BONDED POROUS REVETMENTS — EFFECT OF POROSITY ON WAVE-INDUCED
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The porosity and roughness of bonded revetments are both crucial for the hydraulic performance and the wave
loading of the revetment and its foundation, and thus for the stability and durability of the entire structure. This is
briefly shown by the selected results of a tentative comparative analysis of two large-scale test series performed in the
Large Wave Flume (GWK) Hanover with two significantly different revetments: a highly porous and rough
polyurethane bonded aggregate (PBA) revetment and an almost impermeable and relatively smooth interlocked
pattern placed block (IPPB) revetment. These results motivated the initiation of the three years research project
BoPoRe (Bonded Porous Revetments) which has the primary objective to investigate more systematically and
separately the relative importance of both porosity and roughness for different slope steepnesses. This project is
briefly introduced and the first results of preliminary scale model tests using 9 configurations for the porosity and
roughness of the revetment subject to a wide range of wave conditions (surf similarity parameters &,.; o = 0.93-7.21)
are briefly discussed.
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INTRODUCTION

Bonded porous revetments (see Figure 1) are used increasingly as innovative coastal protection
structures at coastal areas subject to high wave loads (Oumeraci et al. 2010 & Oumeraci et al. 2012).
The application of these types of revetments offers some advantages compared to conventional non-
bonded revetments due to their high porosity as well as to the force-fit and flexible connections
between the single elements. With the high porosity combined with the durable elastic bonding smaller
stones in the upper layer of the revetment and a smaller revetment thickness are required to resist the
design load, and hence significant may be feasible.

However, to date no detailed studies are yet available which systematically account for the effect
of the porosity on the hydraulic performance (e.g. wave reflection, wave run-up and run-down) and the
wave-induced loads on the revetment and its foundation. The existing formulae do not take the
connection of the single elements nor the porosity of the revetment itself into account. Although porous
bonded revetments may become more important in the near future, the current design practice does not
consider the porosity of the revetment explicitly (see e.g. EurOtop 2007, CIRIA/CUR/CETMEF 2007).

Figure 1. Polyurethane bonded aggregate (PBA) revetment (photo: BASF)
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Recent investigations (Oumeraci et al. 2010 & Oumeraci et al. 2012) indicated that the
preservation of the porous structure is of fundamental importance due to its effect on the hydraulic
performance and on the wave loading of the revetment and its foundation. Especially aging processes,
marine growth (e.g. barnacles or shells, growing on and in the revetment) and sediment deposition in
the pores may affect the porosity of the structure over time. In this context, it is crucial to know the
porosity reduction which may substantially affect the wave loads and the hydraulic performance, and
which may thus result in structural or functional failures.

Two series of tests with different bonded revetments were recently performed in the Large Wave
Flume (GWK) of the “Forschungszentrum Kiiste” (FZK) in Hanover, Germany. In the first test series, a
polyurethane bonded aggregate revetment, called hereafter “PBA revetment”, was investigated in terms
of hydraulic performance, wave loads and subsoil response (Oumeraci et al. 2010 & Oumeraci et al.
2012). The second test series were performed in 2011 by the RWTH Aachen, Institute of Hydraulic
Engineering and Water Resources Management (IWW) in order to investigate different revetments
made of interlocked pattern placed blocks, called hereafter “IPPB revetment” (Gier et al. 2011 & Gier
et al. 2012). In both cases an extensive testing and measuring programme was performed to investigate
wave-induced loads on and underneath the revetment together with wave run-up and run-down.

The paper will first discuss some selected results from the comparative analysis of these large-
scale model tests by focusing on the comparison between the wave reflection as well as on the wave
loads on and beneath the two types of revetments. The results of the comparative analysis of the wave
run-up are reported by Schimmels et al. (2012).

Based on the results of these tests and in order to enhance the knowledge of the interaction of
hydrodynamic and hydrogeotechnical processes due to wave loads on and beneath porous bonded
revetments, the research project BoPoRe (Bonded Porous Revetments), funded by the German
Research Council (DFQG), was initiated. This BoPoRe project and the underlying methodology are
briefly outlined.

Finally the first results of preliminary scale model tests using 9 configurations by varying the
porosity and roughness of the revetment (with a fixed slope 1:3) subject to a wide range of wave
conditions (surf similarity parameter &, ;o = 0.93-7.21) are briefly discussed, also including an outline
of the next steps of the BoPoRe project.

LARGE-SCALE MODEL TESTS IN THE LARGE WAVE FLUME (GWK)

Model set-up

The aforementioned two large-scale test series were performed in the Large Wave Flume (GWK)
in Hanover, Germany with a length | =330 m, a depth d =7 m, and a width w = 5 m. These test series
are discussed below in more detail:

Highly porous PBA-revetment. Oumeraci et al. (2010) conducted model tests on a PBA
revetment. Three model alternatives with an identical slope 1:3 and an identical cover layer thickness
of tg =0.15 m made of polyurethane bonded stones (20/40 mm) with a porosity of p=48% were
tested. This porosity is defined by percentage of pore volume in relation to the total volume. The
revetments were distinguished by different thicknesses of the gravel under layer (Model A: tg = 0.0 m;
Model B: tg =0.10 m and Model C: tg = 0.20 m). Two of these three alternatives were built side by
side, each covering one half of the wave flume and were tested simultaneously under the same wave
conditions (Phase 1: Model A and B; Phase 2: Model B and C). A thin plywood sheet was used to
separate the two models. Model A had to be replaced by Model C in phase 2 because of a failure of the
revetment during phase 1. The layers of the Model C revetment are illustrated in Figure 2.

Model C

Granite

| E = PBAlayer 0.15 m (crushed Granite 16/36 mm)

1 A = Filter layer 0.20 m (crushed Granite 16/36 mm)
G = Geotextile (Terrafix 609)

S = Sand foundation (D5,=0.34mm, U=Dgy/D,4=2.11)

Figure 2. Model Alternative C built after failure of Model Alternative A (Oumeraci et al. 2012)
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More than 80 measuring devices were deployed to measure synchronously the waves in the far
and near field, wave run-up and run-down, run-up layer thickness and velocity, pressures on and just
beneath the revetment, pore pressure in the subsoil as well as motions of the revetment normal to the
slope. Model tests were conducted with a very broad variation of the wave conditions (surf similarity
parameters & between ca. 1.5-7) for both regular and irregular waves. The tests with regular waves were
used to understand the processes involved in the wave-structure foundation interaction while the
irregular wave tests were primarily used to develop empirical formulae for design purposes. More
details on the model set-up, on the deployed measuring and observation techniques and on the testing
programme can be found in Oumeraci et al. (2012).

Low permeable interlocked pattern placed block revetment (IPPB). In 2011 the RWTH
Aachen, Institute of Hydraulic Engineering and Water Resources Management (IWW) (Gier et al.
2011) investigated different revetments made of interlocked concrete blocks on a slope of 1:3 in GWK.
These different interlocked blocks all had a similar low porosity of p = 3%. The main objective of these
tests was the determination of the revetment stability against wave loads. The entire model set-up is
similar to model alternative B in the afore described model tests with the high porous revetment. The
interlocked blocks were placed on a granular filter with a layer thickness of tg = 0.10 m. All model
alternatives were underlayed by a geotextile on a sand core. The model set-up is shown in Figure 3.

Model Configuration

Layer Thickness Gauge

Filter Layer

| "
Geotextile

Pressure Transducer

Toe of the Structure

Figure 3. Exemplary cross section with measuring devices of the IPPB revetment in GWK (modified from on
Gier et al. 2011)

In these model tests, a separation wall was also used to divide the two different revetment types
that were investigated simultaneously. However, the test programme was mainly focused on irregular
wave conditions leading to plunging breakers with surf similarity parameters & < 2.6. The locations of
the measuring devices on and beneath the revetment were similar to those on the PBA revetment model
tests which allowed for a direct comparison of the results. The photographs in Figure 4 show the
different revetments under wave attack in GWK.
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Figure 4. Photos of the different revetments under wave attack in GWK: a) PBA revetment (Oumeraci et al.
2010), b) IPPB revetment (Gier et al. 2011)

Comparative Analysis: Selected results

Alcérreca Huerta & Oumeraci (2012b) performed a detailed comparative analysis of the large-
scale tests of the two types of revetments with significantly different porosities (p =3% for IPPB
revetment and p = 48% for PBA revetment). Some of the results are summarized below.

Wave reflection. In Figure 5 reflection coefficient C, for different surf similarity parameters is
illustrated for the two different revetments together with the basic fitting line of Seelig (1983) for a
smooth impermeable slope.
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Figure 5. Reflection coefficient C, plotted against the surf similarity parameter &..o for wave spectra
(Alcérreca Huerta & Oumeraci 2012b)
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In case of the IPPB revetment the reflection coefficient was well described by a function of the
surf similarity parameter as indicated in Figure 5 and given in Eq. (1). It can be seen that the IPPB
revetment behaves like a smooth impermeable slope which may have been expected due to the greatly
smoother slope and to the very low porosity (p=3%). The reflection coefficient C, for the IPPB-
dataset for wave spectra is given by:

C, = tanh(0.127-§1'786) (1)

For the PBA revetment some scatter occurred which suggested that also the porosity has to be
taken into account for the analysis. Due to the porosity and the roughness of the PBA revetment a
reflection coefficient results which is about 30% smaller than that of the IPPB revetment for large surf
similarity parameters leading to non-impact loads. However, Oumeraci et al. (2010) used another
fitting function for the reflection coefficient C, which has also been proposed by Seelig (1983), leading
to:

0.84-¢°

C=—""7
48+¢&

r 2

Consequently, problems associated with reflected waves, like scouring at the toe of the structure or the
affection of incident waves (wave-wave interaction) are more likely to occur for the IPPB revetment.
The effect of the porosity and the roughness of the revetment on wave reflection needs to be
investigated in more detail and separately.

Peak pressure on the revetment. The porous structure is assumed to also affect the wave-
induced loading of the revetment. Therefore, in Figure 6, the relative maximum pressures on the
revetment for different surf similarity parameters &0 are compared for the IPPB and the PBA
revetment. It has to be pointed out that a complete comparison is not possible, because the range of the
surf similarity parameter in the experiments with the IPPB revetment (.10 < 2.6) was not as wide as
for the PBA revetment (&p,.10 = 1.6-6.6).
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Figure 6. Relative maximum pressures on the revetment plotted against surf similarity parameter &qy.10 for
wave spectra (Alcérreca Huerta & Oumeraci 2012b)
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It is obvious in Figure 6 that for both revetments maximum pressures occur for plunging breakers
with a surf similarity parameter &, ;o smaller than 2.0. Also, a large scatter can be noticed and,
according to Alcérreca Huerta & Oumeraci (2012b), the surf similarity parameter is not the sole
parameter describing the relative maximum pressure on the IPPB revetment and there are more
parameters affecting these maximum pressures. Nevertheless, it can be seen that the peak pressures on
the IPPB revetment are significantly higher than for the PBA revetment (for the same wave conditions),
where small changes in wave conditions can lead to a rapid increase of the relative pressure values.
Thus, the porous structure tends to receive lower peak pressures on the revetment. Alcérreca Huerta &
Oumeraci (2012b) adopted the model for the description of the relative maximum pressure on the
revetment which was proposed by Oumeraci et al. (2010) for the permeable PBA revetment as follows:

Prmax —4& o +12.5 for g, <27 ®)
ngmO

It has to be noted that for 1.5 <&, ;< 2.0, equation (3) can underestimate relative pressure peaks for
the IPPB revetment.

Eq. (4) for larger surf similarity parameters &,,>2.7 is only valid for the observed PBA revetment
because of the afore mentioned lack of data for the IPPB revetment.

P _ 0.68&, ., foré, ,>2.7 (4)
ngmO

These findings lead to the assumption that it is likely that a reduction of pore volume by sediment
deposition or marine growth can lead to an increase of the maximum pressures on the revetment. The
latter has to be taken into account for the performance and the maintenance of the revetment.

Pressure time series on and beneath the revetment. There are not only differences in the
magnitudes of the peak pressures on both types of revetments, but also in the shapes of the peaks.
Figure 7 shows two time series of pressures on the two different revetments: a) on the highly porous
PBA revetment and b) on the almost impermeable IPPB revetment. The wave-induced pressures on the
cover layer are illustrated by the blue line and pressures underneath the revetment are indicated by the
red line for the same wave conditions (here: regular waves with a wave height H,, = 1.0 m and a wave
period of T;;, = 4.0 s).
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a) Highly porous PBA revetment
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b) Almost impermeable IPPB revetment
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Figure 7. Time series of wave-induced pressures on and beneath a) the highly porous PBA revetment and b)
the almost impermeable IPPB revetment

It can be seen in Figure 7 that the pressure peaks are not damped completely under the highly
porous revetment whereas nearly no peaks can be seen under the almost impermeable IPPB revetment.
Furthermore, the behaviour of the pressures underneath the two types of revetments in time differs
significantly. In comparison to the highly porous PBA showing two distinct peaks (dynamic and quasi-
static) on the pressure histories occurring almost simultaneously on and beneath the revetment, the
peak pressure is not noticeable beneath the IPPB revetment. Furthermore, the pressure time histories on
and beneath the revetment show a more significant time-shift.

Moreover, a typical phenomenon can be seen in Figure 7b for the almost impermeable IPPB
revetment. After the impact, the pressure is oscillating in contrast to the smooth pressure signal on the
highly porous revetment in Figure 7a. This might be explained by the entrapped air under the breaking
wave or by the oscillating movement of the instrumented revetment block. Further investigations are
still required to clarify the origin of these pressure oscillations for the IPPB revetment case.

Spatial distribution of pressures induced by plunging breakers on the revetment. A
comparison of the spatial pressure distribution was only possible for impact loads with a surf similarity
parameter smaller than 2.5 (impact load by plunging breakers), since other breaker types were not
investigated in the IPPB revetment test series. The pressure distributions on the two types of
revetments are illustrated in Figure 8. Oumeraci et al. (2010) used a linear distribution described by
five points for the spatial pressure distribution on and beneath the revetment in a normalized
representation. This normalized representation was also adopted by Alcérreca Huerta & Oumeraci
(2012b), because of the advantage of estimating the dimensionless pressure over the entire height of the
revetment. Figure 8 shows the triangular shape of the spatial pressure distribution for the PBA
revetment with two linear parts land- and seaward of the pressure peak. Alcérreca Huerta & Oumeraci



8 COASTAL ENGINEERING 2012

(2012b) found a wider impact area and thus a smoother shape for the impact load on the IPPB
revetment (Figure 8).
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Figure 8. Comparison of the spatial pressure distribution models suggested for the PBA and the IPPB
revetment for irregular waves and impact loads (Alcérreca Huerta & Oumeraci 2012b)

Wave-induced pore pressures in the sand core beneath the revetment. For both types of
revetments (PBA and IPPB) tested in GWK the same sand material was used for the core of the
embankment. However, the pressure transducers were not placed exactly in the same locations, and
therefore a comparison could only be made by considering normalized pressures (Alcérreca Huerta &
Oumeraci 2012b) In this case, again, a comparison was also only valid for surf similarity parameters
between 1.5 and 2.7 leading to impact loads. The transmission of the pressures through the different
layers is very important for the analysis of the pore pressures in the sand core, because the pressure at
the top of the sand layer (py), which is the reference pressure for the pore pressure calculations, has to
be determined. Oumeraci et al. (2010) derived general equations for the pore pressure development
dependent on the depth in the sand layer (z), the deep water wave length (Ly) and the surf similarity
parameter (&n,.10). It was considered that the pressure at the top of the sand layer decreases
exponentially with dimensionless depth z/L,. Eq. (5) shows an example for a surf similarity parameter

of (?;m_],o =2.0:

Pz
Py

= 0.96exp(~1272/Ly) +0.04 for&, = 2.0 (5)

Since the material of the sand core was the same for the PBA and IPPB revetment tests, any difference
in the development of the pore pressure due to different soil properties is to be excluded.

For the PBA revetment, the initial value of the pressure considered at the top of the sand layer
beneath the revetment is reduced to about 50% at a depth of 0.2 m inside the sand core, and to 14% at a
depth of 0.80 m. For the IPPB revetment the reduction of the initial pressure is about 5-10% less than
for the PBA revetment (Alcérreca Huerta & Oumeraci 2012b).

Despite the similar damping process in the sand core on both revetments, the cover and the filter
layer properties (i.e. material, thickness, permeability and porosity) are very important for the
transmission of the pressure from the top of the revetment to the top of the sand layer. In this way, the
magnitude of the pore pressure at the top of the sand layer (py), that should be damped afterwards by
the sand core, differs for the PBA and IPPB revetments: higher pore pressures py at the top of the sand
core were obtained for a PBA revetment than for an IPPB revetment (Alcérreca Huerta & Oumeraci
2012b). Consequently, the expected pore pressures inside the sand core beneath a PBA revetment are
higher than those beneath an IPPB revetment (see eq. (5)).
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Moreover, it should be stressed that the afore mentioned differences between the two types of
revetment in terms of the damping of wave pressure transferred to the deeper layers are only valid for
the pressures generated by impact loads. For the quasi-static loads, however, the pressure damping
induced by the cover layer is negligibly small and most of the damping of the quasi-static pressure
takes place within the filter layer and the sand core for both types of revetments.

Discussion of the results of the comparative analysis

The selected results, briefly described above and further results of the comparative analysis
performed by Alcérreca Huerta & Oumeraci (2012b), clearly indicate that the preservation of the
revetment porosity over time is crucial for the hydraulic performance and the wave loading of bonded
porous revetments and their foundation and thus for the stability and durability of the entire structure. It
is however not fully clear to distinguish between the effect of the porosity and the roughness of the
revetment, particularly with respect to the reflection behaviour, which is significantly higher for the
almost impermeable and smooth IPPB revetments. Moreover, both porosity and roughness of the
revetment affect (i) wave run-up and run-down which are generally reduced in case of the PBA
revetment and (ii) the impact load on the revetment showing a similar peak pressure, but a wider
impact area and a smoother shape of the pressure over the entire height of the structure. Furthermore,
the maximum peak pressures on the revetment are transferred more distinctively and without any
noticeable time shift through the highly porous PBA revetment leading to a higher pressure beneath the
revetment and in the underlying core. Due to a change in porosity a change of the spatial pressure
distribution is possible.

The results imply that more systematic investigations are needed to quantify separately the
relative importance of the porosity and the roughness of the revetment as well as the threshold values
of theses revetment properties at which their effect becomes negligibly small.

THE RESEARCH PROJECT “BOPORE”

Brief description

In order to enhance the knowledge of the interaction of the hydrodynamic and hydrogeotechnical
processes underlying the hydraulic performance and the wave loads on and underneath porous bonded
revetments, the three year research project BoPoRe (Bonded Porous Revetments), funded by the
German Research Council (DFG), was initiated. More specifically the project aims to focus on the
effect of the porosity of revetments on wave run-up and run-down, wave-induced loads on and beneath
the revetment and wave-induced pore pressures in the sand core under the revetment. Moreover, the
effects of the roughness and the slope steepness of the revetment are also investigated. Based on the
results, process-based and generic design formulae for bonded porous revetments that explicitly
account for the porosity, the roughness and further parameters of the structure and the wave conditions
will be developed.

For this purpose, extensive model tests will be conducted at a scale of 1:5 as compared to the
aforementioned large-scale tests in GWK supplemented by a more systematic parameter study using a
validated numerical model which is under development in the frame of another PhD project (Alcérreca
Huerta & Oumeraci 2012b). The usefulness of such an approach has been proved by Foyer &
Oumeraci (2012) who used the numerical model COBRAS-UC to extend the range of structure
parameters and wave conditions tested in the Large Wave Flume (GWK) (Oumeraci et al. 2010)

Furthermore, the aforementioned results of large-scale investigations (Oumeraci et al. 2010 &
Oumeraci et al. 2012) can be used to possibly quantify scale effects in the 1:5 smaller scale model tests.
Therefore, selected large-scale tests will be reproduced in small scale together with analysis of
numerical investigations. In addition, numerical simulations using the model being developed by
Alcérreca Huerta & Oumeraci (2012a) will also be used for this purpose.

The processes on, within and beneath the revetment are affected by several parameters, including
foreshore slope, structure parameters (e.g. slope angle, porosity and roughness) and wave conditions
(water depth, wave height and period). The planned scale model tests will particularly focus on the
effect of the porosity on the hydraulic performance and the wave loading of revetment and its
foundation. In addition, it is also planned to vary the roughness and the slope steepness of the
revetment in order to quantify the relative contributions of these effects separately.

Therefore, a systematic variation of the porosity, the slope steepness, and the roughness will be
performed. The different bonded porous revetments will be subjected to both regular waves and
JONSWAP-spectra. The testing programme will include measurements of the incident wave
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parameters, the wave run-up height and the wave induced pressures in different layers of the revetment
including the pore pressures in the sand layer beneath the revetment. In fact, the transient pore
pressures in the sand layer underneath bonded porous revetments were found to significantly affect the
stability of the foundation (Oumeraci et al. 2012). To which magnitude the porosity will affect these
processes represents one of the main objectives of the BoPoRe-project.

Before starting with the systematic model scale tests with a more complicated experimental set-
up, preliminary tests were first conducted using a much simpler model set-up. The first results of the
first phase of these preliminary tests are reported below.

Preliminary small scale model tests and first results

Experimental set-up and testing programme (Phase 1). The first step of this research work is
the conduction of preliminary model tests using a model to vary the slope angle, roughness and
porosity of the revetment. The model set-up of phase 1 of these preliminary tests is sketched in
Figure 9, also showing the deployed measuring devices. In this first phase, the slope of the revetment
was kept constant (1:3) and 9 configurations by varying the porosity and roughness of the revetment
were tested systematically for a very wide range of wave conditions (surf similarity parameters
E_>m-1,0 = 093—721)
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Figure 9. Model set-up for phase 1 of the preliminary tests with a slope steepness of 1:3

The revetment model was constructed in front of a brick wall with a height of 1.10 m. A sand with
a diameter D5y=0.14 mm was used for the sand core. The filter layer, made of crushed stones 8/16 mm,
was placed on the sandy substructure with a geotextile in between to prevent an out washing of the
sand material. The “cover layer” was placed on top of the filter material.

23 pressure transducers (PT) were used, where 11 were placed on the revetment, and 4 PTs were
placed in different layers underneath the revetment: at the bottom of the filter layer, on the geotextile,
and in the sand in a depth of 5 cm and 10 cm, respectively. Furthermore, the wave run-up and run-
down were measured by run-up gauges and the water table in the sand by means of a wave gauge
placed in a tube in the sand, here called piezometer (Figure 9). The water depth was varied from 0.5 m
to 0.7 m in order to allow the waves to break within the location where most of the pressure transducers
were installed (Figure 9). The 11 pressure transducers on the revetment were situated in a water-proof
metal box where they were fixed in the cap of the box. During the experiments, the cap was flush-
mounted with the revetment cover layer. This construction was required to ensure a fast change of the
cover layer without moving the pressure transducers.

For the simplified model, the porous cover layer is replaced by galvanised metal sheets with a
thickness of 1.5 mm. Three different sheets are chosen: An impermeable metal sheet and two
perforated metal sheets with a defined hole amount leading to a vertical “porosity”. The permeable
metal sheets were perforated with regularly arranged holes with a diameter of 4 mm or 8 mm, and a
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distance between hole centres of 8 mm or 11 mm, respectively, leading to a porosity of 23 % or 48 %,
respectively.

For the metal box with the pressure transducers and for the run-up gauges, holes were cut in the
particular metal sheet. Like the cap of the metal box also the run-up gauges were flush-mounted with
the metal sheet.

The different roughnesses were achieved by the fixation of roughness elements made of wood
(L/B/T = 0.10/0.06/0.04 m) on the revetment. The elements were arranged in two different layouts (see
Figure 10) on the metal sheets to get two significantly different roughnesses described by a covering
index, which is defined as the surface covered by the roughness elements as related to the total surface.

Layout 1 Layout 2

(covering index: 9.9%):
1.00m

(covering index: 19.2%):
1.00m

O @ 8 =

B2 @ =

@ @ 38 =
=2 @ =3
O @ 8 =

@m @ B

Height of the roughness elements: 0.04m

O @ @3 =

0.15m0.10m 0.05!

— B

4+ 3 = 3 4
0.15 0.15
o [ R o Y o Y o 0,061t

0.10m 0.20m

01010.20m" 0.10m 0.10m0.20m

Figure 10. Layouts of roughness elements on the slope, left: covering index 9.9%, right covering index 19.2%

The combined variation of porosity (p0, pl & p2) and roughness (10, r1 & r2) resulted in 9 model
configurations as defined in Table 1:

Table 1. Configurations investigated during the first phase of the preliminary scale model tests

Configuration | Porosity O Porosity 1 Porosity 2 Roughness 0 Roughness 1 Roughness 2
p=0% p=23% p =48% smooth Layout 1 Layout 2

pOro X X

pOrl X X

pOr2 X X

plr0 X X

plrl X X

plr2 X X

p2r0 X X

p2rl X X

p2r2 X X

To visualize the test results and to review possible inconsistencies during data analysis two digital
video cameras were used. One was placed on top of the wave flume to record the wave run-up and run-
down during the different tests. The other camera was situated in lateral position and recorded the
breaking behaviour of waves during the tests through a flume window. A photo of the whole model set-
up (here configuration pOr2) can be seen in Figure 11. It has to be noted that the revetment model was
divided lengthwise into two lm-sections in the 2m-flume, where the described model set-up can be
seen on the left side in Figure 11. The right part of the revetment model was built of a rough wooden
sheet with similar reflection properties.
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Figure 11. Model set-up (here: configuration p0r2) in the 2m-wave flume of Leichtweiss-Institute

Each of the 9 revetment configurations was subjected to the same wave conditions (Table 2)
including 14 tests with regular waves (16-150 waves each, dependent on the wave period), 5 tests with
wave spectra (600 waves each) and 3 solitary waves. Wave heights were chosen between 0.08 m and
0.25 m with wave periods from 1.0s up to 6.0s. Consequently, a wide range of surf similarity
parameters &, 1o between 0.93 and 7.21 resulted. This is necessary to cover the full range of wave
loading conditions, i.e. from impact load to pulsating wave load conditions. Test with small surf
similarity parameters &1 < 1.5 were also considered, because there were only few experiments in the
aforementioned large-scale tests in the Large Wave Flume and no tests were performed for surf
similarity parameters under 1.0.

Table 2. Test programme for each of the 9 revetment configurations in Table 1 (R =regular waves,
S = wave spectra)
wave height Hy, resp. Hno
0.08 0.12 0.16 0.20 0.25
solitary waves X X X
1.0 R R
15 R R
2.0 R
T o
O+
g o3 2.5 R R S S
o £ 3.0 R R
@ £
E
4.0 S R
5.0 R R
6.0 R S

In case of irregular wave loads JONSWAP wave spectra with 600 waves were chosen. In the
preliminary tests the focus was made on the generation of regular waves since the idea was to better
understand the behaviour of wave loading for different porosities and roughnesses. In total, 210 model
tests were performed with 9 different configurations during this first phase of preliminary tests.

First results (Phase 1). In this section, first results from the regular wave tests performed in
Phase 1 (revetment slope of 1:3) of the preliminary experiments are briefly discussed.

The time series of wave run-up and run-down on a smooth (r =0) revetment are exemplarily
shown in Figure 12 for the 3 tested porosities p = 0%, 23%, and 48%. The selected test for regular
waves with a height of H, = 0.16 m and a period T,, = 3.0 s corresponds to non-impact load conditions,
thus resulting in larger wave run-up than for impact loads.
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Figure 12. Time series of wave run-up and run-down for smooth revetments with different porosities (regular
waves, Hy, =0.16 m, T, =3.0 8)

With increasing porosity the wave run-up height decreases significantly, due to the infiltration of
the up-running water mass into the porous structure and the corresponding higher turbulences and
energy dissipation. In this example, the highest wave run-up for the impermeable revetment was
reduced by more than 20% on the high porous revetment. A similar value was suggested by the
comparison of the results obtained for highly porous PBA revetment and the run-up formula for smooth
impermeable revetments (Oumeraci et al. 2010). 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 porosities of the smooth revetment are also obtained for the
different roughnesses tested. However, the effect of porosity by varying the roughness is much more
complicated. 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.

The time series of the wave-induced pressure on and beneath the high porous revetment are
illustrated in Figure 13 for regular waves with a height of 0.25m and a period of 1.5s which
corresponds to impact load conditions. The development of the wave-induced pressure is depicted in
different layers on and beneath the revetment. For this purpose, the four pressure transducers located in
the plane normal to the slope as shown in the principle sketch incorporated in Figure 13 were used.

T T T T T T T T T T
70.0 70.5 71.0 715 720 725 70 73.5 74.0 74.5 75.0 75.5
Time[s]

Location of pressure transducer: El =on therevetment :benea{h thefilter layer =inadepth of5cmin the sand layer =inadepth of 10cmin the sand layer

Figure 13. Time series of wave-induced pressures on and beneath a high porous and smooth revetment
(regular waves, H, =0.25m, T, =1.55s)
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The reduction of the pressure through the revetment becomes obvious. The pressure peak is
damped up to 40% by the porous cover layer and the filter layer underneath. In the second sand layer in
a depth of 10 cm only a very small reaction is visible so that the impact peak 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 porous structure has almost no damping
effect regarding quasi-static loads.

Just before the occurrence of the positive pressure peak, a negative pressure (upwards directed
pressure gradient) occurs which rapidly decreases in the deeper soil layers beneath the revetment as
was also observed in the PBA revetment tests (Oumeraci et al. 2010). The initial pressure beneath the
filter layer (at the top of the sand layer) follows the pressure time history on the revetment due to the
insignificant damping of the quasi-static loads by the relatively thin porous structure. The
corresponding pressure gradient induces an outward directed flow (exfiltration) in the sand and a force
which is also directed outward. For the design of porous revetments this gradient has to be properly
taken into account as it may be crucial for the stability of the structure. This effect was responsible for a
failure of the PBA revetment during the large scale tests reported by Oumeraci et al. (2010) and
Oumeraci et al. (2012).

Summary and outlook

Bonded porous revetments may offer diverse advantages as compared to conventional non-
bonded revetments due to their high porosity and the durable bond between the single elements.
However, to date the current design practice does not explicitly the porosity. Moreover, the relative
effect of the porosity and the roughness for different slope steepnesses on the hydraulic performance of
the revetment and its foundation are still unknown. The crucial relevance of these aspects for the
stability of the entire structure and its foundation has particularly been highlighted by the selected
results of a comparative analysis of two large-scale test series performed in the Large Wave Flume
(GWK) Hanover with two significantly different revetments: a highly porous and rough polyurethane
bonded aggregate revetments (PBA) and an almost impermeable and relatively smooth interlocked
pattern placed block revetments (IPPB), showing the necessity of a more extensive research
programme to investigate the effect of the porosity and the roughness for different slopes of the
revetment separately and systematically.

In order to fill these knowledge gaps and to improve the understanding of hydrodynamic
processes on and under bonded porous revetments, the three year research project BoPoRe (Bonded
Porous Revetments), funded by the German Research Council (DFG), was initiated.

The first results from the regular wave tests performed in Phase 1 (revetment slope of 1:3) of the
preliminary experiments in the BoPoRe project by using 9 configurations for the porosity and
roughness of the revetment subject to a wide range of wave conditions (surf similarity parameter
Em-10=0.93-7.21) have confirmed the crucial relevance of the porosity for the wave run-up and run-
down as well as for the wave-induced pressure beneath the revetment.

The next steps in the research project BoPoRe may be summarized as follows:

First, the data from Phase 1 of the preliminary tests with the simplified model set-up have to be
further analysed, especially regarding the relative contribution of the porosity and the roughness on the
different processes on and beneath the revetment with a particular focus on the processes in the sand
layers beneath the revetment.

In phase 2 of the preliminary tests, the same test programme as for the slope 1:3 (Phase 1) will be
performed for a slope 1:6.

The results of all the preliminary tests will be used to specify and to optimize the model set-up
and the programme for more detailed tests with a more realistic bonded porous revetment reproduced at
a scale 1:5 in relation to the large scale tests in GWK. This is important in order to quantify and
eventually correct possible scale effects. For this purpose, a numerical model validated by the results of
the large scale tests will also be applied. Moreover, the validated model will be used to extend the
range of the tested conditions in the laboratory. The analysis of the data obtained from both numerical
and laboratory data are then used (i) to better understand the processes involved in the wave-structure-
foundation interaction and (ii) to develop simple and more generic formulae for the design of bonded
porous revetments.
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