more complex 
flow, and thus to more spatial variability (also see section 6.4.2.2). 

 

Fig. 6.28: Pressure distribution on the revetment for configuration c3 (tan = 1/6; n = 45%) for non-impact loads 
tested with wave spectra 
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To better illustrate the effect of the slope steepness on the shape of the pressure distribution 
only the upper envelopes of the results in Fig. 6.24a) and Fig. 6.28 are drawn together in 
Fig. 6.29, clearly showing that, despite the considered scatter of the data in Fig. 6.28, the effect 
of the slope steepness on the upper envelope of the pressure distribution is neglegibly small, 
surprinsingly also above SWL (-z/zpmax > 0) where the relative wave run-up on the flatter slope 
1:6 is only slightly smaller. 

 

Fig. 6.29: Effect of the slope steepness on the pressure distribution on the revetment for non-impact loads tested 
with wave spectra (porosity n = 45%) 

The following equation based on eq. (6.21) was found for the upper envelope for non-impact 
loads on revetment c3 with slope 1:6 and porosity n = 45%: 
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The observed difference between the pressure envelopes for the non-impact loads on the three 
revetment configurations c1, c2 and c3 in Fig. 6.25 and Fig. 6.29 is not significant and the 
envelopes only differ for the relative wave run-up height.  

The values of the coefficients for the upper envelopes based on eq. (6.21) for all tested 
revetment configurations c1, c2 and c3 are summarized in Tab. 6.5 for both impact and non-
impact loads. 

  

Hm0, L0

SWL 

h

pmax

zpmax

max

2
max max max

0.707 - 0.466 (- / )

1 0.119 (- / ) 0.293 (- / )
p

p p

z zp

p z z z z




   

 
max

2
max max max

0.717 - 0.512 (- / )

1 0.053 (- / ) 0.283 (- / )
p

p p

z zp

p z z z z




   



Wave-induced pressures on the revetment 137

 

 

Tab. 6.5: Determined coefficients A, B, C and D in eq. (6.21) for all tested configurations for impact loads and 
non- impact loads 
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impact loads non-impact loads 

A B C D A B C D 

c1 (n=45%; tan=1/3) 0.864 -0.243 0.029 0.136 0.707 -0.466 0.119 0.293 

c2 (n=20%; tan=1/3) 0.821 -0.210 0.148 0.179 0.752 -0.286 0.211 0.248 

c3 (n=45%; tan=1/6) 0.890 -0.282 -0.063 0.110 0.717 -0.512 0.053 0.283 

 

For impact loads, both porosity and slope steepness affect the pressure distribution. With 
increasing porosity and a flatter slope, the pressure distribution becomes slightly wider over the 
slope.  

For non-impact loads, the effect of the porosity and the slope steepness is noticeable only far 
above SWL, where the pressure distribution is expectedly wider for steeper slopes and smaller 
porosity associated with larger wave run-up.  

The model proposed by Alcérreca Huerta & Oumeraci (2012) was successfully applied for the 
upper envelopes of the data. A relatively good agreement is found between the experimental 
results of configuration c1 and those of the GWK-tests of Oumeraci et al. (2010b) (both with 
the same slope steepness and a similar porosity). 

 

6.5 Summary and Conclusions 

In this chapter, the wave-induced pressure on the revetment were addressed by analysing the 
effect of the revetment porosity and slope steepness on the peak pressure, its location and the 
pressure distribution on the revetment for both impact load and non-impact load.  

In section 6.1, a wave load classification according to surf similarity parameter m-1,0, was 
conducted. The flatter 1:6 slope provides a larger transition zone than the steeper slopes 1:3. 

In section 6.2, it was shown that the effect of the revetment porosity on the damping of impact 
loads is dominant as compared to the effect of the slope steepness. Non-impact loads are just 
slightly affected by a changing porosity. The effect of the slope steepness on the peak pressure 
is generally less clear than that of the porosity. Slope steepness affects the peak pressures for 
quasi-static loads, but no noticeable effect on the impact pressure peak could be observed. The 
effect of the slope steepness on the quasi-static pressure on the revetment was found to decrease 
with smaller deep water wave steepness Hm0/L0. Tentative formulae are provided for all tested 
configurations considering only the upper envelopes of the total peak pressure values. 

In Section 6.3, the results of the analysis of the location of the peak pressure on the revetment 
show that the effect of the revetment porosity is only significant for m-1,0 > 2.4 in comparison 
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with a smooth impermeable revetment. In contrast, no significant difference is found for the 
results of the tested revetments with porosity 45% and 20 %. The effect of the slope steepness 
on the location of the peak pressure is more noticeable than that of the porosity particularly 
shown by the much smaller scatter for the flatter slope 1:6. Due to the obtained scatter upper 
and lower envelopes are considered for the data. 

In section 6.4, the pressure distribution on the revetment was analysed separately for impact 
and non-impact loads. For impact loads the pressure distribution on the revetment is affected 
by both revetment porosity and slope steepness. The pressure distribution becomes wider with 
increasing porosity and a flatter slope of the revetment. For non-impact loads, the effect of the 
slope steepness is noticeable only far above SWL, where the pressure distribution is expectedly 
wider for steeper slopes and smaller porosity associated with larger wave run-up. Tentative 
formulae for the upper envelopes are proposed for all tested revetment configurations, showing 
the effect of the revetment porosity and slope steepness.  

Overall, the results of this chapter have contributed to an improved understanding of the 
processes on the revetments of different porosity and slope steepness. However, these results 
have limitations, so that further research will be needed. Unexpectedly large non-impact loads 
with relative peak pressure values up to 4.0 on the porous revetments tested with different 
porosities (n = 20% and n = 45%) occurred in the small scale und in the 1:5 up-scaled GWK 
tests with irregular waves on PBA-revetments (n=40%). Whether and how this is related to the 
porosity of the revetments can only be answered by further studies. Though the quasi-static 
component of the peak pressure in the prediction formulae is generally more reliable, further 
research might be required  for the 1:6 slope and surf similarity parameters m-1,0 > 4.5, since 
tests for the 1:6 slope were performed only for m-1,0 < 4.5. The effect of the revetment porosity 
and slope steepness on the peak pressure, its location and the pressure distribution on the 
revetment was determined in the main tests of this study by considering only two well-selected 
values for each of these two parameters. Though these two values were carefully selected based 
on the results of preliminary tests (Liebisch et al. (2013a)), more systematic physical model 
tests or numerical studies for a wider range of values of the slope steepness and revetment 
porosity are still needed. The second pressure peak which was identified within the upper part 
of the swash zone in the numerical study with regular waves by Alcérreca Huerta (2014) was 
not be observed in the laboratory tests of this study and of the previous studies. As this occurred 
only in the numerical simulations in order to exclude the possibility of being only a numerical 
artefact, it is recommended to conduct more systematic physical model tests with a finer 
resolution of PTs between SWL and run-up height. 
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7 Processes in the sand core beneath the revetment and stability 
analysis 

In this chapter the data from the pressure transducers (PTs) in the sand core beneath the 
revetment (Fig. 7.1 and for more details also Fig. 4.6, Fig. 4.8 and Fig. 4.9) are analysed. The 
PTs were placed in three columns A, B and C perpendicular to the slope. Each column includes 
five PTs thus resulting in PT-layers 1 to 5 parallel to the slope.  

 

Fig. 7.1: Columns and layers of pressure transducers beneath the revetment 

As already shown in section 4.4, the initial pressure p0 is measured on top of the sand layer in 
the filter layer (layer 2) while the records obtained in the other three PT-layers at depths of 5 cm 
(layer 3), 10 cm (layer 4) and 20 cm (layer 5) are used to analyse the damping process of the 
pore pressures. The locations of the additional pressure transducers in the sand as shown in 
Fig. 7.2, are at a larger depth in the sand core where the transient pore pressure is fully damped, 
so that only the residual pore pressure induced by the changes in the internal mean water level 
(IMWL) is recorded. 

 

Fig. 7.2: Pressure transducers for the measurement of IMWL 

In section 7.1 the wave damping performance of the porous revetments is analysed. The 
damping of the wave-induced pressure on the revetment, which is transferred through the 
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revetment in the sand core is addressed in section 7.2. The analysis of the development of the 
IMWL is performed in section 7.3. Based on the pressure differences between the locations of 
the PTs in the sand core, a stability analysis of the sand foundation is conducted in section 7.4. 

7.1 Wave damping performance of porous revetments 

The effect of the structure porosity on the damping of the peak pressure on bonded porous 
revetment depending on the porosity was already discussed in section 6.2. The effect of the 
porosity on wave-induced pressure propagating through the porous cover and filter layer was 
already addressed in the preliminary tests in Liebisch et al. (2013b) for the different cover layers 
(made of metal sheets) and in the large-scale tests in the GWK-tests with two revetments with 
significantly different porosities (n = 3% and n = 40%). A comparative analysis of the latter 
was conducted in Liebisch et al. (2012). For the determination of the wave damping 
performance, the three pressure transducers on the top of the sand layer PT 27F, 28F and 29F 
(see Fig. 7.1) are analysed. The pressures in layer 2 for all tests and configurations are 
determined as related to the maximum pressures pmax on the revetment recorded by the PTs in 
layer 1.  

Typical signals recorded in PT-layer 1 and the associated signal in the PT-layer 2 beneath are 
exemplarily shown in Fig. 7.3 for selected PTs for a) impact load and b) non-impact load on 
and just beneath revetment configuration c1. 

 

Fig. 7.3: Typical recorded signals of pressure transducers in PT-layer 1 and PT-layer 2 for a) impact load and b) 
non-impact load on and just beneath revetment configuration c1 (see definition sketch in Fig. 7.1) 

Like in the previous chapters, the effect of the revetment porosity and that of slope steepness 
are analysed separately. 
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7.1.1 Effect of the revetment porosity 

The damping effect of the revetment porosity on the pressure in layer 2 is first investigated for 
the configurations with the same slope steepness (1:3) and two different porosities (c1: n = 45%; 
c2: n = 20%). The results are drawn in Fig. 7.4 and in Fig. 7.5 for configuration c1 and c2, 
respectively.  

 

Fig. 7.4: Relative peak pressure on and just beneath configuration c1 tested with wave spectra (porosity n = 45%; 
tan = 1/3) 

 

Fig. 7.5: Relative peak pressure on and just beneath configuration c2 tested with wave spectra (porosity n = 20%; 
tan = 1/3) 
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In both figures Fig. 7.4 and Fig. 7.5 the largest damping effect occurs for impact pressures and 
in the transition zone (m-1,0 < 3.0), i.e. a large amount of the impact pressure component is 
damped by the cover layer and is not transferred to layer 2. For comparison, the damping effect 
for the low-porous revetment is much larger than expected (Fig. 7.5). For the highly porous 
revetment the impact pressure is strongly damped while the quasi-static pressure is almost not 
affected by the revetment (Fig. 7.4). 

The results in Fig. 7.4 and Fig. 7.5 are brought together in Fig. 7.6 by plotting the damping 
performance Dp of the wave-induced pressure through the porous revetment (Dp defined in eq. 
(7.1)) against surf similarity parameter m-1,0. 

  2max 1max1 /pD p p    (7.1) 

In fact, Fig. 7.6 better highlights the effect of the porosity on the pressure damping performance 
Dp through the direct comparison of Dp for a highly porous revetment (c1: n = 45%) with Dp 
for a less porous revetment (c2: n = 20%). Overall, the latter has a larger damping performance 
than the highly porous revetment. However, for both porosities, the damping performance 
varies almost similarly over the entire range of tested surf similarity parameters: Dp increases 
with decreasing surf similarity parameter in the range of impact loads and the transition zone 
(m-1,0 < 3.0) while it is almost not affected for non-impact loads (m-1,0 > 3.0). Fig. 7.6 also 
clearly shows that impact loads are hardly transferred through the cover layer while non-impact 
loads are only slightly damped. 

 

Fig. 7.6: Effect of the revetment porosity on pressure damping performance Dp of the revetment vs. surf 
similarity parameter m-1,0 for wave spectra (slope steepness 1:3) 

To get a first rough idea of potential scale effects associated with the pressure damping process, 
the results of maximum pressure p2max just beneath the revetment of configuration c1 (n = 45%) 
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are shown in Fig. 7.7 together with the results of the large-scale tests of Oumeraci et al. (2010b) 
and the preliminary tests of Liebisch et al. (2013b). 

 

Fig. 7.7: Comparison of different data series of relative peak pressure just beneath the revetment as a function of 
surf similarity parameter m-1,0 for wave spectra (slope steepness 1:3) 

Despite the scatter of the data, the GWK-tests in Fig. 7.7 surprisingly provide relative peak 
pressures beneath the revetment which are up to 40% smaller than the obtained values in the 
small-scale tests. Even for non-impact loads (m-1,0 > 3.0) no agreement like in Fig. 6.8 is 
achieved for configuration c1 and the GWK-tests. This might be explained by the larger 
revetment thickness for model C of the GWK-tests. The peak pressures on the revetment are 
transferred and damped accordingly through the revetment and a larger revetment thickness 
results in a larger damping. For configuration c1 in the BoPoRe-main tests the revetment 
material was scaled 1:2.5 (GWK: 20/40 mm; BoPoRe: 8/16 mm; see section 4.2) leading to a 
distortion factor of 2. In Fig. 7.7 this distortion factor is even 2.5, because GWK-model C was 
made of 16/36 mm crushed granite. For the scaling of the revetment thickness a smaller 
distortion factor results, which is 1.42 for the revetment thickness of configuration c1 
(drev = 10 cm) in relation to that of GWK-model C (drev = 35 cm). A direct comparison of the 
two revetments is therefore hardly possible.  

As for the pressure (p1) recorded in layer 1 on the revetment (see section 6.2.3), a distinction 
between impact and quasi-static loads is also required in the analysis of the pressure (p2) 
recorded in layer 2 just beneath the revetment for the development of a prediction formula, 
which can be found in section 7.1.3. 
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7.1.2 Effect of the revetment slope steepness 

The damping performance of the cover layer on the wave-induced pressures is investigated in 
this section with a focus on the effect of slope steepness. For revetment configuration c3 with 
the same porosity 45% as configuration c1, but with a flatter slope (tan = 1/6), the results of 
the relative maximum pressure on the revetment (layer 1) together with the relative pressure 
just beneath the revetment in layer 2 are shown in Fig. 7.8 as compared to Fig. 7.4 for 
configuration c1 with tan = 1/3 and n = 45%. 

 

Fig. 7.8: Relative peak pressures on and just beneath configuration c3 tested with wave spectra (porosity 
n = 45%; tan = 1/6) 

Also for the flater slope 1:6, the damping behaviour of the highly porous revetment becomes 
obvious in Fig. 7.8. The maximum damping rate is achieved for m-1,0-values in the range of 
impact pressures (see also Fig. 7.9). Compared to configuration 1 with slope 1:3 and the same 
porosity in Fig. 7.4, the transfer of the impact component seems to be smaller for configuration 
c3 due to the water layer which remains on the revetment for a longer time, thus leading to an 
additional damping of the wave-induced pressures. Like for the other two configurations c1 and 
c2 on the same slope 1:3, the quasi-static component is almost not affected. The damping 
performance Dp is plotted in Fig. 7.9 comparatively for the two highly porous revetment 
configurations c1 and c3 with different slopes (1:3 and 1:6 respectively) against surf similarity 
parameter m-1,0 showing that the effect of slope steepness is less significant than that of the 
porosity and almost negligible for non-impact loads (see Fig. 7.9). For impact loads and the 
transition zone (m-1,0 < 3.0) the pressure damping is less pronounced for the flatter slope 1:6. 
This might be due to the high variability associated with wave breaking in that range and due 
to the longer residence time of the water layer on the 1:6 slope. A final answer can be obtained 
only through further studies. 
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Fig. 7.9: Effect of the slope steepness on pressure damping performance Dp of the revetment vs. surf similarity 
parameter m-1,0 for wave spectra (porosity n = 45%) 

7.1.3 Prediction formula for relative wave-induced pressure just beneath the revetment 

Like in section 6.2.4 the development of the model to describe the maximum pressures just 
beneath the revetment is conducted in two steps. The development of empirical formulae for 
quasi-static pressure p2stat is conducted like in section 6.2.3 (see Fig. 6.10) by deriving upper 
envelopes for the two data sets based on the model proposed by Liebisch et al. (2013b). 

The quasi-static component in layer 2 (p2stat) is considered as a function of surf similarity 
parameter m-1,0 for the two configurations c1 and c2 with a slope steepness of 1:3 and different 
porosities (c1: n = 45%; c2: n = 20%) in Fig. 7.10. For both porosities, the data scatter increases 
for m-1,0 < 3.0. As already discussed for the pressures on the revetment, this scatter is generated 
by the relatively higher variability of the quasi-static component of the impact loads as 
compared to the quasi-static load. It can be seen that the quasi-static pressures p2stat of the two 
revetment configurations with different porosity in Fig. 7.10 show less differences than for p1stat 
on the revetment (see Fig. 6.10). Due to the lower porosity the relative quasi-static pressure 
seems to be slightly smaller just beneath the revetment in layer 2. As also indicated in Fig. 7.6, 
the pressure damping for configuration c2 with the lower porosity is slightly larger for non-
impact loads This leads to slightly smaller values for relative quasi-static pressure compared to 
Fig. 6.10 where they were slightly larger than those for configuration c1 on the revetment. It is 
expected that this difference becomes larger for larger differences in porosity, but this might 
need further investigations.  
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Fig. 7.10: Model of Liebisch et al. (2013b) applied to fit the data of relative quasi-static pressure in layer 2 just 
beneath the revetment for wave spectra (slope steepness 1:3) 

Using eq. (6.3) the following equations describing the relative quasi-static pressure in layer 2 
for wave spectra were found for the two configurations c1 and c2 with the same slope steepness 
of 1:3: 

Configuration c1 (n = 45%):  1.502
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Configuration c2 (n = 20%):  1.422
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      (7.3) 

The relative quasi-static pressure in layer 2 p2stat/gHm0 for configuration c3 is shown in 
Fig. 7.11 together with the results of configuration c1. Furthermore, the model of Liebisch et 
al. (2013b) is applied to develop an upper envelope of the data of the more porous and flatter 
1:6 revetment. 

The values of the relative quasi-static pressure component in Fig. 7.11 show a good agreement 
for both revetment configurations c1 and c3 for m-1,0 < 2.5. Like in Fig. 6.12 the quasi-static 
pressure on the flatter slope 1:6 is decisively larger compared to those of configuration c1 for 
m-1,0 > 2.5. This was explained in section 6.2.3 by a shifting of the p2stat/gHm0-values to smaller 
m-1,0–values for the tests with smaller wave steepness (small wave heights and especially large 
wave periods). For decreasing wave steepness (quasi-static loads), the effect of slope steepness 
on the pressure on the revetment also decreases and becomes negligibly small. This behaviour 
was already observed for the quasi-static pressures on the revetment which is transferred 
through the revetment in layer 2. However, this phenomenon has to be more closely examined 
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in further studies based on numerical or physical model tests for a wider range of different slope 
steepness.  

 

Fig. 7.11: Equation of Liebisch et al. (2013b) applied to fit the data of relative quasi-static pressure in layer 2 just 
beneath the revetment for wave spectra (porosity n = 45%) 

Using eq. (6.3) the following equation was obtained for wave spectra and a slope steepness of 
1:6: 

Configuration c3 (tan = 1/6):  1.772
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      (7.4) 

The equation for configuration c1 with a slope 1:3 was already shown with eq. (7.2) 

The coefficients required to apply eq. (6.3) for the relative peak pressures in layer 2 of all tested 
configurations are summarized in Tab. 7.1.  

Tab. 7.1: Coefficients a2stat, b2stat and c2stat in eq. (6.3) for all tested configurations 
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     tan  porosity  a2stat  b2stat  c2stat 

[‐]  [%]  [‐]  [‐]  [‐] 

configuration c1  1/3  45  3.65  0.13  1.50 

configuration c2  1/3  20  3.57  0.11  1.42 

configuration c3  1/6  45  4.79  0.09  1.77 

 

According to eq. (6.8) the next step in the model development is the analysis of the extracted 
dynamic impact pressure component p2imp, which occurs for m-1,0 < 3.0 corresponding to 
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collapsing and plunging breakers. The impact pressure component p2imp just beneath the 
revetment is significantly smaller than p1imp on the revetment due to the very high damping of 
the impact loads through the cover layer. 

Like for the relative impact pressure component on the revetment, eq. (6.10) is used again to 
derive upper envelopes for p2imp/gHm0. The coefficients in eq. (6.10) found for the relative 
impact pressure component of all configurations are summarized in Tab. 7.2.  

Tab. 7.2: Coefficients a2imp, b2imp and c2imp in eq. (6.10) for all tested configurations 
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  tan  porosity  a2imp  b2imp  c2imp 

[‐]  [%]  [‐]  [‐]  [‐] 

configuration c1  1/3  45  0.91  182.54  6.65 

configuration c2  1/3  20  0.65  1827.9  9.13 

configuration c3  1/6  45  0.84  153.97  5.97 

 

The wave load prediction model which consists of an impact and a quasi-static component was 
already derived as eq. (6.11). Based on this model and the related coefficients in Tab. 7.1 and 
Tab. 7.2, the following prediction equations for the wave-induced peak pressure just beneath 
the revetment for wave spectra tests are proposed: 

Configuration c1 (n = 45%; tan = 1/3): 
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Configuration c2 (n = 20%; tan = 1/3): 
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Configuration c3 (n = 45%; tan = 1/6): 
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for 1,0 4.2m    

The equations for the upper envelopes based on eq. (6.11) are shown together with the related 
data of the relative peak pressure just beneath the revetment in Fig. 7.12. 
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Like for the peak pressure on the revetment, the relative peak pressure in layer 2 is slightly 
overestimated. To which extent this overestimation is compensated by the scale and model 
effects in Fig. 7.7 is still unknown und can be answered only through further studies. 

 

Fig. 7.12: Illustration of upper envelopes for relative peak pressure just beneath the revetment as a function of surf 
similarity parameter m-1,0 for wave spectra (all configurations) 

The quasi-static component p1stat of the impact load induced by plunging breakers and 
collapsing breakers (m-1,0 < 3.0) is transferred from layer 1 on the revetment to layer 2 with the 
same data scatter for all tested configurations.  

The pressure damping performance Dp of the revetment, defined in eq. (7.1), is generally 
affected by both slope steepness and revetment porosity, the effect of the latter being more 
significant. Despite the large scatter of the data, the effect of the porosity and the slope steepness 
may be summarised as follows: 

For the effect of the revetment porosity, damping performance Dp is larger for less porous 
revetments over the entire range of tested surf similarity parameters. However, the impact load 
component are more strongly damped than the quasi-static component and non-impact loads 
through the porous revetment. 

For the effect of the slope steepness, damping performance Dp is generally larger for steeper 
slopes, but this seems to significantly depend on surf similarity parameter m-1,0. The effect of 
the slope steepness on Dp is negligibly small for m-1,0 >3.0 and increases with decreasing surf 
similarity parameter for m-1,0 < 3.0. 

Tentative formulae to predict the upper envelopes of relative peak pressure p2max/gHm0 in layer 
2 just beneath the revetment are proposed as a function of m-1,0 for all tested revetment 
configurations. 
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7.2 Damping of pore pressure in the sand core 

As already shown in Fig. 7.1, the wave-induced-pressures beneath the revetment were measured 
by nine pressure transducers in the sand and three layers parallel to the slope located at different 
depths in the sand core to describe the pore pressure damping beneath the revetment. The pre-
processing of the obtained data was already reported in section 4.4. 

Typical pressure signals recorded on the revetment (layer 1) and in layers 2-5 of the sand core 
beneath the revetment of PT-column A (see definition sketch in Fig. 7.1) are shown in Fig. 7.13 
exemplarily for configuration c1. 

 

Fig. 7.13: Typical recorded signals of pressure transducers in PT-layer 1 to PT-layer 5 for a) impact load and b) 
non-impact load (configuration c1) (see definition sketch in Fig. 7.1) 

The typical pressure signals for both impact and non-impact load in Fig. 7.13 show that the 
wave-induced pressures are strongly damped by the first layers of the sand core and that the 
damping rate rapidly decreases for deeper locations. Furthermore, the waves with larger surf 
similarity parameter m-1,0 and the associated non-impact loads are more easily transferred in 
deeper layers. Impact loads (m-1,0 < 2.5) are almost completely damped in the sand core, which 
is representative for all tests with irregular and regular waves, irrespective of the revetment 
porosity. 

The damping of the pressure through the revetment was already addressed in section 7.1. For 
the pressure damping through the sand layers no significant differences are expected for the 
different revetment configurations, since the sand core was the same for all tested 
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configurations. This assumption is supported by the results of the preliminary tests in Liebisch 
et al. (2013b) and confirmed by the numerical results of Alcérreca Huerta (2014) for porous 
revetments with different filter layer thicknesses.  

In this section a detailed analysis of the normalized pore pressures (pi/p0) is considered in terms 
of a normalized depth, which is described by the depth in the sand z’ normal to the revetment 
divided by the deep water wave length L0. The depth z’ is measured from the top of the sand 
core (see Fig. 7.14).  

 

Fig. 7.14: Definition sketch for the pore pressure damping analysis in the sand core 

For every revetment configuration, the pressure recorded at the three PT-columns A, B and C 
are put together in one graph which is justified by the results of previous studies (e.g. Alcérreca 
Huerta (2014)), which have shown that no significant differences in the pore pressure damping 
behaviour in the sand core is expected at the different locations along the slope. Fig. 7.15 to 
Fig. 7.17 describe the normalized pore pressures pi/p0 vs. relative depths z’/L0 for each of the 
three tested revetment configurations c1, c2 and c3, respectively. 

 

Fig. 7.15: Relative pore pressure vs. relative depth in the sand core beneath revetment configuration c1 for wave 
spectra 
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Fig. 7.16: Relative pore pressure vs. relative depth in the sand core beneath revetment configuration c2 for wave 
spectra 

 

Fig. 7.17:  Relative pore pressure vs. relative depth in the sand core beneath revetment configuration c3 for wave 
spectra 

For all revetment configurations, the embankment beneath the revetment is made of the same 
sand material applying the same compaction procedure during the construction phases, so that 
it can be assumed that the key properties (e.g. porosity, permeability) of the sand core as a 
porous medium are similar for the three tested revetment configurations. The latter is important 
when comparing Fig. 7.15 to Fig. 7.17, showing an exponential damping of the initial pressure 
on the revetment. Accordingly, the highest damping rates of the relative pore pressure are 
obtained in the upper layer of the sand core. The exponential damping of wave-induced pore 
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pressures in the seabed and in further porous structures was already described in several studies 
(e.g. de Groot et al. (2006), see also section 2.3). In this respect, no fundamental differences 
(with only stochastic variability) in the pore pressure damping behaviour between the three 
configurations with different porosities or slope steepnesses can be identified in Fig. 7.15 to 
Fig. 7.17. Thus, for simplification, all data from the three configurations are put together for 
further analysis, i.e. without consideration of slope steepness and porosity effects. 

The key wave parameter affecting the pressure damping in the sand core, even not explicitly 
indicated in Fig. 7.15 to Fig. 7.17, is the period of the incident wave. This was already outlined 
in Fig. 7.13 where the wave-induced pressure of longer waves is transferred in deeper layers 
(non-impact loads), whereas it is almost completely damped in the deepest layer 5 for shorter 
waves (impact loads). The significant effect of the wave period on the pressure damping rate 
was also demonstrated by the results of Alcérreca Huerta (2014). The latter also successfully 
used the following model for the description of the exponential damping of the pore pressure 
in the sand core. 

 
0 0

'
expi

Sand

p z
A

p L

 
   

 
  (7.8) 

Coefficient A was redefined as ASand to distinguish it from other coefficients. This equation 
fulfils the requirements that relative pore pressure pi/p0 tends against zero for large relative 
depths z’/L0 while for z’/L0 = 0 the initial pressure (pi/p0=1.0) has to be obtained. The model in 
eq. (7.8) is used to fit the data of all three revetment configurations grouped according to the 
wave period. As a result, coefficient ASand is determined. This is shown exemplarily for 
configuration c1 and a wave period of 2.5 s in Fig. 7.18. 

 

Fig. 7.18: Relative pore pressure vs. relative depths in the sand core based on eq. (7.8), exemplarily for 
configuration c1 and wave period Tm-1,0 = 2.5 s 
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Coefficients ASand with the related determination coefficient r² are given in Tab. 7.3 for the three 
tested revetment configurations and all tested wave periods. 

Tab. 7.3: Coefficients ASand in eq (7.8) with related determination coefficient r² for all tested revetment 
configurations and wave periods 

wave period Tm-1,0 

[s] 
c1 c2 c3 

ASand r² ASand r² ASand r² 

1.5 72.46 0.88 72.99 0.87 74.63 0.74 

1.8 84.75 0.88 88.50 0.91 - - 

2.0 92.59 0.89 123.46 0.72 94.34 0.88 

2.5 136.99 0.88 181.82 0.59 185.19 0.88 

3.0 169.49 0.91 172.41 0.81 200.00 0.82 

4.0 238.10 0.91 250.00 0.82 250.00 0.76 

5.0 294.12 0.91 303.03 0.83 333.33 0.62 

5.5 - - - - 285.71 0.91 

 

For most of the cases in Tab. 7.3, a high determination is obtained by applying eq. (7.8). A large 
scatter was obtained with smaller determination when applying eq. (7.8) only for some wave 
periods leading to the deviations that can be found in Fig. 7.19, e.g. for tested wave periods Tm-

1,0 = 2.5 s and Tm-1,0 = 5.0 s . However, almost similar values of coefficient ASand are obtained 
for the same wave period by considering all three configurations together. The result is shown 
in Fig. 7.19. 

 

Fig. 7.19: Coefficient ASand for different wave periods for all configurations 
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For the pressure reduction a relation for the coefficient ASand was found in Fig. 7.19 with a 
determination coefficient r² =  0.98 and the : 

 1,0

1
60.59Sand mA T

s     (7.9) 

with Tm-1,0 in seconds 

Substituting ASand from eq. (7.9) in eq. (7.8) the following equation is obtained: 
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  (7.10) 

The following Fig. 7.20 shows the applied model in eq. (7.10) separated by the tested wave 
periods Tm-1,0. 

 

Fig. 7.20: Applied model in eq. (7.10) for the tested wave periods Tm-1,0 for wave spectra 

It is shown that the developed equation adequately describes the behaviour of pressure damping 
in Fig. 7.20. However, although a quite good result is obtained applying eq. (7.10) to the data 
of the main model tests in the BoPoRe-project, the problem is that the constant in eq. (7.9) is 
not dimensionless. Alcérreca Huerta (2014) used the equation of de Groot et al. (2006) to 
explain the exponential reduction of the pore pressure in the seabed assuming that the pore 
water compressibility is much larger than the skeleton compressibility due to air content in the 
pore fluid. According to de Groot et al. (2006), the pore pressure damping in a linear elastic, 
homogeneous soil can be described by the following equation: 
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Parameter z2 describes the characteristic length for pore pressure amplitude damping due to 
elastic storage. de Groot et al. (2006) states that in a depth of 3z2, the initial pore pressure is 
completely damped and hardly any pore pressure fluctuation occurs. The parameter z2 is 
described by: 

 2 ve

T
z c


   (7.12) 

with:   
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 cve = consolidation coefficient    [m²/s] 

 kf = hydraulic permeability of the sand   [m/s] 

 w = unit weight of water     [N/m³] 

 n = porosity      [-] 

  = elastic compressibility of pore water   [m²/N] 

A simplification of cve can be made for elastic, horizontally constrained decompression. For the 

soil used in the main experiments, the mean permeability is set to 41.2 10 /fk m s   and the 

mean porosity to n = 0.47, determined from three undisturbed soil samples. The elastic 
compressibility  results under the assumption of no significant water column loading the pores 

in the sand (
51.013 10ap Pa  ) and an air content in the pores of 1 % (S = 0.99): 
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The consolidation coefficient would be determined to the following value: 
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This leads to the following equation for the exponential pore pressure damping: 
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To compare eq. (7.16) with eq. (7.10), the latter has to be transformed: 
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For a direct comparison, it is convenient for the wave period to have an exponent of -1.5. 
Therefore, another fitting with this constraint is performed for parameter ASand: 

 1.5
1,00.0325Sand mA T 
    (7.18) 

With this fitting a similar function to eq. (7.17) is obtained in (7.19) with a determination 
coefficient which is only slightly smaller (r² = 0.88) and which can now be applied for a direct 
comparison with eq. (7.16): 
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The derived equation deviates from the theoretical calculated equation of de Groot et al. (2006) 
by a factor of 6. This does not confirm the findings of the numerical investigations of Alcérreca 
Huerta (2014) in which a good agreement to the equation of de Groot et al. (2006) was found. 
This might be explained by the possible direct definition of soil characteristics in the numerical 
investigations and the assumption that the soil is homogeneous and isotropic. In the model of 
de Groot et al. (2006) two parameters are contained, which are highly variable in a physical 
model and can hardly be set as a constant like in the numerical model. These parameters are the 
hydraulic permeability k and the elastic compressibility of pore water . The permeability k of 
the sand was determined in three laboratory measurements on undisturbed soil samples in a 
permeameter. Deviations in such tests are very common. Thus, a mean value of 

41.2 10 /fk m s  was used for the calculation. To achieve a similar value for the pore pressure 

reduction in the equation of de Groot et al. (2006) a permeability of approximately 
64 10 /fk m s  is non-realistic. However, a permeability of the used fine sand, which was 

strongly compacted in the model of 51.0 10 /fk m s   is definitely in a meaningful range. Much 

more realistic are deviations in the elastic compressibility of pore water, which is strongly 
dependent on the air content in the pore fluid. In the calculations of Alcérreca Huerta & 
Oumeraci (2014) and also here in eq. (7.14), a constant air content of 1 % was assumed in the 
sand core beneath the revetment. This value was set for a porous seabed for which the equation 
was developed. For sloped revetment structures, Schulze & Köhler (2004) underline that air 
contents between 1-15 % are possible. Consequently, it can be expected that the air content in 
the sand pores during the experiments was much larger than 1 % leading to deviations from the 

numerical investigations. Assuming an adjusted permeability of 51.0 10 /fk m s  , an air 

content of 3 % would lead to the derived equation, which is in a realistic range. Consequently, 
it can be stated that eq. (7.11) with eq. (7.12) by de Groot et al. (2006) can correctly estimate 
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the pore pressure damping in the sand core, but the parameters used in this equation have to be 
determined carefully to obtain reasonable results. Small deviations in the determination of these 
parameters may lead to large deviations in the calculated pore pressures.  

Wave-induced pressures are strongly damped by the first layers of the sand core and the 
damping rate rapidly decreases for deeper locations. Furthermore, the waves with a larger surf 
similarity parameter are more easily transferred in deeper layers, whereas almost the entire 
wave-induced pressure is damped in layer 5 for surf similarity parameters smaller than 2.5. 
Impact pressures (m-1,0 < 2.5) are almost completely damped in the sand core. No fundamental 
differences in the exponential pore pressure damping behaviour was identified between the 
three configurations with different porosities or slope steepnesses. The model by de Groot et al. 
(2006) to describe the pore pressure damping in the sand can correctly estimate the pore 
pressure damping in the sand core when the input parameters such as the compressibility of 
pore water  and the hydraulic permeability k are well selected. 

7.3 Development of the internal mean water level (IMWL) 

Due to the direct connection of the EMWL with the IMWL through the porous layers placed 
on the sand core, both water levels are in interaction. As mentioned in section 5.2 the external 
wave set-up processes results in an uplift of the EMWL in front of and at the structure. The 
development of the EMWL also strongly affects the internal mean water level (IMWL) in the 
sand core. A proper investigation of the long-term development of the internal mean water level 
was conducted in the small-scale model tests in the flume with pressure transducers in the rear 
sand core (see Fig. 7.2, and for details Fig. 4.6, Fig. 4.8 and Fig. 4.9). The change of the EMWL 
and IMWL does not change the stability conditions directly, but it shifts the swash zone and the 
connected area in which uplift forces (directed out of the sand core) occur during run-down (see 
Fig. 7.21).  

 

Fig. 7.21: Schematic Illustration of prevailing forces during wave run-down and area of failure in large-scale tests 
(Oumeraci et al. (2010b)) 
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The uplift forces induce a draining flow out of the sand core which can wash the sand particles 
out of the upper layers of the revetment and transport them down the slope. This can lead to a 
partial soil liquefaction and local failures in the sand core. This process is illustrated 
schematically in Fig. 7.21, showing the failure mechanism during the large-scale experiments 
of Oumeraci et al. (2010b). For very long waves, e.g. ship waves, the change of IMWL and the 
associated draining effects and uplift forces are much more important than in the case of a 
revetment under wave loads, because the duration of the run-down process is significantly 
larger. The stability of the sand core in the swash zone is addressed in section 7.4. In this section, 
the interaction of EMWL and IMWL and the development of the IMWL are analysed as a 
function of the wave conditions and revetment characteristics. 

For irregular tests the EMWL is superimposed by fluctuations over the entire tests duration. 
Depending on the sequence of the different incident waves in the spectra, the EMWL develops 
over time. Consequently, the IMWL is also affected by this development and rises up to a 
certain level and with similar fluctuations to those in the EMWL. This is shown exemplarily in 
Fig. 7.22 for PT21S in a wave spectra test with a surf similarity parameter m-1,0 = 1.11 for 
configuration c3 in which the parameters for the analysis are also shown. 

 

Fig. 7.22: Time series of IMWL with definition of the parameters required for the analysis (wave spectra) 

For wave spectra rise time trise is defined as the time between the point where the IMWL starts 
to rise up to the time when mean value int,mean is reached, which is analysed as the internal 
wave set-up int in this section.  

In the current study the location of the pore pressure measurement is defined by the parameter 
xlocal, which describes the horizontal distance between the location at the intersection of the 
external still water level with the surface of the sand core and the location of the considered 
pressure transducer (Fig. 7.23). For the cases with a negative parameter xlocal, the measurements 
of the regarded pressure transducer are not considered for the analysis, because the pore 
pressure signals also include wave signals. 
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Fig. 7.23: Definition sketch for the parameter xlocal for the location of pressure transducers to measure the IMWL 

7.3.1 Effect of the revetment porosity 

The development of the IMWL in the sand core is first analysed for the configurations with the 
same slope steepness (1:3) and different porosity. In section 5.2 it was shown that the analysis 
of the external wave set-up S resulted in very good results when S is normalized by deep 
water wave length L0. In Liebisch & Oumeraci (2014) the analysis of the internal wave set-up 
int normalized by deep water wave length L0 as a function of surf similarity parameters m-1,0 
for the six PT-locations together (as defined in Fig. 7.23) can be found. However, due to six 
different measuring locations of the IMWL considered in this analysis, it is less meaningful, 
especially with respect to the spatial distribution of the IMWL. Consequently, due to the direct 
connection of EMWL and IMWL, it is meaningful to analyse the relation between EMWL and 
IMWL using the dimensionless parameter int/S. To consider separately the location of the 
measurement in the sand core and thus the spatial distribution of the IMWL, relative internal 
wave set-up int/S is plotted against relative distance xlocal/L0. This is shown in Fig. 7.24 and 
Fig. 7.25 for configurations c1 with n = 45% and c2 with n = 20%, respectively. 

 

Fig. 7.24: Relation of IMWL to EMWL int/S as a function of relative distance xlocal/L0 for wave spectra 
(configuration c1) 
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Fig. 7.25: Relation of IMWL to EMWL int/S as a function of relative distance xlocal/L0 for wave spectra 
(configuration c2) 

From Fig. 7.24 and Fig. 7.25 the spatial distribution of the IMWL in the sand core for two 
different revetment porosities and the same slope steepness becomes obvious. In both figures, 
i.e. irrespective of the revetment porosity, the largest int/S-values are obtained for smaller 
relative distances xlocal/L0 in the sand, i.e. near the intersection of SWL with the sand core and/or 
for larger deep water wave lengths). Due to the draining processes in the upper sand layers 
caused by the swash processes on the revetment (wave run-up/down), the IMWL is directly 
affected by these processes. It is assumed that for smaller xlocal/L0-values the internal wave set-
up int/S is characterized by a significantly different time scale which corresponds to that of 
wave run-up/run-down. With increasing relative distance xlocal/L0, the internal wave set-up 
increases up to a maximum. For these larger xlocal/L0-values the internal wave set-up has the 
same time scale as the external wave set-up and is not affected by the swash processes. For 
smaller wave lengths Lo and larger relative distances xlocal/L0, the effect of the swash processes 
on the development of the IMWL is much smaller and tends against zero. This confirms the 
findings of section 7.2 that the pressures induced by waves with larger periods have a larger 
penetration depth in the sand core.  

In Fig. 7.24 it is obvious that the selected distances of the pressure transducers in the rear sand 
core are too small to capture the complete spatial distribution of the IMWL in the sand core. 
For larger relative distances xlocal/L0 the values of relative internal wave set-up int/S should 
also tend against zero like in Fig. 7.25. However, both configurations (with different porosities) 
provide similar results, which can be explained by similar values for the external wave set-up 
(see Fig. 5.12). For configuration c2 with the lower porosity (n = 20%), slightly larger values 
for the IMWL are obtained with a larger scattering for relative distances xlocal/L0 < 0.1 which 
means that the maximum for int/S is more distinctive. This might be explained by the smaller 
porosity of configuration c2 which admittedly did not lead to larger differences in the external 
wave set-up (see Fig. 5.12), but to larger wave run-up heights (see section 5.3.2) and the 
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downrushing water during wave run-down remains on the sloped sand core beneath the 
revetment for a longer time because the flow discharge is significantly smaller in the less porous 
revetment. This leads to a larger MWL directly at the sand surface, which results in a larger 
infiltration into and a reduced exfiltration of the water out of the sand core. Over time larger 
internal wave set-up heights can develop, which results in the significantly larger int/S-values. 
Consequently, the conclusion might be drawn that a decreasing porosity leads to larger 
maximum int/S-values.  

As the MWL directly at the sand surface could not be measured in the experiments, this 
statement should be verified by numerical simulations. In fact, a measurement of the MWL on 
the sand core just beneath the revetment is hardly feasible in physical model tests.  

A prediction model for int/S is developed in section 7.3.3 after the analysis of the effect of 
slope steepness in the next section 7.3.2. 

7.3.2 Effect of the revetment slope steepness 

It was already shown in the previous section that the development of the IMWL in the sand 
core is dependent on the EMWL. The latter was found to be also strongly dependent on the 
slope steepness (see section 5.2.2). Therefore, for the development of the IMWL, different 
results are expected for configuration c3 with a slope 1:6 as compared to the two configurations 
c1 and c2 with the steeper slope 1:3.  

Consequently, the approach used in the previous section to analyse the relation between EMWL 
and IMWL described by int/S against relative distance xlocal/L0 is also applied on configuration 
c3 (Fig. 7.26). 

 

Fig. 7.26: Relation of IMWL to EMWL int/S as a function of relative distance xlocal/L0 for wave spectra with 
upper envelope based on eq.(7.20) (configuration c3) 
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The results of the relation between internal and external wave set-up for configuration c3 in 
Fig. 7.26 show a similar behaviour compared to the two steeper revetments c1 and c2 in the 
previous section. The largest by int/S-values are obtained for smaller xlocal/L0, i.e. for larger 
deep water wave lengths L0. It is thus confirmed that long waves have a larger infiltration depth. 
For smaller wave lengths L0 and thus for larger relative distances xlocal/L0, the relative internal 
wave set-up int/S decreases and tends against zero. Compared to configuration c1 with the 
same porosity (see also Fig. 7.24), configuration c3 with the flatter slope1:6 provides smaller 
int/S-values. This can be explained by the larger S-values which are obtained for the tests 
with small wave steepness Hm0/L0 < 0.01 (small wave height and especially long waves) on the 
flatter slope 1:6. In fact, for these tests also the largest internal wave set-up int-values for all 
revetment configurations are obtained with int =0.1-0.2 m, but divided by the large S-values, 
maximum int/S is smaller compared to configuration c1. For very flat slopes and very long 
waves the relation between external and internal wave set-up int/S should tend against 1.0. 
The effect of the swash processes on the IMWL become less important. 

Furthermore, the different breaking behaviour of the incident waves with the associated energy 
dissipation also affects the development of the IMWL. Further research is necessary to analyse 
more systematically the effect of the slope steepness on the IMWL in physical or numerical 
model tests with a larger variation of slope steepness. 

7.3.3 Prediction formula for IMWL in the sand core 

In the previous two sections the development of the IMWL in the sand core beneath the different 
tested revetments configurations was successfully analysed using the relative internal wave set-
up int/S and relative distance xlocal/L0. Due to the large scattering of the obtained results, a 
conservative approach using an upper envelope for the data seems to be more meaningful. This 
approach was already applied successfully for the wave-induced pressures on and just beneath 
the revetment in section 6.2.4 and 7.1.3 and the spatial pressure distribution on the revetment 
in section 6.4. For the IMWL a model based on a Rayleigh-distribution is used which is 
modified to fulfil the following conditions: int/S tends against zero for large xlocal/L0-values, 
int/S > 0 for xlocal/L0 = 0 and a maximum int/S for small xlocal/L0-values. The following 
model is applied on the results of all configurations to derive an upper envelope for int/S: 
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L L

b b




    
      
        
 
 

  (7.20) 

with:  aIMWL, bIMWL, cIMWL, dIMWL = empirical coefficients   [-] 

The derived upper envelopes for the data of int/S for all revetment configurations are shown 
in Fig. 7.27 for a direct comparison. The upper envelopes enclose almost all obtained data points 
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thus providing a conservative approach for the determination of the relative internal wave set-
up int/S. 

 

Fig. 7.27: Illustration of upper envelopes for the relation of IMWL to EMWL int/S as a function of relative 
distance xlocal/L0 for wave spectra (all configurations) 

For all configurations eq.(7.20) is successfully used to derive an upper envelope, which 
considers the maximum int/S for small xlocal/L0-values and the int/S-values tending against 
zero for larger relative distances xlocal/L0.  

The results confirm the findings of Ludwigs & Oumeraci (2011) even though another approach 
is used to analyse the data and to develop a model: 

- The development of IMWL is highly dependent on the development of EMWL 
- The relation of IMWL to EMWL is highly affected by the wave period (or wave length): 

for longer waves, infiltration dominates over exfiltration while exfiltration dominates 
infiltration for steeper waves. 

- Residual pore pressure generation in the sand core depends more on changes in IMWL 
rather on short drainage times. 

The following equations are obtained for the upper envelopes based on eq.(7.20): 

Configuration c1 (n = 45%; tan = 1/3): 
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Configuration c2 (n = 20%; tan = 1/3): 
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Configuration c3 (n = 45%; tan = 1/6): 
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The coefficients in eq.(7.20) obtained for the upper envelope of the configurations are shown 
summarized in Tab. 7.4. 

Tab. 7.4: Coefficients aIMWL, bIMWL, cIMWL and dIMWL in eq.(7.20) for the upper envelope of the spatial distribution 
of IMWL in the sand core of all configurations for wave spectra. 
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tan  porosity  aIMWL  bIMWL  cIMWL  dIMWL 

[‐]  [%]  [‐]  [‐]    [‐] 

configuration c1  1/3  45  0.26  0.043  0.0014  278.66 

configuration c2  1/3  20  0.36  0.061  0.0097  42.43 

configuration c3  1/6  45  0.30  0.058  0.0054  63.66 

 

Since the IMWL is induced by the EMWL which is superimposed by fluctuations for wave 
spectra tests and since the EMWL is particularly affected by the slope steepness of the 
revetment, the associated IMWL is also influenced by this parameter and subject to similar 
fluctuations. In section 5.2.1 it was shown that the porosity of the cover layer only slightly 
affects the external wave set-up. This influence seems to be larger for the IMWL, due to the 
longer residence time of the infiltrated water in the sand core. The latter is more pronounced 
for the configuration with a smaller porosity. Consequently, the development of the IMWL is 
directly and much more dependent on the porosity and the associated MWL just beneath the 
revetment on the sand surface which might be larger than the EMWL. As the measurement of 
the MWL on top of the sand core is hardly possible in physical model tests, numerical 
simulations would be required to determine the relation between EMWL and the MWL just 
beneath the revetment depending on the porosity and the slope steepness.  

It was confirmed that a residual pore pressure build-up in the sand core only depends on a 
change in the IMWL and not on short drainage times. Thus, with a changing IMWL and the 
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associated infiltration and exfiltration in the sand core, the swash area is just shifted along the 
slope and no concluding results on the implications for the slope stability can be drawn only 
from these investigations. For stability analysis, the pressure differences which might also lead 
to partial or local liquefaction (see Fig. 7.21) have to be taken into account in the next section 
7.4. 

The development of IMWL is highly dependent on the development of EMWL and the wave 
period (or wave length). For longer waves, infiltration is larger than exfiltration while the latter 
dominates for shorter and higher waves. For small relative distance xlocal/L0 from the shoreline 
inside the sand core, the relative internal wave set-up int/S is obviously characterized by a 
significantly different time scale corresponding to that of wave run-up/run-down. With 
increasing xlocal/L0, int/S also increases up to a maximum. For xlocal/L0-value larger than 
xlocal/L0 where int/S becomes maximum, the internal wave set-up has the same time scale like 
the external wave set-up and is not affected by the swash processes any more.  

For the effect of the revetment porosity, the conclusion might be drawn that a decreasing 
porosity leads to larger maximum int/S-values due to a larger MWL directly at the sand 
surface, which results in a larger infiltration and a reduced exfiltration of the water out of the 
sand core. As a measurement of the MWL directly at the sand surface is hardly feasible in 
physical model tests, this conclusion should be verified by numerical simulations.  

For the effect of the slope steepness, the internal wave set-up int near the shoreline of the sand 
core is less affected by the swash processes on the slope for the flatter slope. This leads indeed 
to larger int-values for long waves since the EMWL is particularly affected by the slope 
steepness and the external wave set-up S provides larger values on flatter slopes. However, the 
int/S-values are smaller for long waves compared to steeper slopes.  

A residual pore pressure build-up in the sand core only depends on a change in the IMWL and 
not on short drainage times. 

 

7.4 Stability analysis of the sand core beneath the revetment 

The failure of the PBA-revetment observed during the GWK-tests and well-documented by 
Oumeraci et al. (2010b) highlighted the crucial importance of the stability of the soil beneath 
the revetment for the stability of the entire structure. Moreover, a first physical interpretation 
of the failure with a first stability analysis was conducted. This methodology was deepened in 
the numerical investigations of Alcérreca Huerta (2014) by using the extended results of his 
parameter study with the developed CFD-CSD model. 

No systematic physical investigations of the stability of PBA-revetments and their sandy 
substructure have yet been conducted. Beside the numerical investigations of Alcérreca Huerta 
(2014) the systematic model tests performed in this study may also be seen as an attempt to fill 
the knowledge gap from the physical modelling view point. 
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The physical background of this stability analysis was already outlined in section 2.3.2 showing 
that Oumeraci et al. (2010b) identified two processes which may induce soil liquefaction 
beneath bonded porous revetments: 

 Transient or instantaneous liquefaction 
 Residual liquefaction 

Usually both residual and transient pore pressure occur together during wave attack. The 
transient pore pressure ut* and the residual pore pressure ur are superimposed. According to the 
methodology proposed by Oumeraci et al. (2010b), this superposition is considered in the 
stability analysis for the identification of liquefaction failures based on eq. (7.24) leading to the 
following equation: 

    0* *' ' ' 0c c f f s t rgd gd gz u u u              (7.24) 

This is also illustrated in Fig. 7.28 according to Oumeraci et al. (2010b). 

 

Fig. 7.28: Stability against liquefaction failures in the sand core beneath PBA-revetments (Oumeraci et al. 
(2010b)) 

For the stability analysis the characteristics of the revetment configurations are first given in 
section 7.4.1. Based on the determination of the maximum uplift pressure difference in section 
7.4.2, a stability analysis is then conducted based on the present porosity and slope steepness 
of the revetment configuration in section 7.4.3. 

7.4.1 Determination of the total stress of the different revetment configurations 

In this section the total stress (resisting force term in eq. (2.46) or eq. (7.24)) due to the weight 
of the different layers of the revetment configurations and the sand core in depth z’ is 
determined. The results are listed in Tab. 7.5. 
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Tab. 7.5: Determination of the total stress of the different revetment configurations (resisting force term in eq. 
(2.46)) 

description  parameter unit  configuration c1/c3  configuration c2 

density of revetment cover layer  c  kg/m³  1528  1645 

thickness of the cover layer  dc  m  0.05  0.05 

density of revetment filter layer  f   kg/m³  1528  1528 

thickness of the filter layer  df   m  0.05  0.05 

total stress of revetment  rev   kPa  1.499  1.556 

bulk density of submerged soil  'S  kg/m³  0.865  0.865 

total stress of sand layer, z‘=5cm  S  kPa  0.424  0.424 

total stress of sand layer, z‘=10cm  S  kPa  0.849  0.849 

total stress of sand layer, z‘=20cm  S  kPa  1.697  1.697 

total stress, z’=5cm    kPa  1.923  1.981 

total stress, z’=10cm    kPa  2.348  2.405 

total stress, z’=20cm    kPa  3.196  3.253 

 

In the stability analysis using eq. (2.46), the cover and the filter layer are assumed to be 
completely drained and not submerged. For these layers no reduced weight force due to 
buoyancy is set. In Liebisch & Oumeraci (2014) the stability analysis for the tested revetment 
configurations was also conducted under the assumption of complete saturation of the 
revetment pores. The results clearly showed that the assumption of complete saturation of cover 
and filter layer is not sustainable, because larger damages would have occurred during the main 
tests and also in the GWK-tests. Consequently the stability analysis in section 7.4.3 is conducted 
under the assumption of completely drained cover and filter layer. 

7.4.2 Determination of the relative uplift pressure difference 

The relative uplift pressure difference is defined in eq. (7.25): 

 
 0* *

0 0

t r
rel

m m

u u uu
u

gH gH 
 

     (7.25) 

To determine the relative uplift pressure difference, the time series recorded by the pressure 
transducers shown in Fig. 7.1 are used to calculate new time series of the differences between 
the initial pressure u0* and the pore pressure (ut*+ur) at different depths z’. In doing so, nine new 
time series of the pressure difference (u0*-(ut*+ur) at different locations and depths in the sand 
core are obtained. The determined pressure differences contain both transient and residual 
components of pore pressure, because in the stability analysis it is not necessary to separate 
between these two components. The specifications of the time series are summarized in Tab. 
7.6. 
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Tab. 7.6: Specification of new derived time series of pressure difference in the sand core 

Specification  Column  PT for initial pressure u0* PT for pore pressure ut*+ur 

Difference A1  A  27F  12S 

Difference A2  A  27F  15S 

Difference A3  A  27F  18S 

Difference B1  B  28F  13S 

Difference B2  B  28F  16S 

Difference B3  B  28F  19S 

Difference C1  C  29F  14S 

Difference C2  C  29F  17S 

Difference C3  C  29F  20S 

 

The procedure of deriving the time series of the pressure difference out of the initial pressure 
and the pore pressure in depth z’ is illustrated in Fig. 7.29 for a regular wave test.  

All time series for pressure differences listed in Tab. 7.6 are analysed event by event. Thus, for 
every test a maximum and a minimum difference are determined for all nine time series of the 
pressure difference listed in Tab. 7.6. For the stability of the revetment and its sandy foundation 
the minimum difference is crucial since it represents the maximum uplift pressure.  

In the analysis of the relative uplift pressure difference in the sand core, the worst case of the 
three columns of pressure transducers for each of the three layers in the sand core was used to 
calculate the maximum relative uplift pressure difference (eq. (7.25)) as already done in the 
analysis of the pressures on and just beneath the revetment. 

 

Fig. 7.29: Time series of initial pressure u0* (PT27F) and pore pressure (ut*+ur) (PT12S) and derived pressure 
difference (Difference A1) (Test 20130814 09) 
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In the following, the relative pressure difference urel in the sand core is shown for the three 
different revetment configurations against different surf similarity parameters m-1,0 in different 
depths z’. This was already done by Alcérreca Huerta (2014) for the numerical results with 
regular waves. A good correlation of the data in different depths was found with the following 
equation: 
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  (7.26) 

This equation provides the advantage that urel becomes zero if 0 is zero. Moreover, urel tends 
against zero for large surf similarity parameters. This is essential because for very large wave 
lengths and the associated very slow water level rise, no uplift pressure difference will occur in 
the sand core. Consequently, the physical limits occurring for the uplift pressure difference are 
fulfilled. For wave spectra tests eq.(7.26) is re-written as follows: 
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with:  agrad, bgrad, cgrad = empirical coefficients [-] 

Fig. 7.30 to Fig. 7.32 show the results based on eq. (7.27) for the relative pressure difference 
urel in different depths z’ for the three tested configurations. 

 

Fig. 7.30: Relative pressure difference urel as a function of surf similarity parameter m-1,0 for configuration c1 
for wave spectra tests 
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Fig. 7.31: Relative pressure difference urel as a function of surf similarity parameter m-1,0 for configuration c2 
for wave spectra tests 

 

Fig. 7.32: Relative pressure difference urel as a function of surf similarity parameter m-1,0 for configuration c3 
for wave spectra tests 

The coefficients obtained for the different revetment configurations based on eq.(7.27) are listed 
in Tab. 7.7. 
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Tab. 7.7: Coefficients agrad, bgrad and cgrad based on eq. (7.27) for all revetment configurations and wave spectra 
tests 
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  depth z‘  agrad  bgrad  cgrad  ’diff 

configuration c1 
0.05 m  0.30  ‐0.15  0.028  0.174 

0.10 m  0.31  ‐0.16  0.027  0.144 

0.20 m  0.31  ‐0.17  0.026  0.156 

configuration c2 
0.05 m  0.23  ‐0.13  0.020  0.122 

0.10 m  0.24  ‐0.20  0.026  0.127 

0.20 m  0.27  ‐0.19  0.026  0.130 

configuration c3 
0.05 m  0.27  ‐0.33  0.058  0.069 

0.10 m  0.34  ‐0.23  0.043  0.100 

0.20 m  0.35  ‐0.28  0.054  0.074 

 

Compared to the numerical simulations of Alcérreca Huerta (2014) with regular waves, all three 
figures for the wave spectra tests (Fig. 7.30, Fig. 7.31 and Fig. 7.32) show significantly larger 
values for the maximum relative pressure difference (up to twice as large). This was expected 
due to the characteristics of wave spectra tests and the usage of the maximum values in the 
considered time frame, which might be caused by larger waves in the spectrum. However, the 
model according to eq. (7.27) shows a good correlation also for wave spectra tests. In the 
numerical investigations of Alcérreca Huerta (2014), the revetment thickness was varied to 
achieve a direct comparison to the large scale tests of Oumeraci et al. (2010b). In this study, the 
revetment thickness is kept constant for all configurations, while the porosity and the slope 
steepness were varied. 

The increase rate of the relative pressure difference urel is much larger in the upper layers of 
the sand core beneath the revetment than in deeper layers where it is getting much smaller. 
Considering the linear increase of the resisting force term with increasing depth, liquefaction is 
more likely to occur in the upper layers. However, urel increases for larger surf similarity 
parameters (and thus for longer waves). This can be explained by the larger wave run-down 
heights and the associated larger uplift pressure difference (see also Fig. 7.21). For very large 
surf similarity parameters, urel should tend against zero, due to the sufficiently long drainage 
time.  

Comparing the results in Fig. 7.30 and Fig. 7.31 for the two revetments with different porosity, 
it can be seen that no significant difference between the two configurations occurs for the results 
in a depth z’ = 10 cm and z’ = 20 cm. The scatter for the results in depth z’ = 10 cm is larger 
for configuration c1 with a larger porosity. However, the applied fitting model shows almost 
the same equation for both revetment configurations. This is completely different in the upper 
layer of the sand core. For relative uplift pressure difference urel in a depth z’ = 5 cm, 
configuration c1 provides significantly larger values compared to the low porous configuration 
c2. This can be explained by the permeability of the cover layer and the associated exfiltration 
time. For configuration c2 the water in the revetment needs a longer time to exfiltrate the filter 
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and cover layer due to the lower permeability of the cover layer. This also leads to smaller 
relative pressure difference in the sand core underneath. This process is only relevant for the 
upper layer of the sand core which is thus more likely to be liquefied for configuration c1 (see 
section 7.4.3). 

Comparing the results of the two revetments with different slope steepnesses, configuration c3 
with the flatter 1/6 shows a decisively different result compared to the steeper configuration c1 
with the same porosity. The uplift pressure differences occurring for the same wave conditions 
are smaller on the flatter slope and thus liquefaction is less likely. This can be explained by the 
longer residence time of the water layer on the slope during the swash process and the resulting 
smaller relative pressure difference during wave-run down. In Fig. 7.32 it is also seen that in 
deeper layers of the sand core almost no additional relative pressure difference develops under 
the flatter slope. 

The results of this section have shown that the analysis of the different influencing parameters 
provide a better understanding of the processes beneath the revetment which are crucial for the 
evaluation of the stability of bonded porous revetments. However, more systematic research 
would be required to develop general design equations which allow to determine the relative 
pressure difference in the sand core beneath porous revetments which explicitly consider 
porosity and slope steepness in the calculation.  

7.4.3 Stability analysis 

In the previous section the maximum relative pressure difference (driving force) was 
determined and differences were assessed for the different revetment configurations. From the 
results of these driving forces, it was shown that liquefaction is more likely to occur in the upper 
layers of the sand core beneath the revetment. However, to assess whether liquefaction will 
occur, a stability analysis should be performed by also considering the resisting forces which 
consist of the weight of the revetment and the submerged soil above the considered location in 
depth z’. A stability factor Sup can be determined for every conducted test by re-writing 
eq. (2.46) as eq. (7.28). In this limit state equation, the stability against soil liquefaction in depth 
z’ is ensured for Sup < 1.0: 
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  (7.28) 

Liquefaction occurs, if the stability factor Sup, defined as the ratio of driving to resisting forces 
per unit surface, is larger than 1.0. For the determination of the resisting force term, the values 
listed in Tab. 7.5 are used. The obtained stability factor Sup in a depth z’ = 0.05 m is shown in 
Fig. 7.33 for different wave heights Hm0 and wave periods Tm-1,0 for configuration c1. 
Determined values for Sup > 1.0 are indicated as red dots to show potential liquefaction. Sup-
values smaller than 0.85 show no risk of liquefaction and are indicated as green dots. Further 
intermediate Sup-values are indicated as yellow and orange dots to highlight the decreasing 
safety from the green dots (stable) to the red dots (liquefaction). 
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Fig. 7.33: Stability factor Sup at depth z’ = 0.05 m for different wave conditions for configuration c1 (wave spectra 
tests) 

With the illustration of the stability factor in Fig. 7.33 it is possible to easily identify the range 
of wave conditions which represent a potential risk of liquefaction at depth z’ in the sand core 
and might result in a failure of the soil at this depth. The latter is illustrated in Fig. 7.33 with 
the red “limit state line”. The red dots (liquefaction) are characterized by wave periods larger 
than 3.0 s and large wave heights between 0.18 m and 0.21 m. A relation between the stability 
factor and the wave steepness could not be identified. 

The results in Fig. 7.33 are only valid for the investigated model configuration c1 and the tested 
conditions. These are solely to illustrate the stability analysis and cannot be generalized for 
other conditions. Moreover, the stability factor in Fig. 7.33 is determined by using the maximum 
relative uplift pressure difference obtained for the entire test duration, which occurs during the 
passage of only one wave trough. Nevertheless, this short period can lead to a local liquefaction 
and a transport of the sand material downwards the slope. This instantaneous local liquefaction 
may lead to larger damages over time (cyclic wave loading). 

For configuration c2 and c3 no values of stability factor Sup larger than 0.85 were obtained.  

Liquefaction in the sand core beneath porous revetments is more likely for high and especially 
long waves. Flatter slopes are less vulnerable against soil liquefaction beneath bonded porous 
revetments than steeper slopes. Furthermore, flatter slopes have the advantage that a 
transportation of the potential liquefied soil down the slope is much slower and less likely due 
to the weaker flow in the revetment layers. Revetments with a larger porosity are more 
vulnerable to liquefaction, which means that a reduction of the pore volume over time (e.g. 
clogging) has a positive effect in terms of liquefaction risk. 
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7.5 Summary and conclusions 

After the analysis of the wave-induced pressure on the revetment (layer 1) in chapter 6, the 
hydrodynamic processes just beneath the revetment and in the sand core, including soil 
liquefaction, were analysed in this chapter. 

In section 7.1, it was shown that the pressure damping performance Dp of porous revetments is 
more significantly affected by the revetment porosity than by the slope steepness. Dp increases 
with decreasing porosity over the entire range of tested surf similarity parameters m-1,0. The 
impact load component is more strongly damped than the quasi-static component and non-
impact loads through the porous revetment. Dp generally increases with steeper slopes only for 
m-1,0 <3 while the effect of the slope steepness becomes negligibly small for larger m-1,0-
values. 

In section 7.2, the results have shown that the wave-induced pressures are strongly damped in 
the first layers of the sand core and then continue to exponentially decrease at deeper locations. 
The porosity and slope steepness only affect the initial pressure transmitted through the 
revetment to the top of the sand core, but not the exponential pore pressure decrease in the sand 
core. Impact pressures are fully damped in the first sand layers, so that only the non-impact 
loads and the quasi-static components of the impact loads are transmitted in deeper layers. 
Moreover, the results confirmed that the model by de Groot et al. (2006) can correctly predict 
the pore pressure damping in the sand core, if the input parameters such as the compressibility 
of pore water and the hydraulic permeability k are properly selected.  

In Section 7.3, the analysis of the spatial development of the internal mean water level (IMWL) 
has shown that the IMWl is directly and closely related to the external water level (EMWL) for 
all tested revetments with different porosity and slope steepness. Furthermore, the strong 
dependence of IMWL on the wave period is outlined, showing that for longer waves, infiltration 
is larger than exfiltration while the latter dominates for shorter and higher waves. A decreasing 
porosity leads to larger maximum int/S-values due to a larger MWL directly at the sand 
surface, which results in a larger infiltration and a reduced exfiltration of the water out of the 
sand core. For the flatter slope 1:6 the internal wave set-up int near the shoreline of the sand 
core is less affected by the swash processes on the slope compared to the steeper slope resulting 
in smaller int/S-values for long waves. 

In Section 7.4, the analysis of the relative pressure difference at different depths in the sand 
core  and the related stability analysis against soil liquefaction beneath the all tested revetment 
configuration have shown that the upper layers in the sand core are mostly affected by soil 
liquefaction and that this effect rapidly decreases in deeper layers. Moreover, the results also 
imply that soil liquefaction is more likely beneath steeper than beneath flatter revetments. 
Revetments with a larger porosity are more vulnerable to liquefaction. 

Overall, the results of this chapter have contributed to an improved understanding of the 
processes in the sand core beneath revetments of different porosity and slope steepness.  
However, these results have some limitations, so that further research will be needed. As shown 
for a very limited range of variation of revetment porosity and slope steepness, the damping of 
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the wave-induced pressure through the revetment is much more affected by both revetment 
parameters than the damping in the sand core. As the damping performance of the revetment 
provides the initial pressure at the top of the sand core, more research will be required to extend 
the obtained results and formulae for a broader range of both revetment porosity and slope 
steepness. In such further investigations, the internal wave set-up should also be considered, as 
it affects all processes on and beneath the revetments and particularly the aforementioned initial 
pressure. Moreover, the validity of the de Groot formulae to predict the exponential damping 
of the pore pressure in the sand core, which also use the aforementioned initial pressure as a 
reference value, is confirmed by the results, also showing the crucial need for a more accurate 
specification of further input parameters such as the compressibility of the pore water and the 
hydraulic permeability k of the soil. 
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8 Summary, Discussion and Outlook 

Extensive scale model tests have been successfully conducted to improve the knowledge related 
to the effect of the revetment porosity for different slope steepnesses on the hydrodynamic 
processes on and beneath bonded revetments.  

In this context, the current knowledge was first reviewed and analysed to identify the 
knowledge gaps. Preliminary scale model tests with a simplified model set-up were conducted 
to study the effect of the revetment porosity on the processes and its relative importance as 
compared to the effect of the slope steepness and roughness. The preliminary tests were 
primarily used to develop a more realistic model set-up and an optimized programme for the 
main model tests, which represent the major work phase of this study. A systematic analysis of 
the following processes involved in the interaction of irregular waves and the porous revetment 
and its soil foundation was performed with a focus on the effect of the revetment porosity and 
slope steepness: (a) processes in front of and on the revetment (wave reflection, wave set-up 
and wave run-up/run-down), (b) wave-induced pressures on the revetment (wave breaking and 
wave load classification, peak pressure, its location and the spatial pressure distribution on the 
revetment), (c) processes beneath the revetment (damping of wave-induced pressures in the 
revetment, pore pressure in the sand core beneath the revetment, internal mean water level, 
stability of the sand core). 

In this concluding chapter, the key findings are summarized, followed by a brief discussion of 
the results and an outlook. 

8.1 Summary of key findings 

The key findings as obtained from the analysis of the aforementioned processes in front of and 
on the revetment, the wave-induced pressure on the revetment, the processes just beneath the 
revetment and in the sand core, including those obtained from the stability analysis against soil 
liquefaction of the sand core beneath the sand core may be summarised as follows: 

 

a) Processes in front of and on the revetment 

Wave reflection. An increasing porosity leads to a larger effect of the incident wave height on 
the reflection coefficient. With increasing wave heights, the highly porous revetment behaves 
increasingly like an impermeable revetment. The less porous revetment (n = 20%) does not 
show this behaviour and behaves almost like a smooth impermeable revetment for all surf 
similarity parameters. The effect of the slope steepness on the reflection coefficient Cr is less 
significant. A new model is proposed which accounts for the effect of the wave height on the 
reflection coefficient. 

Wave set-up. The effect of the revetment porosity on relative wave set-up S/L0 is less 
pronounced than that of the slope steepness, which is significant. This effect becomes larger for 
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smaller m-1,0 and almost zero for large m-1,0, Empirical formulae are provided showing a 
relatively good agreement with the data. 

Wave run-up/run-down. Due to the very different time scales of the wave run-up/run-down 
and the wave set-up, the analysis based on the EMWL as a reference water level is physically 
more appropriate than with the commonly used SWL. A larger porosity leads to lower values 
of both relative wave run-up and run-down with a more significant effect of the porosity on 
wave run-up. The surf similarity parameter obviously does not fully describe the effect of the 
slope steepness on the wave run-up and run-down. 

 

b) Wave-induced pressures on the revetment 

Wave load classification. The flatter 1:6 slope provides a larger transition zone than the steeper 
slopes 1:3, whereas porosity does not significantly affect the load classification (see Tab. 6.1). 

Peak pressure on the revetment. An increasing porosity increases the damping of impact loads 
leading to significantly smaller peak pressures on the revetment, whereas non-impact loads are 
only slightly affected by a changing porosity. The effect of the slope steepness on the peak 
pressure is generally less clear than that of the porosity. The slope steepness affects the peak 
pressures for quasi-static loads, but no noticeable effect on the impact pressure peak could be 
observed. The effect of the slope steepness on the quasi-static pressure on the revetment 
decreases with smaller deep water wave steepness Hm0/L0. Tentative formulae are provided for 
all tested configurations by considering only the upper envelopes of the total peak pressure 
values as a conservative approach. 

Location of peak pressure pmax. The effect of the porosity on zpmax/Hm0 is only significant for 
surf similarity parameter m-1,0 > 2.4 leading to larger zpmax/Hm0-values compared to a smooth 
and impermeable revetment. The effect of the slope steepness on the location of the peak 
pressure is more noticeable than that of the porosity particularly shown by the much smaller 
scatter for the flatter slope 1:6. For all tested configurations upper and lower envelopes 
enclosing the data scatter are derived. 

Pressure distribution on the revetment. For impact loads, the pressure distribution on the 
revetment is affected by both revetment porosity and slope steepness. The pressure distribution 
becomes wider with increasing porosity and decreasing slope steepness of the revetment. For 
non-impact loads, the effect of the slope steepness is noticeable only far above SWL, where the 
pressure distribution is expectedly wider for steeper slopes commonly associated with larger 
wave run-up. Tentative formulae for the upper envelopes of the pressure distribution on the 
revetment are proposed for all tested revetment configurations. 

 

c) Processes in the sand core beneath the revetment 

Wave damping performance of porous revetments. The pressure damping performance Dp is 
more significantly affected by the revetment porosity than by the slope steepness. Dp increases 
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with decreasing porosity. The impact load component is more significantly damped through the 
porous revetment than the non-impact loads and the quasi-static component of the impact loads. 
Dp generally increases with steeper slopes only for m-1,0 < 3 while the effect of the slope 
steepness becomes negligibly small for larger m-1,0-values. 

Damping of pore pressure in the sand core. Wave-induced pressures are considerably damped 
in the first layers of the sand core and then continue to exponentially decrease at deeper 
locations. The porosity and slope steepness only affect the initial pressure transmitted through 
the revetment to the top of the sand core, but not the exponential pore pressure decrease in the 
sand core. The model by de Groot et al. (2006) can correctly predict the pore pressure damping 
in the sand core beneath porous revetments, but it is shown that the results are very sensitive to 
the input parameters of the soil depending on the air content of the pore fluid. 

Development of the internal mean water level (IMWL). The spatial development of the IMWL 
is directly and closely related to the external water level (EMWL) for all tested revetments with 
different porosity and slope steepness. For longer waves, infiltration is larger than exfiltration 
while the latter dominates for shorter and higher waves. A lower porosity leads to larger 
maximum int/S-values. For the flatter slope 1:6, the internal wave set-up int near the shoreline 
at the sand slope is less affected by the swash processes on the slope compared to the steeper 
slope resulting in smaller int/S-values for longer waves. 

 

d) Stability analysis of the sand core beneath the revetment 

The upper layers in the sand core are mostly affected by soil liquefaction which is mainly 
induced by transient pore pressures. As the latter decrease exponentially with depth in the sand 
core, soil liquefaction potential rapidly decreases in deeper layers. Soil liquefaction is more 
likely beneath steeper than beneath flatter revetments. Revetments with a higher porosity are 
more vulnerable to liquefaction than less porous revetments. 

 

8.2 Discussion and Outlook 

Overall, the results of this study have revealed for the first time the relative importance of the 
effect of the revetment porosity and slope steepness on the aforementioned processes involved 
in the interaction of irregular waves and porous revetments and their soil foundation, thus 
providing an improved understanding of both effects. More specifically, the most relevant 
findings of this study may be outlined as follows: 

(i) It was shown for the first time that an increasing porosity leads to a larger effect of 
the incident wave height on the reflection coefficient. A highly porous revetment 
behaves increasingly like an impermeable revetment with increasing wave heights 
and the porous structure becomes less effective in reducing wave reflection; 

(ii) The effect of the revetment porosity on relative wave set-up S/L0 is less 
pronounced than that of the slope steepness; 



Summary, Discussion and Outlook 180

 

 

(iii) A larger porosity also results in lower values of both relative wave run-up and run-
down with a more significant effect of the porosity on wave run-up; 

(iv) Pressure damping performance Dp of porous revetments is more significantly 
affected by the revetment porosity than by the slope steepness. Dp increases with 
decreasing porosity over the entire range of tested surf similarity parameters m-1,0.  

(v) The spatial development of the internal mean water level in the sand core beneath 
bonded porous revetments, which is crucial for the structure stability, is investigated 
systematically for the first time considering irregular waves. It is particularly shown 
that the internal wave set-up int near the shoreline at the sand core is less affected 
by the swash processes on a flatter slope (1:6) than on the steeper slope (1:3). 

Empirical based equations were derived for all considered processes. As in the main tests only 
two porosities (n = 20% & n = 45%) and two slope steepnesses (1:3 & 1:6) were considered, 
the validity of the obtained formulae is cautiously limited to the tested or similar conditions. 

Though the results of this study have contributed to an improved understanding of the processes 
in front of on and beneath bonded porous revetments, they have some limitations, so that further 
research will necessarily be needed to come up with final conclusions. 

Only two well-selected values for the porosity and the slope steepness are considered in this 
study. Though these two values were carefully selected based on the results of preliminary tests 
(Liebisch et al. (2013a)), more systematic physical model tests or numerical studies with 
irregular waves for a wider range of values of the slope steepness and revetment porosity are 
still needed. 

For this purpose, a systematic parameter study with the validated numerical model available at 
LWI might be most appropriate to determine further influencing parameters and their relative 
effect on the processes on and beneath bonded porous revetments. 

In such further investigations, the internal wave set-up should necessarily be considered, as it 
affects all processes on and beneath the revetment. The latter particularly applies for the initial 
pressure on the top of the sand core, which is crucial for the stability of the sand core. Further 
unsolved issues, which arose in the course of the study can only be answered by further 
research. An example for such issues is the unexpectedly large non-impact load with relative 
peak pressure values up to 4.0 on the porous revetments tested with different porosities 
(n = 20% and n = 45%) which occurred in the small scale and as well in the 1:5 up-scaled 
GWK-tests with irregular waves on PBA-revetments (n=40%). A further example is the second 
pressure peak identified within the upper part of the swash zone by the numerical study of 
Alcérreca Huerta (2014) with regular waves. Further physical model tests specifically designed 
for this purpose (e.g. with a finer resolution of the pressure transducers between SWL and 
maximum wave run-up height) will certainly show whether this new phenomenon is the result 
of real physical processes on the revetment or just a numerical artefact. Moreover, 
investigations of the importance of the relation between grain/pore size and the incident waves 
would be required to determine the effect of a changing grain/pore size for the same porosity 
and thus to extend the applicability of the results to bonded porous revetments with large stone 
classes (e.g. partly grouted revetments). 
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A Photo documentation 

A.1 Preliminary model tests 

 

Fig. A1. 1: Metal box and fixation unit with pressure transducers 

 

Fig. A1. 2: Filter planum with measuring devices 
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Fig. A1. 3: Roughness elements on configuration p1r2 (slope steepness 1:3) 

 

Fig. A1. 4: Measuring devices on configuration p0r0 (slope steepness 1:3) 
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Fig. A1. 5: Configuration p1r2 (slope steepness 1:3) under wave attack 

 

A.2 Main model tests 

 

 

Fig. A2. 1: Metal box and fixation unit with pressure transducers during construction period (slope steepness 
1:3) 
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Fig. A2. 2: Pressure transducers for measurement of the IMWL during construction period 

 

Fig. A2. 3: Filter planum with measuring devices 
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Fig. A2. 4: Configuration c1 (n = 45%; 1:3 slope) in the 1 m-flume 

 

Fig. A2. 5: Configuration c2 (n = 20%; 1:3 slope) in the 1 m-flume 
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Fig. A2. 6: Configuration c3 (n = 45%; 1:6 slope) under wave attack 
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B Example application 

An existing bonded porous revetment (20/40 mm) (d = 0.25 m) with a slope steepness of 1:3 
and a porosity of 45% is affected by clogging effects leading to a reduction of porosity to 20% 
(see Fig. B. 1). The effect of this porosity reduction on the following parameters needs to be 
determined: reflection coefficient Cr, wave set-up S at the revetment, wave run-up Ru2% and 
wave run-down Rd2% on the revetment related to EMWL, peak pressure on the revetment pmax, 
uplift pressure difference in the upper sand layer beneath the revetment. 

 Given wave parameters:  0 0.50mH m  0, 0.10 (scale 1:5)m scaledH m  

1,0 5.0mT s   

0

0,

39.03

7.81scaled

L m

L m

 

   

1,0 2.95m    

 

Fig. B. 1: Cross section of the bonded porous revetment considered for the example application 

 

Calculations: 

a) Reflection coefficient Cr: eq. (5.4) with eq (5.8) and Tab. 5.1: 

 

 

2 2
1,0 1,0

,45% 2 2
1,0 0, 1,0

2

,45% 2

30.25 exp 34.00 5.56

2.95
0.57

30.25 exp 34.00 0.10 5.56 2.95

m m
r

m m scaled m

r

C
B H

C

 
 
 

 

 
     

 
    

 

 

Hm0, L0

SWL 

h

revetment 20/40 mm; d=0.25 m



sand

porosity n= 45%/20%
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2 2 2
1,0 1,0

,20% 2 2 2
1,0 1,0

2.95
0.61

5.56 5.56 2.95
m m

r
m m

C
B

 
 
 

 

   
    

 

The reflection coefficient Cr increases by 4%. 

 

The equation proposed in Oumeraci et al. (2010b) for a PBA-revetment under irregular wave 
attack would lead to the following reflection coefficient: 

2 2
1,0

,40% 2 2
1,0

0.84 0.84 2.95
0.54

4.8 4.8 2.95
m

r
m

C







 
  

   

 

b) Wave set-up S: eq. (5.10) with Tab. 5.2 

2.32 2.32
,45% 1,0 0 1,0 00.063 0.063 2.95 39.03 0.20sub

S su m ma L L m m    
            

2.18 2.18
,20% 1,0 0 1,0 00.071 0.071 2.95 39.03 0.26sub

S su m ma L L m m    
            

 

The wave set-up S increases by 0.06 m (30%). 

 

c) Wave run-up Ru2% related to EMWL: eq. (5.21) with Tab. 5.3 

 
   

2%,45% 1,0 0

2%,45% 1,0 0

tanh

3.20 tanh 0.25 3.20 tanh 0.25 2.95 0 (related to SWL: 1.50 1.00 .20 )

u ru ru m m

u m m m

R a b H

R H m m









   

        

   2%,20% 1,0 04.01 tanh 0.23 4.01 tanh 0.23 2.95 0.50 1 (re.18 lated to SWL: 1.44 )u m mR H m m m         

 

The wave run-up related to EMWL Ru2% increases by 0.18 m (18%). Related to SWL Ru2% 
increases by 0.24 m (20%), which is a decisive change for the required crest height of the 
structure. 

 

The common design equation for wave run-up related to still water level (SWL) in EurOtop 
(2007) is used to determine a reduction coefficient f based on the results obtained for the wave 
run-up with eq. (5.21):  

2%,45%
,45%

0

1,0

1.20
0.77

1.51.5 4.0 0.504.0 2.95

u
f

m

m

R m

mH
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2%,20%
,20%

0

1,0

1.44
0.92

1.51.5 4.0 0.504.0 2.95

u
f

m
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R m

mH



 

  
   

     
   

 

 

The reduction coefficient f determined for the highly porous revetment confirms the findings 
of Oumeraci et al. (2010b) in the large-scale tests (f = 0.77). A reduction of the porosity 
increases the reduction coefficient to a value of 0.92, which is common for almost impermeable 
and slightly rough (e.g. grass) slopes. 

 

d) Wave run-down Rd related to EMWL: eq. (5.22) with Tab. 5.4 

 
   

d 2%,45% 1,0 0

d 2%,45% 1,0 0 (re

tanh

1.75 tanh 0.31 1.75 tanh 0.31 2.95 0.50 0.63 lated to SWL: 0.43 )

rd rd m m

m m

R a b H

R H m m m









   

           

 

 d 2%,20% 1.61 tanh 0.46 2.95 0.50 (related to0.  SWL: -0.470 4 )R mm m        

 

The wave run-down related to EMWL Rd2% increases by -0.07 m (11%). Related to SWL Rd2% 
increases by -0.01 m (2%). Consequently, the effect of a reduction of the revetment porosity 
on possible uplift pressures during wave run-down process is negligibly small. 

 

e) Peak pressure pmax on the revetment: eq. (6.11) with Tab. 6.2 and Tab. 6.3 

 1,0max
1,0 1,0

0 0

exp tanh
imp

stat

c
imp stat m c

imp m stat stat m
m m imp

p pp
a a b

gH gH b


 

 


 

 
         

 
 

 
6.59

0.97 3 2
max,45%

2.95
1.75 2.95 exp 4.74 tanh 0.20 2.95 1.0 / 9.81 / 0.5 12.44

304.38
p t m m s m kPa

  
            

  

 
3.60

0.79 3 2
max,20%

2.95
2.55 2.95 exp 5.54 tanh 0.23 2.95 1.0 / 9.81 / 0.5 27.37

50.61
p t m m s m kPa

  
            

  
 

The peak pressure pmax on the revetment increases by 14.93 kPa (120%). 

The significantly larger peak pressures pmax on the revetment for a reduced porosity are decisive 
for the stability of the entire structure, because the structural integrity of the revetment can be 
threatened by the larger pressure peaks, possibly resulting in a collapse of the structure. 

 



Appendices 198

 

 

f) Determination of the uplift pressure difference u in the upper sand layer: eq. (7.27) with 
Tab. 7.7 

1,0

2
0 1,0 1,01

grad m
rel

m grad m grad m

au
u

gH b c


  



 


  

   
 

3 2
245%

0.30 2.95
1.0 / 9.81 / 0.5 5.42

1 0.15 2.95 0.028 2.95
u t m m s m kPa


     

   
 

3 2
220%

0.23 2.95
1.0 / 9.81 / 0.5 4.21

1 0.13 2.95 0.020 2.95
u t m m s m kPa


     

   
 

 

The uplift pressure difference u beneath the revetment decreases by 1.21 kPa (22%). 
Consequently, the upper layers of the sand core beneath the revetment are less vulnerable 
against soil liquefaction for the revetment with the reduced porosity. 

 

 

Concluding remarks on the results of the example application: 

The example application shows clearly the effects of a reduction of the revetment porosity on 
the different loading parameters. For the revetment with a lower porosity the reflection 
coefficient is slightly increased (4%). Significant negative effects are expected for the wave 
run-up heights and the peak pressures on the revetment. The wave run-up heights related to the 
SWL are increased by 20%, because the revetment with the lower porosity almost behaves like 
an impermeable, smooth revetment (f = 0.92). This is a decisive change for the required crest 
height of the structure, which has to be considered in the design process of a highly porous 
bonded revetment. Furthermore, significantly larger peak pressures (+120%) are expected on 
the structure with the lower porosity, which may result in a significantly larger risk of a collapse 
of the structure due to the possible loss of structural integrity induced by the larger pressure 
peaks. However, the uplift pressure difference in the upper layers of the sand core beneath the 
revetment is smaller for the revetment with the lower porosity leading to a smaller vulnerability 
against soil liquefaction for the revetment with the reduced porosity. 

 


