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Abstract

ELASTOCOAST revetments are highly porous structures made of crushed stones which are
durably and elastically bonded by Polyurethane (PU). To improve the understanding of the
physical processes involved in the wave-structure-foundation interaction and to develop pre-
diction formulae for both hydraulic performance and wave loading more than 75 large-scale
model tests using both regular and irregular waves were performed. Three ELASTOCOAST
revetment alternatives with the same slope (1:3) and the same revetment thickness (0.20 m)
but with different thicknesses of the underlying filter layer (0.00 m, 0.10 m and 0.20 m for
Model Alternatives A, B and C, respectively) were tested. More than 85 measuring devices
synchronously connected to two video cameras were used.

Prediction formulae are developed for wave reflection, wave run-up and run-down as a func-
tion of the surf similarity parameter which illustrate the advantage of ELASTOCOAST revet-
ments as compared to conventional revetments. For instance, more than 25% less wave run-
up may result on comparison to smooth impermeable revetments.

Using a surf similarity-based wave load classification as well as a systematic parametrization
in both time and space, prediction formulae are also developed for both impact loads on and
just beneath the revetment. These include the peak pressure pmax, its location in relation to still
water level Zomax, the spatial pressure distribution and the time related parameters (rise time
and total load duration).

Prediction formulae for the wave-induced pore pressure in the sand core beneath the revet-
ment are also provided, including the maximum pressure at the upper boundary of the sand
layer and its development in deeper layers.

Formulae are also proposed for the flexural displacement & of the ELASTOCOAST revetment,
showing that for impact load much smaller displacements would result than for non-impact
load and that 6 linearly increases with peak pressure pmax for a given revetment thickness.

Finally, a stability analysis of Model Alternative A is performed on basis of the results of the
measurements and the simultaneously recorded videos. The results illustrate why Model Al-
ternative A failed due to local transient soil liquefaction while Model Alternative B tested
synchronously under the same wave conditions did not fail.
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Do [m] 60% value of sieve curve

d [m] thickness of ELASTOCOAST revetment

Ad [m] distance of sensors of layer thickness gauge

f [Hz] frequency

H [m] wave height

Hpmo [m] “significant wave height” (frequency domain)
Hiom [m] nominal wave height

H; [m] significant wave height (time domain)

hy [m] water depth (here: in the wave flume)

h(x) [m] local water depth

K [-] shoeling coefficient

k [m/s] hydraulic permeability

L [m] wave length

Lo [m] wavelength in deepwater

Lm0 [m] wave length corresponding to wave period Tp.1
my, m_; [-] zeroth and minus 1 moment of the energy density spectrum
n [-] number of waves

O [wm] characteristic hole width of the geotextile

p+ [Pa] excess pressure
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Pimp,stat [Pa] quasi-static component of impact load

Ry [m] wave run-up height

Ruzo [m] wave run-up height exceeded by 2% of the incoming waves
Ry max [m] maximum wave run-up

R4 [m] wave run-down height
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1 Framework and Objectives

1.1 Motivation, Framework and Agreements

ELASTOCOAST is a new type of bounded porous revetment developed by the Elastogran
GmbH. The material consists of a highly porous gravel medium which is stuck together by a
two-component plastic polyurethane (PU).

The basic material and hydraulic properties have already been investigated by Gu, 2007b and
Evertz, 2009. Tentative structural analysis and design based on several assumptions related to
wave loading and resistance parameters have also been conducted within the framework of
the more recent master thesis of Bijlsma, 2008, including Gu, 2007a. However, reliable meth-
ods for the design wave loads and the structure response based on wave flume experiments
are not yet available. This was recently confirmed by the master thesis of Davidse, 2009 who
reviewed the formulae available for wave impact loads. In fact, particularly the response of
the structure due to breaking wave impact load under realistic wave conditions is not yet
known. This also holds true for the interaction between the wave load and the responses of the
ELASTOCOAST structure together with its filter layer and the subsoil foundation which must
be considered as an integrated system.

In order to improve the understanding of all relevant processes and, as a result, to come up
with reliable and practical formulae/diagrams which may be applied for design purposes,
large scale experiments have been performed from May to June 2009 in the Large Wave
Flume (Grosser Wellenkanal, GWK) in Hanover, Germany. These experiments were defined
in the proposal dated 2008-03-13 (FZK, 2008b) and specified in more detail according to the
report describing the pre-design and preparatory works (Oumeraci et al., 2009b). The latter
addresses the pre-design of the model setup by making use of empirical models, the numerical
simulations performed as part of a master thesis (Staal, 2008) and the experimental measure-
ments previously performed on a dike in GWK (Geisenhainer et al., 2008).

As agreed in the FZK-BASF meeting on 2009-01-23, the present study first covers the model
setup as specified in the aforementioned proposal (FZK, 2008b) and report (Oumeraci et al.,
2009b). This does not include the introduction of an initial gap beneath Model Alternative A
of the ELASTOCOAST revetment. This second model setup as suggested in the proposal dated
2008-06-02 (FZK, 2008a) was planned to be discussed at a later stage as it had to be based on
the results of the tests to be performed for the first model set-up.

The model setup in the present study initially consisted of two revetment alternatives having
the same thickness (0.15 m) and the same slope steepness (1:3): In Model Alternative A the
revetment lies directly on the geotextile/sand slope while in Model Alternative B a filter layer
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using the same crushed rock material as for the ELASTOCOAST revetment is inserted be-
tween the ELASTOCOAST layer and the geotextile/sand slope (Fig. 1.1). The crushed stone
material consists of limestone with a grading 20/40 mm. The two Models Alternatives A
and B are built side by side, each covering half of the wave flume width (2 x 2.5 m) and tested
simultaneously using the same incident wave conditions. These were fixed at the FZK-BASF-
Meeting mentioned above.

(a) Model A (b) Model B

Limestone Limestone

E = ELASTOCOAST 0.15m
A = Filter layer 0.10 m

G = Geotextile

S = Sand foundation

Fig. 1.1: Detailed cross section of the two alternatives Model A (a) and Model B (b) (FZK, 2008b)

Further agreements which were achieved in the aforementioned and further meetings are sum-
marized in the introductory chapter of the pre-design report (Oumeraci et al., 2009b). This
report has served as the main guidance for the realization of the model set-up, the deployed
measuring and observation techniques as well as for the testing conditions, programme and
procedure.

After the damage of Model Alternative A which occurred at an unexpectedly early stage
(Monday 18" May 2009 for regular wave tests with nominal wave height of 1.3 m and period
of 5.0 s), the decision was taken, together with BASF at a meeting in FZK on the next day
(Tuesday 19™ May 2009), to replace the damaged Model Alternative A by Model Alterna-
tive C using crushed granite stones instead of crushed limestones with a grading of 16/36 mm
as shown in Fig. 1.2. Some selected tests performed for Model Alternative A before damage
were repeated for both Model Alternatives B and C before proceeding with the test pro-
gramme as initially planned for Model Alternatives A and B. Therefore, the present study will
address the results related to all three model alternatives (Fig. 1.1 and Fig. 1.2) including the
analysis of the damage experienced by Model Alternative A.

Model C

Granite

E= ELASTOCOAST 0.15m
—| A = Filter layer 0.20 m
_5:;_:;:;: i G = Geotextile (Terrafix 609)
i S = Sand foundation (Dg, = 0.34mm, U = 2.11)

= <G
,,,,,,

Fig. 1.2: Model Alternative C
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1.2 Objectives

As specified in the proposal (FZK, 2008b) and the pre-design report (Oumeraci et al., 2009b),
the objective of this study is to achieve a better understanding of the physical processes asso-
ciated with the wave loading and response of the ELASTOCOAST revetment and its founda-
tion. Based on this improved understanding the development of empirical formulae and dia-
grams are developed to predict:

1) the reflection performance of the ELASTOCOAST revetment which is important for
instance to assess the effect on sea bed scour and on navigation;
i1) the wave run-up and run-down which are important to assess the extent of the revet-

ment up- and downwards and thus the required height of the structure;

111) the pressure distribution induced by both breaking and non breaking waves on the
surface of the revetment and just beneath the revetment;

1v) the pore pressure distribution induced by both breaking and non breaking waves at
different depths in the soil beneath the revetment.

Moreover, further analysis of the severe failure experienced by Model Alternative A based on
the preliminary analysis provided just after the occurrence of the damage (Oumeraci et al.,
2009a) will be performed, comparing the measurements of the same tests for Model Alterna-
tive B and the measurements of the previous test with a shorter period for Model Alterna-
tive A.
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2 Model set-up, measuring techniques, and test programme

2.1 Model set-up

The experiments were performed in the Large Wave Flume (GWK) of Hannover, Germany. It
is about 300 m long and 5 m wide. The depth of 7 m allows water levels up to 5 m, where
regular waves with wave heights up to 2 m and wave spectra with significant wave heights up
to 1.3 m can be generated (non-breaking waves). Moreover, solitary waves up to about 1.0 m
and “freak” waves (wave focussing) up to 2.5 m can also be generated. The wave generator
has an active absorption control, thus providing constant input wave parameters over longer
test durations.

A cross section and a section along the flume with the ELASTOCOAST revetment (slope 1:3)
are given in Fig. 2.1, also showing the x-y coordinate system used for the model construction
and the location of the measuring devices. The zero x-position corresponds to the middle po-
sition of the wave paddle and the zero y-position to the bottom of the flume.

1-4 5-8 9 10 11-13
Wave gauges 1 -13
0 X position lu l l l ul
B *——»» [[I I chchchchchch v
L | Rt ELASTOCOAST revetment_ """
| +11 7,00 "

I’ =3
L <
N

Wavegauge ~
5,00m

Existing asphalt
dike with 1:6 slope

0 Y position

1L
T T T T i,
i - - T 'Sandcore|
NN 5 i e " s 5 :
0,00m } L L : i

>HT,OO -

2,20 4,20
e

Fig. 2.1: ELASTOCOAST revetment in GWK and location of wave gauges

(a) SAND EMBANKMENT

The embankment was built of sand with a mean grain size of about 0.34 mm. The grain size
distribution is given in Fig. 2.2, also showing that D;(=0.18 mm and U= D¢¢/D;o=2.11.
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Silt Sand Gravel
100 fine dium coarse fine medium coarse fine medium coarse
80 /
]

2 / Dygo/D1p=2.11
% 60 P60=0.3§mm
[ \
~© Dg,=0.34mm |/
P G I R S I 1 P I O = -

40

20

D,;,=0.18mm
0 HH/" vy —
0 0.002 0.006 0.02 0.06 0.2 0.6 2 6 20 60 100

Grain size D [mm]

Fig. 2.2: Grain size distribution of the sand material for the embankment built in GWK

The sand was used to build a 1:3 slope. It was carefully compacted to achieve a uniformly

distributed compaction (Fig. 2.3).

Fig. 2.3: Compaction of the 1:3 sand slope

ELASTOCOAST Report

-5- January 10



Chapter 2

Model set-up, measuring techniques, and test programme

(b) LOWER AND UPPER BOUNDARY OF ELASTOCOAST REVETMENT

The foreshore of the ELASTOCOAST revetment (slope of 1:3) is a sand bed with a slope of
1:20. The toe of the revetment is located 1.0 m above the flume bottom while the crest of the
revetment is extended up to 6.70 m near the top edge of the flume which is at 7.00 m

(Fig. 2.4).
'—8 ] ’@Om (Top wave flume) 6.70m  2m,
éG ] ELASTOCOAST
c 4
S SWL
24 ava
8 ] - sand core
] Ds, = 0.34mm
>2
0 L S . R S S B S R T A L — L — L —
220 225 230 235 240 245 250 255

X - Position [m]

Fig. 2.4: Lower and upper boundary of ELASTOCOAST revetment

Following an agreement between BASF and FZK the toe construction as exemplarily shown
in Fig. 2.5 for Model Alternative B and also depicted during construction in Fig. 2.6 was
adopted which corresponds to a design commonly applied in the field.

All dimensions in metres!

ELASTOCOAST
revetment

Filter layer

_—

=

Geotextile
Plank

Stake row

1.00

y
| ¥

/

dmﬁ k 0,05

Fig. 2.5: Toe protection of the revetment (exemplarily for Alternative B)

ELASTOCOAST Report

January 10




4 21“{ \/ [ | Chapter 2

Model set-up, measuring techniques, and test programme

Fig. 2.6: Toe protection of the revetment during construction

The upper edge of the revetment is located 6.7 m above the flume bottom, thus providing a
minimum freeboard of 0.3 m for a better control of the discharge of overtopping water. In
order to stabilize the crest of the sand embankment, the ELASTOCOAST layer is extended at
the crest 2 m in horizontal direction. The sand surface behind the ELASTOCOAST crest is
stabilized by a geotextile mattress (Fig. 2.7).

.

Goextile: Terrafix 609 &=

% Tt

Fig. 2.7: Crest of the revetment (see also Fig. 2.4)
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(c) REVETMENT ALTERNATIVES, GEOTEXTILE AND SEPARATION WALL

In a first phase, the model set-up consists of two alternative revetments. The two Model Al-
ternatives A and B were built together side by side, each covering half of the wave flume
width (2 x 2.5 m) and tested simultaneously using the same incident wave conditions.

Both model alternatives had an ELASTOCOAST layer of the same thickness (d =0.15 m)
made of the same crushed limestones (20/40 mm) bonded together by the same Polyurethane.
The difference between the two models consists only in the layer beneath the ELASTOCOAST
revetment (Fig. 2.8 a, b).

(a) Model A (b) Model B

Limestone Limestone E = ELASTOCOAST 0.15m
(crushed Limestone 20/40 mm)

A = Filter layer 0.10 m

(crushed Limestone 20/40 mm)

G = Geotextile (Terrafix 609)

S = Sand foundation

(Dgo = 0.34mm, U=Dyy/D;y=2.11)

Fig. 2.8: Model Alternatives A and B

In Model Alternative A the ELASTOCOAST revetment lies directly on a geotextile which was
selected to fulfil two requirements: 1) capacity to retain the finer fractions of the sand and ii)
much higher hydraulic permeability than the sand underneath. Both requirements are fulfilled
best by using a non-woven geotextile. Therefore “Terrafix 609 from “Naue Gmbh” is se-
lected. The characteristic hole width Ogy = 79.9 um fulfils the first requirement. The hydraulic
permeability k (measured at 10°C) is given with 4.7*10° m/s, which is much higher than the
permeability of the sand with about k = 1*10™ m/s. The detailed specification of the selected
type “Terrafix 609” can be found in the test report of Federal Waterways Engineering and
Research Institute (BAW, 2005). The selected geotextile is also used to provide a separation
between the ELASTOCOAST revetment, the sidewalls of the flume and the separation wall
(Fig. 2.9).
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Fig. 2.9: Geotextile placed beneath the revetment and extended at the side walls and the separation wall

In Model Alternative B a filter layer with a thickness of 0.10 m using the same crushed lime-
stone material (20/40 mm) as for the ELASTOCOAST revetment is inserted between the
ELASTOCOAST layer and the geotextile lying on the sand slope (Fig. 2.8b).

The two alternatives are separated by a thin wall made of water resistant plywood. Its exten-
sion along the slope from toe to crest underneath the ELASTOCOAST surface covers the
length of the whole revetment construction, as shown in Fig. 2.10.

i< Wave gauges 9 - 13 44

+7,00 m Separation wall
v \

19,50m

Crest at
+6.70m 1

9 10 1"
’ ELASTOCOAST
evetment

Wave gauges

1 1.00m

.............

I . ! . \ EILASTOCOAST \ ‘
10,00m

Separation wall

Fig. 2.10: Cross section of model with separation wall

The extent in normal direction to the slope is adapted to the hydraulic boundary conditions
which were assessed in the pre-design report (Oumeraci et al., 2009b). The extension above
the surface of the slope revetment corresponds to the development of the layer thickness as-
sessed in the same report. At the point of maximum wave run up (pre-assessed with
Zog = 0.64 m) a height of at least 0.76 m corresponding to the maximum water layer thickness
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expected during run-up must be provided. The overhang is assumed to decrease linearly in
direction to the crest (remaining overhang at the crest =0.3 m, corresponding to the minimum
freeboard of 0.3 m). Below the run-down point, the wave kinematics for the different model
alternatives can be considered to be similar, therefore no overhang is necessary below the
run-down point and it can be reduced to zero.

The embedding depth inside the subsoil in the area of the impact point is derived from the
pore pressure development in the subsoil as estimated in the pre-design report (Oumeraci et
al., 2009b). At least three times the characteristic length had to be used (3*0.6 m = 1.8 m).
Underneath that depth the pore pressure differences between the two model alternatives were
assumed to be negligible. Underneath and above the impact area the embedding depth is re-
duced due to the reduced transmission depth of dynamic pore pressure.

The separation wall must be thin enough to avoid affecting the incident waves and stiff
enough to withstand any transversal load due to different hydraulic conditions at the two
model alternatives and to minimise the unfavourable effects on the soil parameter due to
transversal motions of the wall. Therefore, a vertical stabilization beam is installed near the
seaward edge of the wall. The bonding length inside the sand corresponds to the length of the
separation wall. The top is fixed at a crossbeam spanning the flume. The different construc-
tion phases of the separation wall are illustrated in Fig. 2.11.

The completed separation wall with both Model Alternatives A and B are documented in
Fig. 2.12b as an overview from the toe of the revetment. All tests were performend with a
metal nose on the lower end of the separation wall (Fig. 2.12a).
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(a) Positioning the wall

(b) Embedding the wall by sand on both sides (c) Installed wall with toe

Fig. 2.11: Placement of the separation wall in the sand embankment
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(a) Front view from the toe with metal nose  (b) Front view on revetment A and B with separation wall

Fig. 2.12. Installed separation wall between the two Model Alternatives A and B

After the damage of Model Alternative A which was built over one half width of the flume
(see Annex A), the damaged revetment was completely removed and replaced by a third
Model Alternative C (Fig. 2.13). This alternative is similar to Model Alternative A and B but
the ELASTOCOAST layer consists of crushed granite stones (Grading 16/36 mm) and the
thickness of the under layer made of the same stones is with 0.20 m twice as large as Model
Alternative B.

Model C

Granite

| E= ELASTOCOAST 0.15 m (crushed Granite 16/36 mm)
— A = Filter layer 0.20 m (crushed Granite 16/36 mm)

G = Geotextile (Terrafix 609)

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

Fig. 2.13: Model Alternative C (built after failure of Model Alternative A)

Hydraulic properties of the crushed stone material used for the ELASTOCOAST and the under
layer can be approximately estimated from data earlier provided (Muttray, 2000) where simi-
lar crushed stones with Dsp=34 mm in the core of rubble mound breakwater tested in GWK
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were used. The porosity n was estimated to n = 0.388 and the FORCHHEIMER coefficients a
and b were determined to a=0.89 and b = 23.0, including inertia coefficient ¢ = 0.41 if the
extended Forchheimer equation is used (for similar wave heights and periods as used in the
present study).

2.2 Measuring and observation techniques

2.2.1 Overview, synchronisation and data acquisition system

The type, number, and optimal location of the measuring devices and observation techniques
were determined on the basis of a desk study performed for this purpose by using existing
analytical, semi-empirical, and numerical models to assess wave run-up and run down proc-
esses, wave pressure distributions on and just beneath the ELASTOCOAST revetment as well
as the wave-induced pressure distribution at different depths in the sand beneath the revet-
ment (Oumeraci et al., 2009b). Based on the results of this study, a total of 86 measuring de-
vices and two digital video cameras connected to a data acquisition system have been in-
stalled (Fig. 2.14). As a result a total of 88 measuring channels are obtained consisting of 15
wave gauges, 4 wave run-up gauges, 10 gauges together with two ultrasonic devices for the
water layer thickness in the swash zone, 3 velocity propellers for the velocity of the waves
running up the slope, 48 pressure transducers, 2 inductive displacement meters,
2 accelerometers and 2 control signals. As illustrated in Fig. 2.14, the same devices are placed
at the same location for both model alternatives built side by side in the wave flume.

All measuring devices and the two video cameras are synchronised. The position of the meas-
uring and observation devices is displayed in Fig. 2.14. The coordinates of the measuring de-
vices are listed in Annex A.

ELASTOCOAST Report - 13- January 10



b i}/ \/ / Chapter 2
Model set-up, measuring techniques, and test programme

- \ . . .
|D|sp|acement transducer| |Ultra sonic deV|ce| /@
Wave run-up Wave run-down
: Breaker characteristics
\Us| -~

Geotextile

Wave gauges “
: B
Filter layer

v

Accelerometer

Iy

Y - Position [m]

. Separation wall

) / ¢
: Velocity propeller

1:20 slope «/

Pressure transducer |

0
236 238 240 242 244 246 248 250 252 254
X - Position [m]

(a) Cross section

Toe protection L / Separation wall
=]
L 4

* 900000

Wave run-up gauge

»
&
3
»
&
&

| Pressure transducer F o
e L2222 24 *

Wave gauges = =
[wave gauges—, | . . f *_

' . .
(b) Plan view |Displacement transducer| Ultra sonic device

Fig. 2.14: Measuring and observation devices at and beneath the revetment — Overview

The data acquisition system, shown in Fig. 2.15, consists of 11 amplifiers, 2 analogue digital
converters, each of them converting the signals of all 88 channels in a redundant array and
sending the data respectively to one of the 2 data acquisition computers where the signals are

recorded.
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e = 44 Analogue digital
88 Channels ) (computer 2

Fig. 2.15: Data acquisition system

2.2.2 Pressure transducers

A total of 48 pressure transducers are installed for both model alternatives to measure on one
hand the wave load and especially the impact load on the surface of the slope revetment, un-
derneath the ELASTOCOAST layer, and at the bottom of the filter layer, and on the other hand
the wave-induced pore pressure inside the embankment and the fluctuation of the internal
water level.

Pressure transducers on the surface of the revetment

According to the results of the numerical simulations performed in the pre-design report
(Oumeraci et al., 2009b), the area of large pressure gradients during impact spreads over
about 1 m (horizontally) around the impact point. Therefore, seven pressure transducers
(PTO2 - PTO8 for Model Alternatives A and C, PT27 - PT33 for Model Alternative B) with a
distance of Ax =0.25 m cover the impact area. The corresponding locations are shown in
Fig. 2.16 for Model Alternative A (without filter layer); in Fig. 2.17 for Model Alternative B
(with filter layer of 0.10 m), and in Fig. 2.18 for Model Alternative C (filter layer of 0.20 m).
One further transducer (PT09, PT39) is located near the still water level in order to better de-
fine an upper boundary for the impact pressure measurement and to measure the quasi-
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hydrostatic load during run-up. A corresponding transducer (PT01 for Models A and C; PT26
for Model B) is located 3 m seaward of the impact point (in x-direction) for the measurement
of the quasi-hydrostatic wave pressure.

SWL
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ELASTOCOAST layer b
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@ Pressure transducer
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Fig. 2.16: Locations of pressure transducers in Model Alternative A
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Fig. 2.17: Location of pressure transducer in Model Alternative B
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Fig. 2.18: Location of pressure transducers in Model Alternative C

Pressure transducers beneath ELASTOCOAST revetment:

Based on the results of the pre-design report (Oumeraci et al., 2009b) the number of transduc-
ers required within the impact area just beneath the revetment has been reduced to three trans-
ducers (PT11-PT13 for Models A and C, and PT36-38 for Model B). Two transducers (PT10,
PT14 exemplary for Model A) at the outer boundaries complete the transducer distribution in
the plane just beneath the ELASTOCOAST layer (see Fig. 2.14-Fig. 2.18).

Since the total thickness of the revetment including the filter layer differs for the three model
alternatives, this implies some differences in the installation of the pressure transducers in
Model Alternatives A, B, and C.

In Model Alternative A without any gravel filter layer, a total of 22 pressure transducers are
installed distributed over four layers: one on the surface of the revetment slope (PTO1-PT09),
one just beneath the ELASOTOCOAST layer (PT10-PT14) and two in different depth within
the sand embankment (PT15-PT17 and PT18-PT22), see Fig. 2.16.

In Model Alternative B with a gravel filter layer of 0.10 m (Fig. 2.17) a total of 23 pressure
transducers are installed in a similar manner as in Model Alternative A, but an extra trans-
ducer (PT40) has been added just above the geotextile in order to measure the pressure damp-
ing in the filter layer. No further transducers are necessary because the damping is expected to
be similar along the slope.

In Model Alternative C with a gravel filter layer of 0.20 m which was built to replace the
damaged and removed Model Alternative A, a total of 23 pressure transducers were installed
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in a similar manner as for Model Alternative A with the exception (i) that the two upper layers
of the transducers (on the surface and just beneath the 0.15 m thick ELASTOCOAST layer) are
shifted to the surface of the filter layer and just beneath and (ii) that one additional pressure
transducer (PT49) was placed in the sand top layer.

To record the fluctuation of the internal water table three pressure transducers were added on
the side of Model Alternative A and Model C in x-positions of 251.1 m, 253.6 m and 255.6 m
at a distance of 2.91 m apart from the flume bottom (Fig. 2.19).

Crest at

ELASTOCOAST lay +2.70m

er \
3 pressure transducers for the water table

Impermeable asphalt dike

EJ Sand core \ ]
1 Model alternative A

244 246 248 250 252 254 256
X - Position [m]

Fig. 2.19: Location of additional pressure transducers to record the internal water table

To ensure an accurate position of the pressure transducers they were mounted on a rigid frame
which could be embedded in the sand core precisely. To protect them from damage during
construction as well as during the testing phase they were coated by geotextile (Fig. 2.20).

Pressure
transducers /
».4/'

middle layer|

7 - 5 geotextie
" cover

(a) Holding frame with pressure transducers (b) Detail of holding frame

Fig. 2.20: Installation of pore pressure transducers
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2.2.3 Wave gauges

To record the waves along the wave flume up to the ELASTOCOAST model, 13 resistive wire
gauges are installed on the side wall of the flume (Fig. 2.10 and Fig. 2.21). The locations of
the wave gauges along the flume are defined in Annex A and indicated in Fig. 2.1, showing
(1) one array with four gauges in the far field (WG 1-4), and (i1) one array with four gauges in
the near field (WG 5-8) to perform a reflection analysis as well as (ii1) five wave gauges well-
distributed over the sloped foreshore (WG 9-13), three of which (WG 11-13) being also de-

picted in Fig. 2.22.

Fixing and holding
construction

flume wall

> measured
distance

flume bottom

(a) WG 10 in the flume (b) Principle sketch

Fig. 2.21: Resistive wave gauges fixed at the side wall of the wave flume

B gauges
O 3

Dlsplacement
transducers

s | ST

% A | Wave gauges |

Fig. 2.22: Wave gauges over the sloped seabed
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2.2.4 Wave run-up gauges, water layer thickness gauges and velocimeters
(a) Run-up gauges

Wave run-up gauges were fixed on each of the revetment alternatives along the slope and are
based on the same principle (resistive wire) as the wave gauges described above. Due to the
large length of the slope two gauges are mounted together on each side to cover the entire
wave run- up and run-down area (Fig. 2.22). The measuring area covered along the slope is
indicated in Fig. 2.23 while the location on the slope is shown in Fig. 2.24a and the connec-
tion between the two gauges in Fig. 2.24b. The white painting on the slope is to record the
wave run up by video for comparison (see Section 2.2.6).

/ Top of wave flume

Crest of revetment: z=2.7m

Wave run-up
gauge (Wire) -

7= 1.5m ELASTOCOAST
revetment

d ,

v [Lower

(a) Run-up gauge in Model A (b) Connection of the two run-up gauges

Fig. 2.24: Run-up gauges installed in the wave flume
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(b) Layer thickness gauges

On each side of the separation wall five step gauges are installed to record the layer thickness
of the water running up and down the slope of Model A/C (LTG 1-5) and Model B (LTG 6-
10). The step gauges consist of electrodes at distances of 1, 2 or 5 cm which define the meas-
uring increment (Fig. 2.25a), i.e. in contrast to the aforementioned resistive wave gauges the
record is discontinuous (stepwise) and the measurement accuracy therefore depends on the
selected distance between the electrodes.

The step gauges are placed at different locations along the separation wall which are defined
in Annex A. The three upper locations are indicated in Fig. 2.25b. At the location just above
the impact zone two step gauges with 1 cm (LTG 2 and LTG 7) and 2 cm (LTG 3 and LTG 8)
electrode distances are installed above each other. The two upper step gauges have 1 cm
(LTG 5 and LTG 10) and 2 cm (LTG 4 and LTG 9) electrode distances. The lowest step
gauges are located just next to the nose of the separation wall (LTG 1 and LTG 6) with elec-
trode distances of 5 cm.

Ground
connection
(steel wire)
[0.5n] -
-y Layer S8
: thickness o
gauges e
Ad=2cm 2 2

(a) Layer thickness gauge (b) Location Model A

Fig. 2.25: Layer thickness gauges installed in the wave flume

(c) Ultrasonic sensors

Over the slope of Model A and later also Model C two ultrasonic sensor M300/95 (MASSA)
are installed to tentatively record the layer thickness of the water running up the slope
(Fig. 2.26). High frequency ultrasonic signals are emitted within an angle of 8° and reflected
by the target object which is in this case the surface of the water layer. The distance to the
target is obtained from the time for the reflected echo to return to the sensor and the speed of
sound which is also provided by the sensor as a function of the temperature. During the instal-
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lation it is also possible to define the minimum and maximum distance which is measured
(Fig. 2.26b). This can be important for minimizing problems which may occur for instance
through splashing water (for more details on the capabilities and limitations of the M-300/95
sensor see report by Oumeraci & Staal, 2009). Both sensors are installed at the same locations
along the slope as step gauges (LTG 2 and LTG 4) in order to compare the results.

D Sensor M-300/95
PAEERN

Ultrasonic sensor

(¢) Installed ultrasonic sensor for Model Alternative A

Fig. 2.26: Ultrasonic sensors to tentatively record the water layer thickness on the slope

(d) Velocity meters

To measure the velocity of the water layer running up the slope three micro-propellers
(D=11x15mm, Type C-43921 from Schiltknecht Messtechnik AG) are installed at the
same location as the three upper layer thickness gauges (LTG 2, 4 and 5). They are fixed at
the separation wall on the side of Model A/C as shown in Fig. 2.27.
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Fig. 2.27: Micro-propeller at the separation wall near the revetment crest

2.2.5 Displacement meters and accelerometers

The dynamic response of the ELASTOCOAST revetment to the wave load essentially consists
in flexural motions normal to the slope. To record these motions on Models A, B, and C, in-
ductive displacement transducers (Plunger type “Wal” from Hottinger Baldwin Messtechnik)
were installed in the impact zone. As the measurement device is very sensitive to high water
pressures and sediments, the device is located in a certain distance to the surface of the ELAS-
TOCOAST revetment. The motions are transferred by a very stiff light aluminium tube from
the surface to the transducer, which is fixed at a crossbeam spanning the flume. The location
of the devices and the set-up of the displacement meter are shown in Fig. 2.28a.

The aluminium tube is fixed with a hinge bearing (anchor) at the revetment (Fig. 2.28¢c) while
the upper edge passes a sliding sleeve thus enabling only axial motions. The sliding sleeve is
fixed at the crossbeam (Fig. 2.28b). The axial motions, which correspond to the revetment
motions normal to the slope, are thus recorded by the displacement meter.

In addition, accelerometers (Type ARH-100A from Tokyo Sokki Kenkyujo Co. Ltd.) were
fixed to the revetment at the same location as the displacement meter (Fig. 2.28¢c) to tenta-
tively record the accelerations of the revetment normal to the slope (Fig. 2.29)
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Crossbeam
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(b) Sliding sleeve and holding construction (c) Hinge bearing (anchor) and accelerometer

Fig. 2.28: Set-up of the inductive displacement meter and accelerometer

Fig. 2.29: Accelerometer before the installation on the ELASTOCOAST revetment
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2.2.6 Observation techniques

For a better interpretation and verification of the signals recorded by most of the installed
transducers several observation methods were used. As indicated in Fig. 2.14, two fixed video
cameras were deployed during each test where one essentially focussed on the breaking im-
pact zone, and the other one on the entire run-up and run-down zone (swash zone). To enable
and facilitate the comparison of the video observations with the measurements from the trans-
ducers further supporting means were used, including:

e Two video clocks controlled by the same trigger signal as the 88 measuring channels
which were synchronised together (Fig. 2.30a, b),

e Labelling on the revetment and on the side wall of the flume (Fig. 2.30a) as well as on
the separation wall (Fig. 2.30c),

e An additional mobile camera was also used to check the layer thickness gauges and to
record further possible events.

(a) Labelling on the ELASTOCOAST revetment
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(b) Clock in wave direction (c) Labelling and Layer thickness gauge at separation wall

Fig. 2.30: Deployed observation techniques

2.3 Test conditions, programme and procedure

Since the measurement and observations are intended to provide a better understanding of the
processes involved and the determination of empirical design formulae for wave reflection,
wave run-up and run-down, location of impact point, wave pressure distribution on and be-
neath the slope as well as pore pressure distribution in the soil beneath the revetment, the fo-
cus is put on a systematic variation of the wave parameters using both regular waves (process
understanding) and wave spectra (design). In addition, the effect of solitary wave and “freak
waves” were also briefly examined. The still water level was varied among the tests to direct
the impact point of the breaking waves to the densely arranged pressure transducers of the
impact area.

2.3.1 Test conditions and test programme

This section describes the test conditions and the test programme for all configurations used
for the three structures described in section 2.1. In Tab. 2.3 and Tab. 2.4 the combination of
wave heights and wave periods are summarised. The desired (nominal) values, indicated by
the suffix “nom”, are given regardless to the analysed values later in this report.

Since the main goal of the study is to come up with empirical formulae/diagrams which can
be used for design purposes, the main focus was put on the experiments with wave spectra. A
variation of the wave parameters over a range relevant for common design conditions will
allow obtaining more generic results. As the majority of application cases are expected at the
shoreline around the Northern Sea, JONSWARP spectra are used for the generation of irregular
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waves. The number of irregular waves generated per test initially was at least 1000. The spec-
tra generated for the tests with irregular waves and large wave parameters at the end of the
testing phase comprised of at least 500 waves because of the capability limits of the wave
generator. But tests showed that the reduction of the number of waves from 1000 to 500 did
not affect noticeably the results of the statistical analysis. The characteristics of the JON-
SWAP spectrum used are the Peak factor y = 3.3 and the Groupiness factor GF = 0.7 — 0.8.

Regular waves are necessary for a better understanding of the associated processes at and
beneath the revetment. However, the variation of wave parameters can be restricted without
loosing any valuable information. For most of the tests with regular waves the number of
waves per test was at least 100. In the end of the testing phase the number of waves was re-
duced to 50 and then to 30 waves.

These considerations have initially led to the wave parameter matrix compiled in Tab. 2.1.
Regular waves (indicated by ”R”) and wave spectra (indicated by “S” and highlighted in
green) are considered. Tab. 2.1 includes wave heights larger than the maximum wave height
(Hmax = 1.5 m) used for the calculation of the hydraulic boundary conditions in the pre-design
report (Oumeraci et al., 2009b). The irregular wave tests highlighted in yellow (Tab. 2.1)
were planned to be performed only when there is still time available in the testing phase of the
project.

Remark:

The model setup and the locations of the pressure transducers were adjusted for large impact
loads due to breaking waves. In case of waves with smaller wave heights, the impact point
was expected to shift shoreward outside the area covered with pressure transducers. For
these wave conditions the water level in the flume was therefore adjusted in order to move the
impact zone back to the area covered by the pressure transducers. The necessary change in
water level was determined during the test phase.

The limiting wave steepness is calculated by the Miche-formula (Eq. (2.1)):

(Ej _0.142 tanh 2™ @.1)
L max

with:

L [m] wave length for water depth hy = 4.0m
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Tab. 2.1: Initially planned test programme matrix with wave parameters for water depth h=4.0m

Wave Height HorHg [m]

02]03]o4]os5]o6][07]08f]o09][10]11]12]13]14]15] 17
_ 3.0 l; S s s R R Breaking due to wave steepness
2 10—R R R R
= S S S S S S
° 5.0 R R R R R
= S S S S S S S S S
8 [60R R R R R|R
E 1 s S S S S S S S S S
2 (7.0 R R R R R R
] S S S S S S S S S S
= 8.0 R R R R R R

S S S S S S S S S S S

Water depth hg=4.0m
Optional Wave spectra Not generable

Information about the expected breaker types is given in Tab. 2.2. The wave steepness H/L
(or Hy/L) is calculated by the Fenton/McKee equation for the local wave length in the flume
(hs = 4.0m) by using linear wave theory:

N

2mh_ )
L=L,| tanh > (2.2)
0

with:

Lo [m] wavelength in deepwater L, = g2_T (2.3)
T

hg [m] water depth

T [s] wave period

The surf similarity parameter & (= Em-10 £ for wave spectra) relates the slope angle a to the
wave steepness H/Ly (=H/Ln.1o for wave spectra) calculated by the wavelength Ly in deep
water according to Eq. (2.4):

tan o

St = y (2.4)
Lm—l,O
with:
Lm0 [m]  wave length corresponding to wave period Tp.1 0
Tm-1.0 [s] m.;/mp mean wave period
mo, m.;  [-] zeroth and negative first moment of the energy density spectrum S(f) with
m, = [S(f)f"df
f [Hz] frequency in the wave energy spectrum
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Depending on the value of the surf similarity parameter, surging breakers (§q > 3.3), collaps-
ing breakers (2.6 <&y <3.3), and plunging breakers (£q4 < 2.6) are indicated in Table 2.3 by
different colours. The dispersion parameter hy/L (relative water depth) for all tests varies be-
tween 0.083 (T=8s) and 0.298 (T =3 s), corresponding to the transition zone between
deepwater and shallow water conditions.

The plunging breakers are preferably used for the investigation of the impact load at the
ELASTOCOAST revetment, while the surging breakers are more relevant for the wave run-up
and the development of residual pore pressure in the sand. Like in Tab. 2.1, the optional tests
are also highlighted in yellow in Tab. 2.2.

Tab. 2.2: Initially planned surf similarity parameter, wave steepness and breaker types

Wave Height HorHg [m]
02]o03]o04]lo5]06]07]08[l09]10]11]12]13]14]15] 17
2,79|2,28|1,98[ 1,77 1,61[1,49] 1,40] 1,32] 1,25] 1,19
0,015/0,023]0,030/0,038]0,045/0,053/0,060/0,068/0,076/0,083
3,73 3,04]2,63]|2,36|2,15[ 1,99 1,86 1,76 | 1,67 1,59 1,52 1,46 | 1,41
0,010{0,014[0,019]0,024|0,029(0,034]|0,038/0,043|0,048/0,053|0,058/0,062]| 0,067
466|380]329]295]269]249]2,33]2,20]2,08(1,99]1,90]( 1,83] 1,76
0,007/0,011]0,014]/0,018/0,021]0,025] 0,028 0,032 0,035]0,039]0,042] 0,046] 0,050
559|456 3,95|353|3,23[299[297]|263]250][238]228]219]211]2,04]1,92] ¢
0,006{0,008[0,011|0,014]0,017]| 0,020]0,023] 0,025]0,028/0,031]0,034]0,037] 0,040]0,042] 0,048] H/L
6,52]|532|461]|412|3,76|349|3,26]|307]292]278]|2,66]|256]246]|238]224] ¢
0,005/0,007{0,009/0,012]0,014|0,017]0,019] 0,021]0,024]| 0,026]0,028|0,031]0,033]| 0,036 0,040] H/L
7,45|6,08(5,27| 471|430 3,98 3,73]|3,51]3,33] 3,18|3,04] 2,92]| 2,82| 2,72 | 2,56 | ¢
0,004|0,006[0,008|0,010]0,012|0,014]0,016]/0,018]0,021] 0,023]0,025]0,027]0,029]0,031]0,035] H/L

Water depth hs=4.0m

3,0 Breaking due to wave steepness &

4,0

5,0

6,0

7,0

Wave Period TorTp [s]

8,0

Surging breaker DCollapsing breaker Plunging breaker Optional
Not generable

Due to the damage of Model Alternative A which occurred at an unexpectedly early stage with
regular waves (Oumeraci et al., 2009a) and further constraints, including the introduction of
Model Alternative C, the test programme has been (slightly) modified as shown in Tab. 2.3
and Tab. 2.4 for Model Alternatives A, B and C, respectively. A complete overview of the
tests performed can be found in Annex B, including the nominal and actual incident wave
parameters wave parameters, the water depth in the wave flume as well as the corresponding
surf similarity parameter and reflection coefficient for both regular wave tests (B.1.1) and
irregular wave tests (B.1.2). An overview of the test results is given in Annex C for both regu-
lar waves (C.1.1) and irregular waves (C.1.2 and C.1.3), including wave run-up, run-down
and the wave-induced pressure recorded at different pressure transducer layers 1-5 for all
tested Model Alternatives A, B and C.
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Tab. 2.3: Final test programme for Model Alternatives A and B

Model
A B Test Phase 1
T H 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1 1,1 1,2 1,3
3 RW RW RW
&l 2,79 1,61 1,25
4 RW RwW RW RW
&l 3,73 2,15 1,67 1,46
5 RW RW RW
| 4,66 2,69 1,83
6 RW RW
&| 5,59 3,23
7 RW RwW
&| 6,52 3,76
8 RW RW
&| 7,45 4,30
regular waves irregular waves

Tab. 2.4: Final test programme for Model Alternatives B and C
Model

cC B Test Phase 2
T H 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1 1,1 1,2 1,3
3 WS WS|RW WS|RW WS|RW RW RW RW RW
§| 2,79 2,28 1,98 1,77 1,61 1,49 1,40 1,32 1,25
4 WS WS WS ws WS
g§| 3,73 3,04 2,63 2,36 2,15
5 RW WS WS|RW WS WA WS|RW WS
§| 4,66 3,80 2,95 2,69 2,33 2,20 2,08
6 WS WS WS WS|RW WS WS WS WS|RW WS WS RW RW
g§| 5,59 4,56 3,95 3,53 3,23 2,99 2,79 2,63 2,50 2,38 2,19
7 WS WS WS|RW WS|RW WS WS WS RW WS
&l 6,52 5,32 4,61 4,12 3,76 3,48 3,26 2,92
8 RW WS RW WS WS WS WS RW WS
gl 7,45 5,27 4,71 4,30 3,73 3,33
regular waves irregular waves

2.3.2 Test procedure

Initially it was planned to start the testing programme first with regular waves (at least 100
waves per test), followed by JONSWAP wave spectra (at least 1000 waves per test) and few
additional tests using solitary waves and “freak waves”, adjusting the still water level for each
test in order to shift the impact point in the area covered with pressure transducers. Because
of the long time it takes to change the water level in the large wave flume (about 1 minute per
cm) it was necessary to minimise the number of time-consuming water level changes. Thus,
before the aforementioned damage occurred, Model Alternatives A and B were first subject to
a series of regular wave tests with increasing wave height (H=0.2 m to H = 1.3 m) starting
with the tests performed at a still water level of 3.40 m. Within each test series the wave pe-
riod was increased for each test from T =3 s to T =8 s (Tab. 2.1). The damage of Model Al-
ternative A occurred for a wave with nominal wave height H=1.3 m and wave period
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T =5 s. After the damage, Model Alternative A was replaced by Model Alternative C. Subse-
quently, the test procedure for Model Alternatives B and C was adapted to the new situation
by starting first with the tests with small wave heights up to H = 0.6 m, including tests with
regular waves as well as tests with irregular waves. Only when all required tests up to a wave
height of 0.6 m were successfully performed the wave height was increased up to H= 1.3 m,
to avoid another unexpected early failure of the new revetment.

Regular wave tests

The wave parameter combinations for the regular wave tests are listed in Tab. 2.3 with water
depths ranging form hy = 3.40 m to 4.20 m, wave periods from T = 3 s to 8 s and wave heights
from H=0.2 m to 1.3 m. All tests were run with activated absorption system. The test phase
begun with regular wave tests comprising of 100 waves, starting with a nominal wave height
of 0.2 m and a nominal wave period of 3 s. To direct the impact point of the breaking waves
to the pressure transducers at the middle of the impact area (y = 3.15 m), the water level had
to be adjusted to 3.40 m. After all tests were performed, which were estimated to be run at
this water depth, the water level was raised to hy = 3.6 m to fulfil the requirements of the next
few tests. At each water level the tests were performed starting with the lowest wave height
and wave period, increasing the wave parameters until the water level had to be adjusted for
the next tests. For the last few tests with regular waves the number of generated waves was
reduced to first 50 and then 30 in order to save time. This reduction did not decrease the sta-
tistical use of the obtained data.

Model Alternative A and B were subject to a series of tests (summarized in Tab. 2.3), follow-
ing the above described procedure until Model Alternative A failed during a test with wave
parameters H= 1.3 m and T =5 s. After replacing the damaged revetment by a new revet-
ment, defined as Model Alternative C, the tests were resumed by repeating some of the al-
ready performed tests, for now skipping the tests with wave heights above H = 0.6 m. It was
discussed to perform first all tests with low wave heights including the tests with irregular
waves before increasing the wave height above 0.6 m up to 1.3 m in order to gain as much
data as possible before another unexpected failure would recur.

The preformed tests, including the incidend wave parameters and the reflection coefficient are
given in Annex B.1.1. The results are summarized in Annex C.1.1, providing the run-up, the
run-down and the wave-induced pressure.

Irregular wave tests

Tests with irregular waves were only performed for Model Alternative B and C and were also
started with a wave height of H = 0.2 m and a wave period of T = 3 s, following the same pro-
cedure as during the tests with regular waves, in order to minimize the number of water level
adjustments. For these tests, wave periods from T=3s up to 8 s and wave heights from
H=0.2m to 1.1 m were used (Tab. 2.4). All tests were run with 1000 waves and activated
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absorption system, except for the last few tests with large wave heights which were run with
only 500 waves, because of the limitations of the wave generator.

The performed tests, including incidend wave parameters and thereflection coefficient are
given in Annex B.1.2. The results are summarized in Annex C.1.2 and C.1.3, providing the
run-up, the run-down and the wave-induced pressure at the different transducer layers.

Solitary wave and freak wave tests (additional tests).

At the end of the test phase, after all required test with regular and irregular waves were per-
formed, some additional tests were run, generating solitary waves and so called “freak waves”
(wave focussing). The solitary wave tests comprise parameter combinations for water level
hs = 4.0 m with wave heights ranging from H = 0.25 m up to 1.20 m.

For the tests with “freak waves”, wave heights from H = 0.8 m to 1.4 m were used. The focus
point of the wave group was adjusted to direct the impact point of the breaking wave to the
array of pressure transducers of the impact area.

The analysis of these additional tests is not part of this report, but the measurements will be
analysed at a later stage (outside this project).
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3 Incident wave parameters and wave reflection analysis

The analysis is performed separately for regular and irregular waves. As mentioned in sec-
tion 2.3.1, the focus is on the analysis of the irregular wave tests, since they are more relevant
for design purposes. In order to make the report more easily readable, the results of the analy-
sis of regular wave tests are given separately in an Annex D1. Reference to these results may
however be made where appropriate (e.g. for comparison or a better understanding) in the
main text related to the results of irregular wave tests.

Since Model Alternative A was tested only for regular waves before it failed, the analysis of
the irregular wave tests is related only to Model Alternatives B and C (nevertheless, Model A
is also considered in the analysis of regular wave tests in the aforementioned Annex.)

3.1 Incident wave parameters

The water surface elevation measured in the wave flume is the result of the superposition of
incident and reflected waves. In order to determine the incident wave height for each test, a
reflection analysis using a least square method (Mansard & Funke, 1980) was performed.
Four wave gauges, which were arranged within “gauges array 1” about 85 m in front of the
wave maker (s. Fig. 3.1 and Annex D1), were used for reflection analysis.

Wave gauges 1 -13

i M

] ]

] |

] |

] |

[} [} &J

| | (o

A N : ! Vol

\ | 1 OOO.§0
gauges | | N

| . ?fo &
array1 | | )Q)’

Fig. 3.1: Position of wave” gauges array 1” in the large wave flume (GWK)

For each wave gauges array the combinations of 3 of 4 wave gauges within one gauges array
were used for the analysis. As a result incident wave heights Hp,g and characteristic wave pe-
riod Ty, o as well as the reflection coefficient C; were obtained. Example time series of inci-
dent and reflected irregular waves are shown in Fig. 3.2.
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Time [s]

Fig. 3.2: Time series of incident and reflected waves (wave gauge arrays 1, s. Fig. 3.1)

Fig. 3.2 shows that the superposition (coloured green) of incident (coloured blue) and re-
flected (coloured red) waves obtained from the reflection analysis have the same height as the
measured waves (coloured black).

The mean values of the 4 possible combinations were then used and compared to the desired

(nominal) parameters. Accordingly, the relation between the nominal wave height H,,, and

the actual incident wave height H,,o for all tests with wave spectra for different water level is
shown in Fig. 3.3. The dashed lines indicate the range of scatter observed in the measure-

ments.
1,20 1.4 | Wavegauges 1-13 g 9_10.11-13 | |
I A [ AT | |
o0 . i~ :
®, ! | = | |
— ) I | |
= pee |
:E - Wawe spectra | ‘ :
E 0,80 - all water level : : :
.'D_n B | | |
8 | | B
() L | | Mg |
L R R 7
£ 1 1 R 1
% i | | 4 - | |
— | -~ | |
g 0,40 -+ | ,,’ | |
=] | | | |
—_ | P | |
3 , N S | |
ol o
B =l | | |
- | | |
0,00 - - : 1
0,00 0,20 0,40 0,60 0,80

Nominal wave height Hnom [M]

Fig. 3.3: Comparison of incident wave height H,,, and nominal wave height H,,, for all irregular wave tests

with different water levels
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It can be seen from Fig. 3.3 that for most values Hyop,, the maximum spreading of the incident
wave height Hp,o ranged from -10% to +10 %.

Remark:

For regular waves (mean wave height Hyy the scatter is larger ranging from -14% to +18 %
(s. Annex D.1, Fig. D.1.2).

These differences are quite normal under lab conditions and indicate that measured and nomi-
nal wave heights are of the same order of magnitude. However, due to the observed differ-
ences, further analysis always refers to the actually measured incident wave height related to
deep water conditions which corresponds approximately to those measured in the far field
(average wave gauge array 1). The deep water wave height was calculated using the shoaling
coefficient (EAK, 2002):

E:KS: 1o (3.1
H, 2n ¢

with:

H [m] wave height

Hy [m] deep water wave height

K [-] Shoaling coefficient

n [-] ratio of wave speed and group speed

co/c [-] relative wave speed

As shown in Fig. 3.4 the difference between deep water wave height and incident wave height
Hyo obtained at wave gauges array 1 is negligible (less than 4%). Therefore, a characteristic
deep water wave height Homo (in the following simply called Hyo) and wave period Tp.1p
were used which lead to the corresponding surf similarity parameter &y,.1 0 and wave steepness
Huo/Lo for irregular waves.

Remark:

For the regular waves, the deep water wave height Hy (in the following Hy,) and length Lo
were used which lead to the corresponding surf similarity parameter &, and wave steepness
Hm/Lo for regular waves.

In Fig. 3.5 incident wave period Ty, is plotted against nominal wave period T,om. The
dashed lines indicate the maximum range of scatter observed in the measurements.
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Fig. 3.5 shows that the scatter of wave period T, ;o was in the range of +2% and -20% which
is higher than for the wave heights H,,;. Most of the values of incident mean wave periods
Tn-1,0 are lower than the related nominal wave periods Tpom.

Remark:

For regular waves (mean wave period Ty) the range of scatter was only £ 1% (s. Annex D.1).
The measured wave periods will be used for further analysis.

3.2 Wave reflection performance

Wave reflection from coastal structures may severely affect the structure stability by increas-
ing sea bed scour. It may also increase the erosion of the foreshore and of the neighbouring
coastal stretches. The reflection coefficient, obtained from the analysis of the tests, ranged
from C; = 0.26 (minimum) to C; = 0.75 (maximum) (for regular waves: C; = 0.09 (minimum),
C;=0.86 (maximum)). In Fig. 3.6 the reflection coefficient C, for irregular waves is plotted
against mean wave period Ty to illustrate the influence of the wave period for the ELAS-
TOCOAST revetment, sorted after incident deep water wave height Hyo. As expected, there is
a clear increase of the wave reflection C; with increasing wave periods. Furthermore, it can be
seen that with smaller waves the reflection coefficient C, increases.

Remark:
A similar behaviour has also been found for regular wave tests (Fig. D.1.4 in Annex D.1)

0;80 TWavegaugeS 1i__ 0_10.41- ; ;
W ; -
0,70 . : g
B T % ! 7 AY N\
O 60 — gauges i é / - ‘-A/ - - /A":
~ ) L L T - - > 7777‘77
— - Wave spectra [ | g - |
S P | | /. _ ~ ‘/ -~ . |
2 o5 Lalwatertevel| . T . R
g Cr=(Ho) 1/ (Ho)i 1 ; RPN |
1 | L !
o o= | AR :
g L | Vs < /A | // |
o L ! | |
£ 0,30 | | 4 4 |
§ ’ i | / // | |
o Y 1
0)20777777777777777777\7 777777777777777 - - - - -0 = T T T T T
L | | |
- | | 1
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Fig. 3.6: Reflection coefficient C, plotted against the wave period Ty, o ordered by incident wave heights Hy,
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Several prediction formulae for the reflection coefficient have been proposed in the past (see
Oumeraci et al., 2007; Oumeraci & Muttray, 2001; Zanuttigh & Van der Meer, 2006). A com-
parative analysis of the uncertainties associated with 12 prediction formulae were performed
previously (Muttray, 2001), showing coefficients of variation from 10 to 140 %. Amongst the
existing formulae, the following one (Seelig, 1983) was found to be most widely used and
associated with the lowest uncertainties:

2
=S (3.2)
b+§,
with:
o [-] surf similarity parameter &, = _fana (3.3)
JH, /L,
a,b [-] structure parameter, depending on the permeability, roughness, geometry

and water depth conditions

As a measure of uncertainty in the statistical analysis the coefficient of variation is used. It is
calculated as follows (Kortenhaus & Oumeraci, 2002):

D S Y. i
c _\/n_1 ;(f(xmi) 1] (3.4)

with:
c' [-] coefficient of variation

n [-] number of values

Xmi [-] input parameter for model
Ym [-] measured output parameters
f(Xmi) [-] model output parameter

Plotting the reflection coefficient C, against surf similarity parameter &y.1 0, calculated using
characteristic wave period Tp.10 and characteristic wave height Hyy the result in Fig. 3.7 is
obtained. The resulting curve for the tested ELASTOCOAST revetment is plotted in compari-
son with the curves for a smooth impermeable slope and for a sloped structure with two layer
rock armour after Allsop & McConnell (as proposed in Herbich, 1999). In the investigations
of Allsop and McConnelthe size of the rocks is not given. Since also for the construction of
the ELASTOCOAST revetment only one size of gravel was used, the effect of the grain size on
wave reflexion could not be investigated.
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Fig. 3.7: Reflection coefficient C, plotted against surf similarity parameter &, ;¢

The reflection coefficient of the ELASTOCOAST revetment remains smaller than that of a
smooth impermeable slope. The curve for a two layer rock armour is as expected much
smaller than the reflection coefficient for the ELASTOCOAST revetment. Hence, the reflec-
tion coefficient C, for the ELASTOCOAST revetment investigated in this study can be esti-
mated with Eq. (3.5), associated with a coefficient of variation ¢’ = 12.5 %:

L2
o _084:¢

s (3.5).

Further analysis has shown that the reflection coefficient is dependant of the wave period.
Fig. 3.8 again depicts reflection coefficient C, against surf similarity parameter &, ;o but now
the data is ordered by the wave period Tp.1 . It can be seen that the highest wave period leads
to the largest reflection coefficient. These results shown that the effect of the wave period is
much more important than considered in surf similarity parameter &y.1 . In fact, considering
Em-1.0, C; 1s proportional Tp.1 o only. Therefore, further analysis should be directed to identify
a governing parameter as a substitute for &1 which better account for the effect of wave
period Tp.1 0.
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Fig. 3.8: Reflection coefficient C, plotted against surf similarity parameter &, o ordered by wave periods Ty.1 0

Remark:

A similar result as in Fig. 3.8 is also found for regular wave tests as shown in Fig. D.1.5 in

Annex D.1)

ELASTOCOAST Report

-40 - January 10




L7 ‘/ / Chapter 4

Wave run-up and run-down

4 Wave run-up and run-down

4.1 Wave run-up

The wave run-up R, is defined as the maximum elevation from still water level (SWL) to the
point to which the water surface rises on the seaward face of the revetment (see Fig. 4.1). R,
is important in defining the required height of the structure. Generally, the run-up level ex-
ceeded by 2% of the incident waves (Ry2%) is commonly used for design purposes. Ryv, gen-
erally depends on the wave height, the surf similarity parameter, the geometry and surface
roughness of the slope as well as on the permeability of the structure. For less impermeable
structures with a rough slope such as the ELASTOCOAST revetment, most of the energy dis-
sipation takes place at the structure face and within the revetment.

max. wave run-up.

min. wave run-up
N R,
SWL [positive(t) -~~~ —> 2

Fig. 4.1: Definition of wave run-up

The wave run-up was measured with wave run-up gauges (s. section 2.2.4) and compared to
the video recordings. This verification was very time consuming, but necessary since it has
shown how to analyse the records from the wave run-up gauges properly. It has shown that
the results of the wave run-up gauges are indeed reliable when properly analyzed. An exam-
ple time series for a wave run-up gauge is shown in Fig. 4.2. The indicated point shows the
maximum run-up for this test (Rymax = 0.94 m). Hence, the run-up gauge was used to measure
wave run-up and run-down, the maximum amplitudes of each test were defined as wave run-
up and the minimum amplitudes of each test were defined as wave run-down.
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In Fig. 4.3 the relative wave run-up Ryyo/Hmo is plotted for Model Alternatives B and C
against surf similarity parameter &n.1 to show the effect of the surf similarity parameter for
the run-up on the ELASTOCOAST revetment.
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Fig. 4.3: Comparison of relative wave run-up Ry, for Model Alternatives B and C for irregular waves

The measured relative wave run-up for all irregular wave tests ranges from Rypo/Hmo = 1.28
for Em10=1.64 to Ryzes/Hmo = 2.88 for Em.10=2.92. As shown in Fig. 4.3 there is no signifi-
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cant difference between Model Alternatives B and C, although the latter expectedly depicts
slightly smaller run-up values.

Remark:

Comparatively, the measured run-up for regular wave tests is lower ranging from
Ruzee/Hm = 0.89 for &, = 1.28 t0 Ryzo/Hm = 2.28 for &, = 3.57 (see Annex D.2 in Fig. D.2.1)

A literature study has shown that the run-up models for the ELASTOCOAST revetment for
which the best fit is obtained with the measured data is those proposed by the EurOtop man-
ual (EurOtop, 2007).

% =Y, -[1 .65- va_l,o] with y, =1.0 for smooth impermeable slope  (4.1)

m0

with a maximum of

H

m0

R, . .
—uh ‘!4.0 - ] with y, =1.0 for smooth impermeable slope  (4.2)

1.5
N S—

Based on Eq. (4.1) and Eq. (4.2) for the smooth impermeable slope, the following run-up for-
mula was determined for the ELASTOCOAST revetment Model Alternative B (Fig. 4.4):

RLI %
Hz/ :0_54,[1_65.{;%1,0} for £ <2.7 (4.3)

mO0

with a maximum of

Rume 0.78- {4.0 -
H

m0

1.5

] for £>2.7 (4.4)

m-1,0

while for Model Alternative C the following formula was obtained:

R,
s 0.52-[1.65-¢,,,] for&<2.7 (4.5
with a maximum of
R o =0.76-| 4.0— L5 for £>2.7 (4.6)
HmO m-1,0
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The wave run-up resulting for the model proposed in EurOtop, 2007 for the smooth imperme-
able slope is much higher than the run-up on the ELASTOCOAST revetment. The difference is
about 25 % for larger &1 o-values while it is up to 50 % for smaller &g, p-values. The differ-
ence between Model Alternatives B and C is negligibly small. The wave run-up for Model
Alternative B is slightly higher than for Model Alternative C.

4.5 ‘ ‘ ‘
EurOtop Manual (smooth impermable slope) | Model B | ___Model C
. I =
R ., with a R ., | :
4 ’HU_M =Y '|:1 05- am—l,o] maximum 2% =y, -
mo0 of m0
3.5+ : :
smooth impermeable slope
o yf=1.0
EE 3r [
X |
N I
o> ‘
% 25F---—----- :
S |
E |
(]
g 2 e |
H I
|
2 | Model C  for&<2.7 for&>2.7
8 15— f e . -
o R witha —p 1.5
‘ u2% =0,52~|:1.65-§ 710:Irnax1mum ©=0.76-| 4.0-
e 7 __ R H,, " of H, m-1,0 B
| T T T T
7| Model B for§<2.7 for £>2.7 | |
05— S 2 1 with a R 1.5 — | ——- F
L R =0.544[1.654(";“171O]maximum w% _ () 78.| 4.0 - —— X Model B
H., ' of mo m-1,0 Model C
0 T T T T T T
0 1 2 3 4 5 6 7 8

surf similarity parameter é’%m-1.o
Fig. 4.4: Wave run-up Ry, for irregular waves, separated after Model Alternatives B and C
Therefore, only one prediction formula for both Model Alternatives B and C is proposed for
design purpose (see Fig. 4.5):
R

054 165:8,,] forg<27 @7
with a maximum of

R, .

Rui _077.040-—22 | fore>27 (4.8)

Hmo m-1,0

and a coefficient of variation ¢’ of about 16 %.
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Fig. 4.5: Wave run-up Ry, for irregular waves

Remark:

Comparatively the wave run-up formulae obtained for regular waves are given in Fig. D.2.2,
Annex D.2, showing that lower run-up values are obtained than for regular waves. Moreover,
the run-up for Model Alternative A is also considered.

4.2 Wave run-down

The wave run-down Ry is defined as the minimum elevation from still water level (SWL) to
the point to which the water surface falls on the seaward face of the revetment (Fig. 4.6). Ry is
important in defining the required elevation of the revetment under SWL. It is also important
for the uplift pressure on the revetment as a result of the internal water level which is gener-
ally higher than the external water level during the down rush process. The run-down level
exceeded by 2% of the incident waves (Rqzy) 1s commonly used for design purpose. R,
generally depends on the wave height, the surf similarity parameter, the geometry and surface
roughness of the slope as well as on the permeability of the structure. As for wave run-up, the
run-up gauges were used to measure the wave run-down (Fig. 4.2), including a verification of
video recordings.
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Fig. 4.6: Definition of wave run-down

In Fig. 4.7 the relative wave run-down Rgp/Hyo is plotted for both Model Alternatives B
and C against the surf similarity parameter &y, 0 to show the influence of the surf similarity
parameter for the run-down on the ELASTOCOAST revetment.

Wave run-up and run-down
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Fig. 4.7: Comparison of relative wave run-down Ry, for Model Alternatives B and C for irregular waves

The measured relative run-down for all irregular wave tests ranges from Rgp0,/Hpo = -0.46 for
Em-1,0 = 1.64 to Ryoey/Hmo =-2.27 for Em.10 = 6.49. Comparatively, no difference is depicted
between Model Alternatives B and C for smaller &, o-values while for larger &, ;o-values
(&Em-1,0> 3.3) the run-down for Model Alternative B is slightly larger than for Model Alterna-
tive C. However, the difference is within the range of scatter of the data, so that no discrimi-
nation between the data of the two models B and C will be made for the derivation of the

wave run-down formula.
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Remark

Comparatively, for regular wave tests also including Model Alternative A the range of scatter
of the data is much larger and the relative wave run-down ranges from Rgz/Hm = 0.41 for
&=1.50 to Rypes/Hm =-1.85 for £=7.68 (see Annex D.2, Fig. D.2.3). The positive Rgzy/Hm-
values for lower &-values mean that the lowest water surface elevation at the outer slope re-
mains above still water level. This has also been observed in the results of many experimental
studies on wave run-down using regular waves (e.g. Schittrumpf, 2001, Pilarczyk et al.,
1995,Bruun & Grinback, 1977).

A literature study has shown that the run-down models for the ELASTOCOAST revetment for
which the best fit is obtained with the measured data are (i) those proposed by the CEM
(USACE, 2002) (Part-VI) for a smooth revetment of placed concrete block (Eq. (4.9))

%:—o.s-aop +0.2 (4.9)

m0

and (i1) the model developed for smooth impermeable slopes (Pilarczyk et al., 1995)
(Eq. (4.10)).

R
# =-033-¢,, forg ,<4.5
m0
(4.10)

2% = 1.5 for&,, > 4.5

m0

Based on these models the following run-down formula was determined for the ELASTO-
COAST revetment Model Alternatives B and C (Fig. 4.8):

R
Hd2A> =-042-¢ ,+0.17 for§  ,<5.7 (4.11)

mo0
with a maximum of

Razi 595 for €. 10257 (4.12)

m0

and a coefficient of variation ¢’ of 6.1 %.

Larger Rgxo/Hmo-values than for a smooth impermeable slope are obtained for the ELASTO-
COAST revetment. The difference is particularly large (up to 66%) for large Em.1 0-values (Em-
1,0> 6) while smaller run-down values than for a smooth revetment of placed concrete blocks
as reported in CEM (USACE, 2002) will result (Fig. 4.8).
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Fig. 4.8: Wave run-down Ry, for irregular waves

Remark

Comparatively, the results for regular wave tests, also including Model Alternative A, are
given in Fig. D.2.4 Annex D.2, showing a similar relationship but providing lower run-down
values than for irregular waves.
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5 Wave pressure on and just beneath the revetment

The main objective of this chapter is to analyse the data related to the wave-induced pressure
on the surface of the ELASTOCOAST revetment and just beneath the revetment. Based on this
analysis prediction formulae for the maximum pressure induced by waves, the spatial pressure
distribution, including the time parameters required for the dynamic (impact) loading will be
developed. In the same way as for the analysis of the hydraulic performance (sections 3.1 -
3.2), the deep water parameters for incident waves are also considered in this analysis. Like in
sections 3.1 - 3.2 only irregular wave tests are considered below, while the results of regular
wave tests are provided in Annex D. Nevertheless, remarks related to the comparison with
regular waves with reference to Annex D will also be made were appropriate. As already
mentioned in the introduction of Chapter 3, due to the failure of Model Alternative A for regu-
lar waves, no irregular wave tests were performed for Model Alternative A, so that only Model
Alternatives B and C are considered for irregular wave tests.

First, the parameterisation in both space and time of the wave-induced pressures on and just
beneath the revetment is described, including the definition of the notation of the most impor-
tant parameters in both spatial and time domains. Discrimination between quasi-static wave
loads and impact loads will be made through the entire analysis within this chapter. This ap-
plies for the pressure on and just beneath the revetment.

Second, the maximum pressure induced by the waves on and just beneath the revetment (peak
pressure pmax) Will be analysed and formulae for its prediction will be developed.

Third, the location Zpm.x of the maximum wave-induced pressure (peak pressure pmax) as re-
lated to still water level (SWL) will be analysed and prediction formulae will be proposed.

Forth, the spatial distribution of wave-induced pressure on and beneath the revetment will be
analysed and formulae for their prediction will be derived.

Fifth, the rise time of the pressure and the load derivation as related to the period of the inci-
dent waves in deep water will be analysed and formulae for their prediction will be derived.

Finally, a summary of all proposed prediction formulae will be given, including a critical dis-
cussion of the results.

5.1 Definitions, wave load classification and parameterisation
(a) Reference pressure for pressure measurements

All measured pressures refer to the pressure induced by wave motion only, excluding hydro-
static pressure resulting from water depth h at still water level (SWL); i.e. before each test
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(still water level and no waves!) all pressure transducers are set to p=0. Although, hydrostatic
pressure po(x) depends on the local water depth h(x) (see Fig. 5.1).

po(X) =p-g-h(x) (5.1

According to Eq. (5.1), po(x <0) = 0 at the waterline (x = 0), and above (z<0) and shoreward
of the waterline (x < 0). Thus, the reference pressure for all measured pressure values is po(x)
according to Eq. (5.1). This applies for all pressure transducers on the slope surface, just be-
neath the revetment and in the sand beneath the revetment.

plolal = pwave + p() (X)
i i
—— X > >
) '

with |p(x) =p-g-h(x)

SWL ~~ SWL ~~

I
I

I

I

1

|

X |

|

|

|

h(x)

All Pressure Transducers (PT)
set to zero at still water level
(SWL), thus each PT recorded
only the wave-induced

pressure: p = Pyave

Fig. 5.1: Reference pressure po(x) for pressure measured at each PT

(b) Wave load classification

For the range of surf similarity parameters & tested (§ = 1.6 to 6.5 for irregular waves) two
loading cases were determined which are separated by a transition zone (Fig. 5.2):

* Impact load for § <2.5
» Transition zone for § =2.5-2.9
* Non-impact loads for § > 2.9

The surf similarity parameter & is related to the incident deep water wave parameters Hp,o and
Ly calculated with Ty,.1 0 (see Chapter 3, Eq. (3.3)).
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tan a

E=E,10= m

Impact )
loads Transition Non-impact
loads

zone \

1.6 25 2.9 6.6 ¢

Fig. 5.2: Wave load classification for waves at the ELASTOCOAST revetment

Remark:
For regular waves (range of surf similarity parameters: £= 1.7 to about 8), the transition
zone is wider (&= 1.6-2.6) than for irregular wave tests (see Annex D.3.1).

Due to the highly transient character of the transition zone and since the recorded pressure
values in this zone are generally between the values recorded in the two other zones, predic-
tion formulae will explicitly be developed for impact load and non-impact load, so that an
interpolation can be made for the transition zone.

(©) Parameterisation of impact load

The impact load induced by waves plunging on the slope is characterised by a pressure peak
of short duration (impact component) which is super-imposed by a quasi-static component
varying cyclicly with the wave motion on the slope (wave period T). This is shown in Fig. 5.3
which also depicts the definition of the maximum pressure pmax for the impact load compo-
nent and Psatimp for the quasi static load component.

I
201 impact component

T=wave period

v

10

[ kPa ]

422 424 426 428 430 432 434 436
Time [s]
Fig. 5.3: Definition of impact pressure and quasi-static component for breaking wave impact load
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The parameterisation of the impact load in the time domain is illustrated in Fig. 5.4. The dif-
ferent pressures and the time related parameters are defined separately for the impact load
component and the quasi-static load component in Fig. 5.4a. Both load components are ideal-
ised by two triangles (Fig. 5.4b), so that the entire pressure history for impact load can be

parameterized as illustrated by Fig. 5.4c:

« The impact component is described by three parameters: peak pressure pmax, rise time

ta and impact duration tp.

o The quasi-static component is also described by three parameters: peak pressure
Pstat,imp, 1S€ tiM€ tsatimp and load duration T which corresponds to the period of the in-

cident waves.

The same parameterization applies for the impact load beneath the revetment. The parame-
terization of the impact load in space is illustrated in Fig. 5.5 for pressure on and beneath the

Wave pressure on and just beneath the revetment

revetment.
25 < — =
a T X |‘ T >
ty - -
2 | Impact load Quasi-static load
15 : Pumax—Peak pressure Psmat,ilqupffak pressure
& ! tp=impact duration L, ~T1SC time
= E t,=rise time Prmax T=wave period
.5_: ' (load duration)
10 ,
3 e
0 :
1 tD
382.0 383.0 3840 3850 3860 38.'.-'.0 388.0 389.0 3900 3910 3920 39
Time [s]

(a) Time history of an impact pressure

Impact
component

O

Quasi-static
component

(b) Simplified time history

(W

pmax

Impact load
component

/

> 1) e
L —

p“a"“Al
.

Quasi-static
load component

t

stat,imp

jt——— T —

(c) Parameterized time history

Fig. 5.4: Parameterization of the pressure history for impact loads
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The pressure distribution on the revetment surface is described by five pairs of parameters (p,
z;); each pair provides the magnitude of the local pressure p; at elevation z; beneath SWL. It is
meaningful to relate the pressure p; at different locations along the slope to the maximum
peak pressure pmax, and the associated elevation z; to the location of the maximum pressure
Zpmax, thus providing five pairs of dimensionless parameters as shown in Fig. 5.5a. Similarly,
the wave pressure distributions just beneath the revetment is described by parameter pairs (pi',
zi'"), each pair providing the magnitude of the local pressure p;i', at point i' and the associated
elevation z;' beneath SWL. Relating the local pressure p;' to pmax (on the revetment surface)
and the associated elevation z;' to Zpmax Will provide four pairs of dimensionless parameters as
shown in Fig. 5.5b.

Still water level
SWL <

pmax

with z,=R ,,,

SWLz

No. 0 2 3 4
pi2’ /pm_gx pO' /pmgx p2' /pmgx p3' /pmgx p4' /pmgx:O
Zi2’ /anax ZO' /Zimn ZZ' /anax Z3' /anax Z4’ /anax

M —
with z, =R 50,

(b) Wave pressure just beneath the revetment

Fig. 5.5: Parameterization of wave pressure distributions on and beneath the revetment for impact load (see
also Fig. 5.4)
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(d) Parameterisation of quasi-static load (non-impact)

The quasi-static load induced by waves surging on the slope is characterized by pressure
cyclicly varying with the wave motion (wave period T), and is therefore similar to the quasi-
static load component following the impact load component in Fig. 5.4a. This is shown in
Fig. 5.6 which also depicts the pressure and the time related parameters. The static load is
idealised by a trapezoid (Fig. 5.6b), so that the entire pressure history for non-impact load can

be parameterized as illustrated by Fig. 5.6c:

The quasi-static load is described by four parameters: peak pressure p,__ =p,. ., Tise time

tstat.1, time till pressure decrease tga» and load duration T which corresponds to the period of

the incident waves.

| kPa |

(a) Time history of pressure for quasi-static load

@ Quasi-static load

(non-impact)

@ Quasi-static load

(non-impact)

P
tstat, stat
e
t
o« Stat2
e T—»

(c) Parameterized time history

(b) Simplified time history

Fig. 5.6: Parameterisation of the pressure history for quasi-static load
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The same parameterization applies for the non-impact load beneath the revetment. The
parameterization of the non-impact load in space is illustrated in Fig. 5.7 for the pressure on
and beneath the revetment.

The pressure distribution on the revetment surface is described by three pairs of parameters
(pi> zi), each pair providing the magnitude of the local pressure p; at elevation z; beneath the
SWL. It is meaningful to relate the pressure p; to the maximum peak pressure pma and the
elevation z; to the location of the maximum pressure Zpmax, thus providing three pairs of di-
mensionless parameters as shown in Fig. 5.7a. Similarly the wave pressure distributions just
beneath the revetment is described by pairs of parameters (pi', zi'), each pair providing the
magnitude of the local pressure p;', at point i' and the associated elevation z;' beneath SWL.
Relating the local pressure p;' to pmax (0n the revetment surface) and the associated elevation
zi' t0 Zpmax Will also provide three pairs of dimensionless parameters as shown in Fig. 5.7b.

SWLY Z; Ry,

Zy

No 0 3 4
pi/pmax 1 p3/pmax p4/pmax 0
Zi/meax 1 Z3/ meax Z4/meax

with z,=R .,
a) Wave pressure on the surface of the revetment

SWL 7

No. 0 3 4

pi2' /pmax pOv /pmax p3 /pmax p4v /pmax:O

'
2,z

s —
with z,=R ,,,

b) Wave pressure just beneath the revetment

Fig. 5.7: Parameterization of wave pressure distribution on and beneath the revetment for non-impact load (see
also Fig. 5.6)
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5.2 Maximum pressure on and beneath the revetment

The maximum (peak) pressure, together with its location along the slope (see section 5.3)
represents the key parameters since both are used as reference parameters for the calculation
of other pressures and their locations along the slope, and thus for the prediction of the entire
wave pressure distribution on and beneath the revetment (see Fig. 5.5). Therefore, this section
is primarily aimed at developing prediction formulae for maximum pressure by considering
both impact and non-impact load on and beneath the revetment.

5.2.1 Maximum wave pressure on the revetment

5.2.1.1 Pre-processing and preliminary analysis of pressure data

The maximum pressure for both impact and non-impact load is defined in Fig. 5.4 and
Fig. 5.6, respectively. The pressure data considered for the irregular wave tests are those re-
lated to Model Alternative B (Fig. 2.17). This is due to the early failure of Model Alterna-
tive A (Fig. 2.16), which was only tested for regular waves and the substitution of Model Al-
ternative A by Model Alternative C (Fig. 2.18), which could not include pressure transducers
on the revetment. The irregular wave tests were generally performed with 1000 waves per
test, including four tests with about 500 waves at a later stage. Therefore, the analysis is
mainly based on the pressure recorded on the revetment by pressure transducers PT26-PT34
(Fig. 2.17).

Before starting with the analysis, all data were carefully checked (e.g. removing the signals of
mal-functioning transducers and the first abnormal signals at the beginning of the tests) and
pre-processed (e.g. filtering and classification). The maximum pressure pmax = PmaxN consid-
ered in the analysis for each test with a duration of N-waves (N generally equal to 1000) is the
highest pressure recorded on the revetment over the entire time series.

The most common approach used in the analysis of wave pressures on sloped structures is to
consider a non-dimensional pressure

- p
P, = — (5.2)
p-g-Hy,

as a function of the surf similarity parameter &1 (see Eq. (3.3)). Instead of the surf similar-
ity parameter the deep water wave steepness (Ho/Ly) has also been used in few studies (e.g.
Stive, 1984). Both approaches were compared for all data in a systematic preliminary analysis
(Ludwigs, 2009) and as a result the approach using the surf similarity parameter as a govern-
ing factor is selected for the detailed analysis. Particularly for irregular waves, the surf simi-
larity parameter &y, 1o provides a better correlation with the pressure data than the wave steep-
ness Hy/Ly.
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Therefore, all pressure data Bmax =P.../PgH,, are plotted against &n.10 like in Fig. 5.8,

showing that the highest pressures generally occur for plunging waves with §n.19 <2 with
values up to pmax/pgHmo = 6 for Em.10 = 1.6 and an outlier of pmax/pgHmo = 7.5 for Em.10 =2.2.
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Fig. 5.8: Maximum pressure pu./pgHmo on the revetment against surf similarity parameter &, 1, for irregular
wave tests

For the range of tested &n.1 o-values (Em-1,0 = 1.6 - 6.6) and ignoring the outlier at &1 0=2.2, a
linear relationship (decreasing) for &p.j o-values from &1 = 1.6 to 2.5 seems to exist while
another linear relationship (increasing) prevails for &m.10> 2.9 . The intermediate &1 o-values
(2.5<€m-10<2.9) correspond to the transition zone as defined in Fig. 5.2. Expectedly, the data
in the impact load and transition zone (Em.10<2.9) are much more scattered than for the non-
impact load (Em-10>2.9). It is also seen from Fig. 5.8 that high relative pressure may occur for
very large &m.1 0-values, i.e. for large wave periods.

For a better understanding of the large pressure values which result for non-impact load with
large .10 the test with the largest &1 o-value (Em-1,0 = 6.6) is analysed in Fig. 5.9, showing
the maximum wave run-up/run-down (Fig. 5.9a) and the pressure time series in which the
maximum pressure pmax Occurred at pressure transducer PT28 (Fig. 5.9b). The maximum pres-
sure pmax occurs at pressure transducer PT28 with the highest wave run-up on the ELASTO-
COAST revetment as shown in Fig. 5.9a.
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Hydrostatic Pressure at PT28 @ Point in time Test 090610 01 (&m_1,0:6.6)
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b) Pressure time series with ppax for test 090610 01 with &1 o = 6.6 (non-impact load)

Fig. 5.9: Example for pressure values with large &,, | o-values (non-impact load)

Like the other pressure transducers PT28 was set to p = 0 before starting the test (SWL with-
out waves). Any variation of the surface elevation above PT28 is caused by wave motion:
“under pressure” p- for n lower than SWL and “excess pressure” p+ for 1| higher than SWL.
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At minimum wave run-down the pressure head is Ahg=0.40 m leading to an “under pressure”
p- =3.92 kPa ((1) in Fig. 5.9a) which corresponds to the maximum pressure p-=3.96 kPa re-
corded at PT28 ((1) in Fig. 5.9Db).

At maximum wave run-up the pressure head Ah,=0.41 m ((2) in Fig. 5.9a) corresponding to
the excess pressure p+ =4.01 kPa recorded at PT28 ((2) in Fig. 5.9b). As pmax 1s defined as
Prmax= | p+ | + | p- | a large pressure generally results for large &-values providing large run-up
and run-down.

Remark:

As compared to the results of regular wave test in Annex D the impact pressure values for
irregular wave tests are much lower and the scatter of the data is much less pronounced.

5.2.1.2 Maximum pressure on the revetment for impact load and transition zone

For the range of wave steepness (Hmo/Lo = 0.0025-0.0434) and surf similarity (Em.1,0= 1.6-
6.6) tested, both non-linear and linear functions were comparatively examined to fit the rela-
tive pressure data pma/pgHmo Within a systematic preliminary data analysis (Ludwigs, 2009).
As a result, a linear function between relative maximum pressure and surf similarity parame-
ter was favoured since (i) it provides the best fit and (i1) it is simpler than any non-linear func-
tion and more practical. Moreover, as will be seen in section 5.2.2, the maximum pressure
transmitted just beneath the revetment also linearly decreases with increasing &n.1 (for &-
range tested!), so that the same linear function can be used by only introducing a reduction
(damping) factor (Fig. 5.17).

The pressure data for both impact load (Em.10 = 1.6-2.5) and transition zone (Ep.10 = 2.5-2.9)
are plotted against the surf similarity parameter &1 in Fig. 5.10, resulting in the following
linear function for impact load (§m.10<2.5) with a coefficient of variation of ¢'=37.6%:

P _4e 4125 forl6<g, <25 (5.3)
p-g-H,

For the transition zone (En.1 0= 2.5 -2.9) a linear function is also adapted:

—Pue__056.¢, ,+3.7 for25<¢, ,,<2.9 (5.4)
p-g-Hy,

Remark:

Comparatively, in the range of surf similarity parameters tested for regular waves (é=1.2 —
8.0), a constant function is obtained for impact load (¢ < 1.6) and a linearly decreasing func-
tion is obtained for the transition zone (&= 1.6-2.6) (Annex D.3.3) providing much lower
Pmax/ 29Hm values than for irregular waves.
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Fig. 5.10: Formulae for the impact pressure pum./pgHmo on the revetment against surf similarity parameter &, 1 o
for irregular wave tests

5.2.1.3 Maximum pressure on the revetment for quasi-static loads

Quasi-static pressures for the non-impact load (Fig. 5.6), like the quasi-static component of
the impact load (Fig. 5.3 and Fig. 5.4), exhibit the same features and vary cyclicly with the
wave period. Therefore, the same relationship between psa/pgHmo and Em.10 1s expected to
apply for both types of loads for the entire range of &1 o-values tested. This is indeed the
case as shown by the results in Fig. 5.11, resulting in the following relationship:

P _068.2 , for29<g, <45 (5-5)
p-g-H,
and
Poa _41. Eoo+12 forg  >4.5 (5.6)
p-g-H,

It is suggested, however, to use Eq. (5.5) for &n.10> 2.9 since it is simpler and more conserva-
tive than using also Eq. (5.6) for &n.10> 4.5. The behaviour suggested by both equations (5.5)
and (5.6) better reflects the underlying physics (similar to wave run-up behaviour as a func-
tion of &1 0), but this is less important for engineering practice.
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Fig. 5.11: Quasi-static load ps./pgHmo on the revetment plotted against surf similarity parameter &, ¢

Remark:

Comparatively, for regular wave tests, a similar function is obtained providing 10-20% lower
peak pressure psiat/ 2gHm (See Annex D3.4).

5.2.2 Maximum pressure just beneath the revetment

5.2.2.1 Pre-processing and preliminary analysis of pressure data

The same procedure as for the maximum pressure on the revetment is applied (see sec-
tion 5.2.1). Because many of the transducers, installed just beneath the revetment of Model
Alternative B were malfunctioning, the analysis is based on the pressure recorded by pressure
transducers PT10-PT14 of Model Alternative C (Fig. 2.18). The same definition of the maxi-
mum pressure is also applied for both impact and non-impact load (Fig. 5.4 and Fig. 5.6). To
discriminate between the pressure on and beneath the revetment an index 2 (second layer of
pressure transducers) is added to the notations of the pressure (p;) and other parameters re-
lated to this second layer of transducers (Fig. 5.12).
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Fig. 5.12: Definition of index 2 for discriminiation between pressures measured on the revetment and just be-
neath the revetment

In a similar way as in Fig. 5.8, all pressure data Ez,max =D,ma / PEH,,, are plotted against &

10 in Fig. 5.13 for pressures beneath the revetment. Overall, more scatter than for the pres-
sures on the revetment can be noted. This particularly applies for the non-impact loading case.
Moreover, for impact loads (&m10<2.5) the peak pressure is substantially reduced
(P2.max/PgHmo = 3.7) as compared to the peak pressure in Fig. 5.8 (pmax/pgHmo = 7.5) while this
is not the case for the non-impact loads (§m.-1.0>2.9).
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Fig. 5.13: Peak pressure pa maxn/PEHmo just beneath the revetment plotted against surf similarity parameter &p,.1 0
for irregular wave tests

Remark:
As compared to the results of regular wave test in Annex D.3.2.1 the impact pressure values
for irregular wave tests are much lower and the scatter of the data is much less pronounced.
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Moreover, it is also important to examine exemplary for single events how the impact pres-
sure and the quasi-static pressure for non-impact load are damped by the revetment. For this
purpose, pressure signals recorded simultaneously on and beneath the revetment at the loca-
tions of the maximum pressure pmax as well as the associated pressure distribution are selected
which are typical for each loading case: impact load, transition zone and non-impact load. As
shown in Fig. 5.14-Fig. 5.16 regular wave tests were preferred for this purpose because (i) the
processes of interest are similar for regular and irregular waves and (ii) these processes are
simpler to identify and understand than for irregular waves:

e Impact load: single events simultaneously recorded at the pressure transducers where the
maximum pressure occurred on the revetment (PT7) and just beneath the revetment
(PT13) are depicted in Fig. 5.14 for &, = 1.22, showing that:

(1) The pressure of the impact load component is much more strongly damped (by
about 40%) than those of the quasi-static component (Fig. 5.14a).

(i1) The time shift between the occurrence of the peak pressure on and just beneath the re-
vetment is negligible small (At = 5-107s) so that for the engineering practice it can be
assumed the pressure on and just beneath the revetment occur simultaneously
(Fig. 5.14a).

(111) The pressure distribution just beneath the revetment is similar to that on the
revetment, but strongly damped in the impact zone and less outside the impact zone
(Fig. 5.14b).

e Transition zone: single events simultaneously recorded at the pressure transducers where
the maximum pressure occurred on the revetment (PT5) and just beneath the revetment
(PT12) are depicted in Fig. 5.15 for §y = 2.57, showing that:

(1) The pressures are much less damped (by ca. 20%) than those of the impact load. Sur-
prisingly the damping occurs at the “troughs” of the pressure signals while at the
’crest” almost no damping is observed.

(i1) The time shift between the occurrence of the peak pressure on and just beneath the re-
vetment is about one order of magnitude larger than for the impact load (At=0.03s),
but this shift is still extremely small and is therefore negligible for the engineering.

(i11) The pressure distribution just beneath the revetment is very similar to that on
the revetment and the damping which is relatively weak around the area of maximum
pressure becomes even weaker outside this area.

e Non-impact load: singe events simultaneously recorded at the pressure transducers PT5 on
the revetment and PT12 beneath the revetment are depicted in Fig. 5.16 for &)= 4.49,
showing that:
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(1) The pressures are less damped (by ca. 10%) than those in the transition zone. In con-
trast to the latter (see Fig. 5.15a) the damping occurs at the “crest” and not at the
“troughs” of the pressure signals.

(i) There is practically no time shift between pressure on and just beneath the revetment.

(ii1) The pressure distributions on and just beneath the revetment are similar. Since the
damping is very small (less than 10%), the same distribution can be adopted on and be-
neath the revetment.
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Fig. 5.15: Time series and pressure distribution for transition zone (§, = 2.57)
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Fig. 5.16: Time series and pressure distribution for non-impact load (&, = 4.49)
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5.2.2.2 Maximum pressure just beneath the revetment for impact load and transition zone

Like in section 5.2.2, the pressure data ps max/pgHmo for both impact load and transition zone
are plotted against surf similarity parameter &1 o in the same figure (see Fig. 5.10) in order to
compare directly both pressures on and beneath the revetment. The result is shown in
Fig. 5.17 which clearly illustrates that the peak pressure beneath the revetment ps max for im-
pact load can be described by the same linear function as for the pressures on the revetment
(Eq. (5.3)) by introducing a reduction (damping) factor of 60% (with a coefficient of variation
of 6'=19%):

p
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Fig. 5.17: Impact pressures pma/ PEHmo and pa.max/ pgHmo on and beneath the revetment against surf similarity
parameter &, for irregular wave tests

For the transition zone (2.5 < &n.1,0< 2.9) a linear function is adopted by considering that for
Em-1.0 > 2.9 (non-impact load) the pressure are transmitted beneath the revetment without any
noticeable damping (see also Fig. 5.18)

_Pome 058,402 for2.5<E, ,,<2.9 (5.8)
p-g-Hpy
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Remark:

Comparatively, in the range of surf similarity parameters tested for regular waves (é=1.2 -
8.0), a constant function is obtained for impact load (¢ < 1.6) and a linearly increasing func-
tion is obtained for the transition zone (&= 1.6-2.6) (Annex D, Fig. D.3.5) providing much
lower p2 max/ 09Hm values than for irregular waves.

5.2.2.3 Maximum pressure just beneath the revetment for quasi-static load

Since no noticeable damping of the quasi-static pressure by the revetment is expected, the
pressure data beneath the revetment are directly plotted on the same figure as for the pressure
on the revetment (see Fig. 5.11). The results are obtained in Fig. 5.18, showing that indeed no
noticeable damping occurs for the entire range of &1 o-values tested and that the maximum
pressure p2.max can be predicted by the same relationship as for the pressures on the revetment
(see Egs. (5.5) and (5.6)). For design purpose, it is more simple to use only Eq. (5.5) for the
entire range of tested surf similarity paramteres which is on the safe side.
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Fig. 5.18: Formulae for the quasi-static load py./ pgHme on and beneath the revetment against surf similarity
parameter &, for irregular wave tests
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Remark:

Comparatively, for regular wave tests, a similar function is obtained providing 20-25% lower
peak pressures (see Annex D, Fig. D.3.6).

5.2.3 Summary of results for maximum wave pressure

All the proposed formulae for the prediction of the maximum pressure for impact load and
non-impact load are summarized in Tab. 5.1.

Tab. 5.1: Summary of results for maximum wave pressure

Definition Pressure on the revetment Pressure beneath the revetment

Impact
n Do _ g 4125 (53) | P2 o640, ,+125] (57)
2 p-g-H, p-g-H, Y
V
s
V
°
ch E=surf similarity parameter
S . .
% Quasi-static component

iy

pstalt,imp
S| Non-impact pressure Poatimp _ _ 0.68 Posuting 0.68 5.5
o~ pact p ———=0.68-¢, ,, (55) en. ot (5.5
A p-g-H, p-g-Hy
W
Q9
<
2
3 T
g p
£ ttat,) st
& e
=]
Z

5.3 Location of maximum wave pressure on and beneath the revetment

As mentioned in the introduction of section 5.2, the location of the maximum pressure repre-
sents a key parameter in the parameterization of the pressure distribution on and beneath the
revetment (Fig. 5.5). It is therefore the primary aim of this section to develop formulae to pre-
dict the location of the maximum (peak) pressure beneath still water level (SWL). In contrast
to section 5.2 and as shown by previous studies (e.g. Schiittrumpf, 2001 and Klein Breteler,
2007) there is no need to distinguish between the different loading cases for the analysis. Dis-
crimination is required only between the pressures on and beneath the revetment.
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5.3.1 Location of peak pressure on the revetment

5.3.1.1 Preliminary Analysis

Previous studies have generally used the wave steepness (Ho/Lo) or the surf similarity pa-
rameter (§) as a governing factor to analyse the non-dimensional elevation of the maximum
(peak) pressure beneath still water level (SWL):

- V4

Zpmax = I_pimax (59)

m0

A preliminary analysis using the two approaches has shown that there were no significant
differences (Ludwigs, 2009). Since for the analysis of the maximum pressure, the surf similar-
ity parameter & was adopted as the governing parameter (see section 5.2.1), the same ap-
proach is therefore also used for the analysis of Zymax/Hmo.

The data of the location of peak pressure z,max/Hmo are plotted against surf similarity parame-
ter Em1o in Fig. 5.19, suggesting that either a steady tanh-function as proposed by
Schiittrumpf, 2001 for smooth impermeable slopes or two linear functions proposed by Klein
Breteler, 2007 with a transition at &n,.;0=3.2 are appropriate for data fitting. Therefore, both

z
approaches will be used to derive the prediction formulae % =1(&, 1) -

m0
3 I \ — \ \ \
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Fig. 5.19: Location of the maximum pressure on the revetment Zym,x/Hpo against surf similarity parameter &p,.1 o
for irregular wave tests
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Remark:

Comparatively, a similar behaviour is observed for regular waves but with larger scatter of
the data than for irregular waves (see Annex D, Fig. D.3.7).

5.3.1.2 Prediction formula using Schuttrumpf’s approach

The zymax/Hmo-data are plotted against surf similarity parameter &n.1o in Fig. 5.20, showing
that the prediction formula for the ELASTOCOAST revetment can simply be obtained by mul-
tiplying Schiittrumpf’s formula for smooth impermeable slopes:

z .
%:o.sm.&tan(z_,—z.l) (5.10)

m0

by a constant amplification factor (= 1.3). As a result the following formula is obtained
(0'=22.9%):

V4
Zomx _13.[0.840.6- tan(E —2.1)] (5.11)
HmO
’ H,, ,L | | |
Z mo »Lo B _13.[0.8+40.6-tan(E~2.1)] 1
25L|h \ Qo - S 6'=22.90% (ELASTOCOAST) | --- -~ I pa—
! | |
| tan o : : :
2e=e, = e e dooe - SRR SEEEEE -
m-1,0 HmO/LO : : ° ° :’ e® o
T | e 8 o
N D S o o S S
[ — :
S G L
l
|
I - s e
|
l
| o Zomax _ 0 840.6- tan(& - 2.1)
0‘57777777777#7:”:’;"7. T ) m0
- ® ! (Schiittrumpf*s formula for smooth
| I impermable slope)
| | T
I I I I
00 1 2 3 4

surf similarity parameter §_ , ,

Fig. 5.20: Prediction formula for the location of peak pressure on the revetment z,n./Hmo against surf similarity
parameter &, o using Schiittrumpf’s approach

Remark:

As for the regular wave tests the difference between Schittrumpf’s formula and the prediction
formula for the ELASTOCOAST revetment is much less (amplification factor of 1.15 instead
of 1.3) see Annex D, Fig. D.3.8.
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5.3.1.3 Prediction formula using Klein Breteler’s approach

Using Klein Breteler’s approach (Eq. (5.12)) is less straightforward because the prediction
formula for the ELASTOCOAST revetment cannot be simply obtained by introducing an am-
plification factor.

z  (045-£2-03
L™ = min e (5.12)

The results are plotted in Fig. 5.21, showing indeed that the transition between the two func-
tions 1S &m-10=3.2 for ELASTOCOAST (instead of &1 0=4.45 in Klein Breteler’s formula) and
that the second function increase linearly with increasing &n,.10 (instead of being constant in
Klein Breteler’s formula). As a result the following prediction formulae are obtained
(0'=15.57%):

Zow . [(0.7-£-0.6
H—:mln 02-£+1.0 forl.6<§_,,<6.6 (5.13)
. + .
mo : :
3 l \
Zp HmO ,LO | | | |
max,N | | |
H., z = % Izpmax - [Zem =min(0'7.§_0.6j : : .
250 V\a ——+{H, 02:8+1.0 )|~ - Lo
i ' |o'=15.57% ; ;
‘ | | [(ELASTOCOAST) | ‘
- L T TN ! !
2 a:E.!mflo = :
|
\1\
T e e P —
. Pl 2 max . (0.45-£-0.3
- [ —/== = min
,,,, : m0 17
T St + - - —|(Klein Breteler's formula) |- — -~ ____ __|
: : l l
: : : :
PN R L [ [ L]
: : : : :
| | | | |
| | | | |
| | | | |
0 \ \ \ \ \ \
0 1 2 3 4 5 6 7
surf similarity parameter £,

Fig. 5.21: Prediction formula for the location of peak pressures on the revetment z,ma/Hmo against surf similarity
parameter &, o using Klein Breteler’s approach

For engineering practice the formula based on the approach by Klein Breteler (Eq. (5.13) and
Fig. 5.21) would be more favoured since it is simpler and more conservative than the formula
based on Schiittrumpf’s approach.
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Remark:

As for the regular wave tests the difference between Klein Breteler’s formulae and the predic-
tion formulae for the ELASTOCOAST revetment is not significant for smaller &values, but
strongly increases for larger & -values (see Annex D, Fig. D.3.10).

5.3.2 Location of peak pressure beneath the revetment

5.3.2.1 Preliminary analysis

Like for the location (zymax/Hmo) of the peak pressure on the revetment in Fig. 5.19, the data
Zypmax/Hmo are plotted against surf similarity parameter &y, 1 for the peak pressure beneath the
revetment, thus providing the results in Fig. 5.22. Like in Fig. 5.19, it shows that the transi-
tion is also around &1 0=3.2, but the scatter of the data is larger with an outlier at &y, 0= 2.4.
The zypmax/Hmo values are also larger, i.e. the location of the peak pressure beneath the revet-
ment is at a lower elevation beneath still water level (SWL) than the location of the peak
pressure on the revetment.

4 \ [ \ \
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H , m-1,0 H /L | o | |
mo mo/ o f e oo [ a4 [H
33 ; : a e
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2Sf - .- e
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2F——————~ A [l Tl Bl Sl e e
l l o l l
l l MY l l
l5"7"7"7}"7"7"}7.7‘.7‘7'7T‘f72""""""""""""} 77777777 o
l See % | l l
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05t 2 W g
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0 1
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surf similarity parameter §_ ,

Fig. 5.22: Peak pressure location z pma/Hmo beneath the revetment against surf similarity parameter &, 1o for
irregular wave tests

5.3.2.2 Prediction formula using Schuttrumpf’s approach

The Zpmax/Hmo data are plotted in Fig. 5.23 in a similar way as in Fig. 5.20, resulting in a pre-
diction formula which is simply obtained by multiplying Schiittrumpf’s approach (Eq. (5.10))
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by the constant amplification factor 1.55 (instead of 1.3 for the peak pressure on the revet-
ment). The proposed formula for the location of the peak pressure just beneath the revetment
1s (0'=22.9%):

Z
% =1.55-[0.8+0.6- tan(§ - 2.1)] (5.14)
mo0
or
Zopma _ q o Zpmx (5.15)
HmO HmO

Eq. (5.15) means that the peak pressures underneath the revetment are located about 20%
lower than the peak pressures on the revetment.
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Fig. 5.23: Location the peak pressures on (Z pmax’Hmo) and beneath the revetment (z; pmax/Hmo) plotted against surf
similarity parameter &, ;o and comparison to Schiittrumpf’s approach

Remark:

As for the regular wave tests the difference between the location of the peak pressure on and
beneath the revetment is about 40% instead of 20% for irregular waves (see Eq. (5.15)); i.e.
for regular waves the location of the peak pressures beneath the revetment is generally lower
than for irregular waves while the location of the peak pressures on the revetment is slightly
higher (see Annex D, Fig. D.3.9).
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5.3.2.3 Prediction formula using Klein Breteler’s approach

Plotting the Zpmax/Hmo-data for the peak pressures beneath the revetment in the same way than
in Fig. 5.21 (peak pressure on the revetment), the result in Fig. 5.24 is obtained. showing that
the following prediction formulae can be derived for the ELASTOCOAST revetment by multi-
plying the obtained prediction formulae for the location of the peak pressure on the revetment
(Eq. (5.13)) by an amplification factor 1.2 in the same way as in Eq. (5.15). As a result the
following prediction formula is obtained (¢' = 23.02%):

0.7-&—0.6} 5.16)

\
Pmax, z tano. | e
al . I;h : : &Z@,,Ho_ 0 /L : .................
H mo z " : : e = .
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X e
2H|z 0.7-£—0.6 B i R bo—m - —
—% =1.2-min S * e ! !
Hmo 0.2 ‘ta +1 \ * | |
o'=23.02% T e e T T L\ l
L5~~~ S S A =t on ELASTOCOAST revetment:[ =~ ~ 7|
i g i T _ min(o.ra—o.())
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L TG D S AN T o'=15.57% .
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Fig. 5.24: Location of peak pressure beneath the revetment z, pma/Hmo plotted against surf similarity parameter
&m-1.,0 and comparison to Klein Breteler’s approach

The formula based on Klein Breteler’s approach (Egs. (5.16) and Fig. 5.24) is favoured for
design purpose, since it is more practical and more conservative than the formula based on
Schiittrumpf’s approach (Eq. (5.14) and Fig. 5.23).

Remark:

As for the regular wave tests the difference between the location of the peak pressure on and
beneath the revetment is about 40% instead of 20% for irregular waves (see Eq. (5.16)); i.e.
for regular waves the location of the peak pressure beneath the revetment is generally lower
than for irregular waves while that of the peak pressure on the revetment is slightly higher
(see Annex D, Fig. D.3.11).
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5.3.3 Summary of results regarding the location of maximum pressures

All the proposed formulae for the prediction of the location of the peak pressure beneath still
water level are summarized in Tab. 5.2 for the pressures on and just beneath the revetment.

No distribution needs to be made explicitly between impact and non-impact load.

Tab. 5.2: Summary of results regarding the location of maximum pressures

Pressure on the revetment Pressure beneath the revetment
SWLyz /I
_______________ g
Schiittrumpf’s approach: Schiittrumpf’s approach:
%:1.3~[0.8+0.6~tan(§—2.1)] (5.11) 22"::" =1.55-[0.8+0.6- tan(§ —2.1)] (5.14)
Klein Breteler’s approach: Klein Breteler’s approach:
%zmm(g;ziﬁ (5.13) 2"::* ~12 min(g;z;? 6) (5.16)

As already mentioned above Egs. (5.13) and (5.16) would be favoured for design purpose.

5.4 Pressure distribution on and just beneath the revetment

The distributions of the wave-induced pressure on and just beneath the revetment are impor-
tant for the calculation of the resulting wave loads on the entire revetment. As shown in
Fig. 5.5 the pressure distribution for impact loads on the revetment is described by five pairs
of parameters (pi, z;) while the pressure distribution beneath the revetment is described by
four pairs of parameters (pi', z'), each parameter pair representing the magnitude of the local
wave pressure p; (pi') at point i (i) with the elevation z; (z;") beneath still water level (SWL).
For non-impact loads only three parameter pairs are needed to describe the pressure distribu-
tion on and beneath the revetment (Fig. 5.7). Prediction formulae for the maximum (peak)
pressure (pmax) on and just beneath the revetment as well as for the associated location (Zpmax)
beneath SWL have been determined for both impact and non-impact loads in sections 5.2 and
5.3, respectively. As mentioned in section 5.1, the two parameters (Pmax, Zpmax) build the refer-
ence parameters to which the remaining parameters of the pressure figure in Fig. 5.5a and
Fig. 5.5b are related. It is therefore the aim of this section to derive formulae for the predic-
tion of the remaining parameters (p;, zi) for the pressure distribution on the revetment and (p;,
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z;") for the pressure distribution beneath the revetment in order to fully describe the pressure
figure on (Fig. 5.5a and Fig. 5.7a) and beneath the revetment (Fig. 5.5band Fig. 5.7b) for both
impact and non-impact loads.

5.4.1 Pressure distribution on the revetment

5.4.1.1 Preliminary analysis

The pressure signals recorded at different locations on the revetment for impact loads are ex-
emplary shown in Fig. 5.25 for Hyno=0.98 m, Ty 10=2.99 s and h = 3.60 m. Fig. 5.25 illus-
trates that not only the magnitude of the peak pressure, but also the type of wave load and
thus other features of the pressure signals also differ, depending on the location considered.
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Fig. 5.25: Recorded pressure signals at transducers on the revetment for impact load (&1 0<2.5)

The pressure signals recorded at different locations on the revetment for non-impact loads are
exemplary shown in Fig. 5.26 for Hyo=0.59 m, T.10=7.98 s and h=3.90 m, to illustrate
that in contrast to the impact load in Fig. 5.25, the features of the pressure signals do not no-
ticeably vary from location to location.
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Fig. 5.26: Recorded pressure signals at transducers on the revetment for non-impact load (§,.1,0>2.9)

In order to get a better insight in the range of variation of the pressure figure on and beneath
the revetment from test to test, the pressure distributions recorded at the transducer on the
revetment were first plotted for several irregular wave tests by discriminating between impact
loads, including transition zone (1.6<Ep.; ¢<2.9) and non impact loads (Em-10>2.9).

(a) Impact load (and transition zone)

As illustrated by Fig. 5.27 for the pressure distribution on the revetment, the variation of the
pressure figure for impact load (§m.10<2.5) is surprisingly much smaller than initially ex-
pected. The “outliers” in Fig. 5.27 rather belong to the transition zone (2.5< &m.1,0<2.9) which
is indeed associated with the largest variations.
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Fig. 5.27: Spatial pressure distribution on the revetment for impact load and transition zone (irregular waves)

The result in Fig. 5.27 therefore supports the parameterisation proposed in Fig. 5.5a for im-
pact load. This will be shown more clearly in section 5.4.1.2.

Remark:

A similar figure plotted for regular waves (see Annex D, Fig. D.3.12) shows less variation of
the pressure figure from test to test and supports even more the proposed parameterization in
Fig. 5.5a.

Moreover, the threshold &n.10=2.9 between the two basically different types of wave loads
(impact and non-impact ) is also supported by examining the pressure figures recorded for
Em-1.0=2.9. As shown in Fig. 5.28 for two selected tests with &£x.10~2.9 both types of loads
may occur: the upper pressure figure is typical for non-impact load shape (triangle) while the
lower pressure figure is rather typical for an impact load shape (triangle followed by different
linear pressure distributions seaward and landward).
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Fig. 5.28: Spatial pressure distribution on the revetment for &, ¢=2.9 for irregular waves

(b) Non-impact load

Plotting in non-dimensional form the pressure distribution on the revetment for non-impact
loads (Em-10>2.9) in a similar manner as for the impact load in Fig. 5.27, the result in Fig. 5.29
i1s obtained showing that the pressure figure for all tests can indeed be approximately de-
scribed by a simple triangle. This supports the parameterization of the non-impact pressure
distribution on the revetment as proposed in Fig. 5.7a. This will be seen more clearly in sec-
tion 5.4.1.3.

p 1

Prax 0.9
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Fig. 5.29: Spatial pressure distribution on the revetment for &, ¢>2.9 for non-impact load (irregular waves)
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Remark:

A similar figure plotted for regular waves (see Annex D, Fig. D.3.15) also shows that a sim-
ple triangular shape for non-impact load can be adopted, but the variation of the pressure
figures is surprisingly much larger than for irregular waves.

5.4.1.2 Parameterized pressure distribution on the revetment for impact loads (&n-1,0<2.5)

For impact loads (Em.10<2.5) the pressure distribution induced by irregular waves on the re-
vetment has been analysed (see section 5.2 and Ludwigs, 2009). The results may be summa-
rized in Fig. 5.30 and Fig. 5.31.

It is shown in Fig. 5.30 that the resulting pressure figure is described by five points (0, 1, 2, 3,
4) connected linearly ( 01,02, 24 and B). Seawards of point 3 the wave pressure contin-

ues to decrease linearly at the same rate while shoreward of point 2 the wave induced pressure
decreases linearly up to ps=0 at maximum run up. The linear connections of points 0, 1, 2, 3
and 4 are resulting in the parameterized pressure distribution as shown in Fig. 5.31. It can be
seen that all pressure p; are normalized by the maximum (peak) pressure pmax for which a pre-
diction formula has already been determined in section 5.2.1.2 (Eq. (5.3) and Fig. 5.10) which
is again provided here:

P imax =—4-§ ,+12.5 forl.6<& ,<2.5 (5.3)
prg-Hpy

The associated locations z; as related to still water level (SWL) are normalized by the location
of Z,max Of the maximum (peak) pressure pmax for which prediction formulae have been pro-
posed in sections 5.3.1.2 and 5.3.1.3 (Eq. (5.11) and Fig. 5.20 as well as Eq. (5.13) and
Fig. 5.21). For instance, if prediction formula according to Schiittrumpf’s approach is adopted

(Eq. (5.11)):

z
= 1.3:[0.840.6-tan(¢—2.1)] forl.6<&  <2.5 (5.11)

mO

pmax

_ —(z/zpmax )

Fig. 5.30: Pressure distribution on the revetment for impact loads (&,,.10<2.5)
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Fig. 5.31: Parameterized pressure distribution on the revetment for impact load (&, 10<2.5)

Moreover, the wave run-up formulae for &, 1 (<2.5 proposed in section 4.1 are also needed to
determine the location of point 4 while the pressure becomes zero (ps+=0):

R,
_HHM =0.54:[1.65-¢,,,] for Model Band C (4.7)

m0

The non-dimensional coordinates (pi/Pmax, Zi/Zpmax) Of points 0-4 in Fig. 5.31 can then be de-
termined as follows:

Point 0: P =10 with -2 =1.0 (5.17)
pmax meax

Point1: 21 =0.5 with 21— =—1.5 (5.18)
pmax meax

Point2: P2 —04 with—2— =06 (5.19)
pmax meax

Point3: -2 =04 with—2—=-3.0 (5.20)
pmax meax

Point4: P4 200 with 2 = Rume (5.21)
p max Zp max z pmax

All formulae required to determine the five parameter pairs (pi/Pmax, Zi/Zpmax) Which fully de-
scribe the pressure distribution on the revetment for impact load (Em.10 <2.5) according to
Fig. 5.31 are summarized in Tab. 5.3 in section 5.4.3.
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Remark:

Similar results with slight differences are also obtained for regular waves as shown in
Fig. D.3.14 and section D.3.4.1 in Annex D.

5.4.1.3 Parameterized pressure distribution on the revetment for non-impact loads
(&in-1,6>2.9)

For non-impact loads (Em-1,0>2.9) the pressure distribution induced by irregular waves on the
revetment have been analyzed in a similar way as for the impact loads in section 5.4.1.2. The
results are summarized in Fig. 5.32 and Fig. 5.33.

As shown in Fig. 5.32 the resulting pressure figure on the revetment for non-impact loads can
be described by a triangle defined by three points 0, 3 and 4. The location of ps=0 corre-
sponds to the maximum wave run-up Ry,¢. Seawards of point 3 the pressure continues to
linearly decrease at the same rate as between point 0 and point 3. Based on this result the pa-
rameterized pressure distribution shown in Fig. 5.33 is proposed.

3 25 2 1. 1 0.5 0 0.5 1
— =~
(z 1 Z o ) N,

Fig. 5.32: Pressure distribution on the revetment for non-impact loads (£>2.9)
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Fig. 5.33: Parameterized pressure distribution on the revetment for non-impact load (&,,.1,6>2.9)
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As for the impact load in section 5.4.1.2 the pressure p; are normalized by the maximum pres-
sure pswt for which prediction formulae have been determined in section 5.2.1.3 (Egs. (5.5)
and (5.6) as well as Fig. 5.11):

Pya  _ 0.68- ‘};m—l,o for va_l’o <4.5 (5.5)
p : g ' HmO
Py _ 041-6, ,+1.2 forg,  , >4.5 (5.6)
p : g ' HmO

The associated locations z; as related to still water level (SWL) are normalized by the location
of the maximum pressure ps.s beneath SWL for which the same formulae as for impact load
are applied (see section 5.4.1.2). To determine the location of point 4 the wave run-up formu-
lae developed in section 4.1 (Fig. 4.4 and Eq. (4.8)) for Model B have been applied for
&m-1,0>2-9:

R 5 .
HuM - 0.77.[4.0_ LS ] for Model B and C (4.8)

\[ E.’m—l,O

The non-dimensional coordinates (pi/pPstat, Zi/Zpmax) Of the three points 0, 3 and 4 in Fig. 5.33
can then be determined as follows:

m0

Point 0: ¢ —1.0 with 22 =1.0 (5.22)
pstat meax
Point3: 13- =0.4 with—2—=-2.6 (5.23)
pstat meax
. P, . Zy R
Point4: —=0.0 with ——=—t% (5.24)
p stat z pmax Zp max

Remark:
For comparison with the results of regular wave tests see section D.3.4.2 in Annex D.

5.4.2 Pressure distribution beneath the revetment

5.4.2.1 Preliminary analysis

The pressure signals recorded at different locations beneath the revetment for impact loads are
shown in Fig. 5.34 for the same wave as in Fig. 5.25 in order to illustrate how the impact
pressures are damped through the porous revetment and how the features of the pressure his-
tories at different locations are modified just beneath the revetment. In addition, the signals of
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the pressure transducer PT32 on the revetment is also shown in order to illustrate how the
signal is damped and smoothed through the ELASTOCOAST revetment as recorded just be-

neath by PT38.
o1PT32 A. oL PT35 damaged | L LPT36 |

N / \ N N
4 4 4
, ) \/\\ . . //\AyH
N ——
432.0 432.5 433.0 433.5 434.0 432.0 432.5 433.0 433.5 434.0 432.0 4325 4330 4335 4340
Time [s] Lne.ls] Time [s]

PT37 PT38

I\

[ kPa ]
[ kPa ]
e

\//“\
0 —
7 R S Hpp=0.98 m
432.0 4325 433.0 433.5 434.0 432.0 4325 433.0 433.5 434.0 h:3 60 m
Time [s] Time sl .

Fig. 5.34: Recorded pressure signals at transducers beneath the revetment for impact loads (&m.10<2.5)

The pressure signals recorded at different locations beneath the revetment for non-impact
loads are shown in Fig. 5.35 for the same wave as in Fig. 5.26. In addition the pressure signal
of PT32 on the revetment is added for comparison with PT38 directly underneath, showing
that in contrast to the impact load in Fig. 5.34 almost no damping occurs.

In the same manner as for the pressures on the revetment (section 5.4.1.1), the pressure distri-
butions beneath the revetment are also plotted for several irregular wave tests by discriminat-
ing between impact load and non-impact load.

PT32 T PT35 damaged PT36
/ \ i N N

ARG INWARRY/

— i L\ \J

752 754 756 758 750 752 754 756 758 760 750 752 754 756 758 760

Time [s] Time [s] Time [s]
PT37

NI \P@ /N

WiERW

\_‘ \.‘ : p—— N H,,0=0.59 m

Tm_1,0:7.898
750 752 754 756 758 760 750 752 754 756 758 760
Time [s] Time [s] h=3.90 m

[ kPa ]
[ kPa ]
[ kPa ]

[ kPa ]

~ ]
~ ]
[ kPa ]

Fig. 5.35: Recorded pressure signals at transducers beneath the revetment for non-impact load (&;,,.1,0>2.9)
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(a) Impact load

Like in Fig. 5.27 for the pressure distribution on the revetment, the pressure distributions re-
corded at the transducers beneath the revetment are plotted in Fig. 5.36, showing less variabil-
ity from test than the pressure distribution in Fig. 5.27. The results in Fig. 5.36 also strongly
support the parameterization proposed in Fig. 5.5b for the pressure distribution just beneath
the revetment (see also section 5.4.2.2)

P 1

PZ

,max

2
—(Z/Z

p2,max )

Fig. 5.36: Spatial pressure distribution beneath the revetment for impact loads and transition zone (irregular
waves)

Remark:

For comparison with regular wave tests see Fig. D3.13 in Annex D which also supports the
parameterization proposed in Fig. 5.5b.

(b) Non-impact load

Like for the non-impact load in Fig. 5.29, the pressure distribution beneath the revetment for
non-impact load are plotted for several tests in Fig. 5.37, also showing that the pressure figure
can be approximated by a single triangle for all tests. This result also supports the parameteri-
zation of the non-impact pressure distribution beneath the revetment as proposed in Fig. 5.7b.
(see also section 5.4.2.3).
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Cm1.072-6f1

85 2 -1.5 -1 05 0 0.5 1
_(Z/Zp2,max>
Fig. 5.37: Spatial pressure distribution beneath the revetment for &, ,0>2.9 for non-impact loads (irregular
waves)
Remark:

For comparison with regular wave tests see Fig. D3.16 in Annex D showing more scatter
than Fig. 5.37 but still supports the parameterization proposed in Fig. 5.7b.

5.4.2.2 Parameterized pressure distribution beneath the revetment for impact load
($m-1,0<2.5)

Plotting the pressure distribution beneath the revetment for impact load on the same figure as
for the distribution on the revetment (Fig. 5.30), the result is shown in Fig. 5.38.

It is seen that the pressures within the impact area are substantially damped when transferred
just beneath the revetment and that the pressure figures beneath the revetment are slightly
shifted downwards. Based on this and further similar results with regular wave tests the pa-
rameterized pressure distribution in Fig. 5.39 is proposed.

ELASTOCOAST Report - 87 - January 10




b= ;},* "\/. / Chapter 5
| Wave pressure on and just beneath the revetment

(o]

Fig. 5.38: Pressure distribution on and beneath the revetment for impact load (&;,.1 0<2.5)

* p, =0
p,'=04 -, =
e 320 Po =0.6 p, 0.4~. 24':_M_0'2 max. run-up R,

|ZO':‘,_1-2| |Z21':—0.8|. "0,' meax I
| A4 I V I he »

Fig. 5.39: Parameterized pressure distribution beneath the revetment for impact loads (&m.10<2.5) (see Fig. 5.31
for comparison)

Remark:

For comparison with regular wave tests see Fig. D3.14 in Annex D which also supports the
parameterization proposed in Fig. 5.7a.

The pressures po', p2', p3' and p4' are normalized by the maximum (peak) pressure pmax on the
revetment which is predicted by Eq. (5.3). The associated locations related to still water level
(SWL) z¢', z,', z3' and z4' are normalized by the location of the peak pressure on the revetment
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Zpmax Which 1s predicted by Eq. (5.11). As shown by the findings in section 5.2.2 the peak
pressure pmax 18 damped by a factor of 0.6 beneath the revetment (see Eq. (5.7)) so that the
peak pressure po' beneath the revetment is:

P _pg (5.7)
plTlElX

Outside the impact zone, the damping of the pressure is smaller and decreases for increasing
distance from the impact point. As shown by the findings in section 5.3.2 the location of the
impact pressure beneath the revetment shifted downwards by a factor of 1.2 (see Eq. (5.15)),
so that the location of the peak pressure zy' beneath the revetment is:

1

Zy

=-12 (5.15)

Zp max

Based on these findings and the results of the analysis of the pressure figures of all irregular
wave tests for impact loads, the parameters describing the pressure distribution beneath the
revetment in Fig. 5.39 may be summarized as follows:

' '
Z, __

Point0': 20 =0.6 with 12 (5.25)
pmax meax
Point2': P2 =04 with 22— =-0.8 (5.26)
pmax meax
Point3': 3 =04 with 2 =-32 (5.27)
pmax meaX
1 1 R .
Point4': 24 —0.0 with 24— =% () (5.28)
pmax meax meax

Remark:

For comparison with regular wave tests see section D.3.4.1 in Annex D showing slight differ-
ences the results of irregular wave tests.

5.4.2.3 Parameterized pressure distribution beneath the revetment for non-impact loads
(5m-1,0>2-9)

Plotting the pressure distribution beneath the revetment for non-impact load on the same fig-
ure as for the distribution on the revetment (Fig. 5.32), the result is shown in Fig. 5.40.
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pmax

Fig. 5.40: Pressure distribution on and beneath the revetment for non-impact load (&1 0>2.9)

It is seen that the maximum pressure psi is only slightly damped when transferred just be-
neath the revetment and that the pressure figures beneath the revetment are slightly shifted
downwards. Based on this and similar results for regular wave tests the parameterized pres-
sure distribution in Fig. 5.41 is proposed.

o
%

S

max. run-up R,

pmax

Fig. 5.41: Parameterized pressure distribution beneath the revetment for non-impact load (&m.10>2.9) (see
Fig. 5.33 for comparison)

The pressures po', ps' and p4' are normalized by the maximum (peak) pressure pswe on the re-
vetment which is predicted by Eq. (5.5) for &m.10<4.5 and by (5.6) for Em.1,0>4.5. The asso-
ciated locations z; as related to still water level (SWL) are normalized by the location z,max of
the maximum pressure psie beneath SWL for which the same formulae as for impact load are
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applied (see section 5.4.1.2). As shown by the findings in section 5.2.2 the peak pressure pstat
can be assumed as not damped beneath the revetment so that the peak pressure py' beneath the
revetment is:

Do 10 (5.29)
pstat

As shown by the findings in section 5.3.2, the location of the impact pressure beneath the re-
vetment has shifted downwards by a factor 1.2 (see Eq. (5.15)), so that the location of the
peak pressure z,' beneath the revetment is:

1

Zy

=-12 (5.15)
V4

pmax

Based on these findings and the results of the analysis of the pressure figures of all irregular
wave tests for non-impact load, the parameters describing the pressure distribution beneath
the revetment in Fig. 5.39 may be summarized as follows:

' 1

Point 0': P =10 with 20— =—1.2 (5.30)
pstat meax
Point3': 22 =04 with 32— =238 (5.31)
pstat meax
1 1 R )
Point4': P4 —0.0 with 24— =——u2% () (5.32)
pstat meax meax

Remark:

For comparison with regular wave tests see section D.3.1.7 and section D.3.4.2 showing that
the differences are relatively small.

5.4.3 Summary of results pressure distribution

All the proposed formulae for the prediction of the parameters which are required to describe
the parameterized pressure distribution on and beneath the revetment for impact load in
Fig. 5.5 and non-impact load in Fig. 5.7 are summarized in Tab. 5.3.
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Tab. 5.3: Summary of results location of maximum pressure

Impact load (1.6<€m.1,0<2.9)

Non-impact load (¢m-1,0>2.9)

Point0: -2 =1.0 with—2—=1.0 (5.17) | Point0: P —1.0 with 22 =1.0 (5.22)
p max Zp max pstat Zp max
U oz U 7y
Point1: ——=0.5 with =-1.5 (5.18) | Point3: ——=0.4 with =-2.6 (5.23)
- p max z pmax p stat Zp max
c
£ R
&l Point2: 2 =04 with—2-=-06  (5.19) | Point4: P4 =00 with 22— ="u2  (524)
é pmax z p max p stat z pmax z pmax
(3]
< ith:
Sl point3: =04 with—2—=-30  (520) |
o pmax meﬂX R
o wv 1.5 for Model
> . . R . TS _0.77~[4.0——§ } B and C 4.8)
| Point4: —-=0.0 with —— = 2% (5.21) mo m-1,0
E pmax pmax meax
with:
Ru %
H—;:0.54-[1.65-§m71’0] for Model B (4.7)
: 1. pO'_ : ZO' _ : ', pO'_ s ZO' _
| Point0': ——=0.6 with =-1.2 (5.25) | Point0': ——=1.0 with =-1.2 (5.30)
g p max z pmax p stat z pmax
g 1 Al ' Al
2| Point2': P2 -04 with-2-=-08  (5.26) | Point3": =04 with 22— =28 (531)
= pmax meax pstat meax
[«5]
E ' ' 1
£l Point3': =04 with 2-=-32  (527) | Point4': P+ =00
Z
8 pmax pmax pstat (532)
g ] th 24' _ Ruz% 02
2| Point4: P00 M oz
§ ’ pmaxR (528)
1.
O| with 24 =——u2_(2
pmax meax
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5.5 Parameters for pressure time histories on and beneath the revetment

Based on the parameterization of the pressure time histories proposed in section 5.1, a pre-
liminary analysis of irregular and regular wave tests was performed to determine all the pa-
rameters which are required to describe both fundamental load cases in the time domain
(Ludwigs, 2009):

(1) The impact load (see Fig. 5.4): ta; tp; tsutimp; Pmax and Pstatimp fOr the pressure on the
revetment. Associated parameters used for the pressure beneath the revetment are ta;
t2D; t2stat,imp; Pmax,2 and p2stat,imp-

(ii) The non-impact load (see Fig. 5.6): tyat.1; tsta2 and psie for the pressure on the revet-
ment. Associated parameters used for the pressure beneath the revetment are tygati;

t2stat,2 and Pstat,2-

The results of the preliminary analysis (Ludwigs, 2009) have shown that for the determination
of the pressure parameters in the time domain, a discrimination between the pressure on and
beneath the revetment is required only for pmax (see impact load parameterization in Fig. 5.4),
since pmax 1S substantially damped through the revetment. In fact, no discrimination is needed
for all other parameters associated with the pressure beneath the revetment. The differences
were found in the range of the scatter of the data.

Moreover, the results of the preliminary analysis have also confirmed the experience made in
former similar analysis conducted to determine the time related parameters of the wave loads
on structures (e.g. Oumeraci et al., 2001); i.e. a very large inherent scatter of the data is gen-
erally observed, due to the highly stochastic nature of the wave pressure development in time.
This makes the determination of any clear relationship between the time related parameters of
the parameterized wave pressure and the incident wave parameters (e.g. wave steepness, surf
similarity parameter) extremely difficult. Despite these inherent difficulties, a first attempt is
made below to propose very rough and thus very tentative formulae to predict all the parame-
ters required describing the parameterized pressure histories for impact load in Fig. 5.4 and
for non-impact load in Fig. 5.6. As already mentioned above and in contrast to previous sec-
tions no discrimination is made between the cases “pressure on the revetment” and “pressure
beneath the revetment”, except for the peak pressure parameter pmax for impact load. Like in
the previous sections, only the results of irregular wave tests are considered below, while
those related to regular wave tests are provided where appropriate in Annex D.

5.5.1 Impact loads

As already mentioned above all parameters required to describe the parameterized compo-
nents of impact loads are defined in Fig. 5.4, including the parameters of the impact compo-
nent and those of the quasi-static component.
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5.5.1.1 Parameters of the impact component
(1) Rise time ta

The rise time t4 is expected to decrease with increasing peak pressure pmax for the wave con-
ditions tested. The rise time ta normalized by the wave period T is plotted against the relative
pressure pmax/PgHmo in Fig. 5.42 for both cases “pressure on the revetment” and “pressure
beneath the revetment”. As expected a considerable scatter is observed, showing that it is not
meaningful to distinguish between the two aforementioned cases and that it is difficult to de-
rive a clear relationship between to/T and pma/pgHmo. Nevertheless, the following conserva-
tive relationship is tentatively proposed as an upper envelope (see Fig. 5.42):

-0.71
t
—A=o.047-(pm—“] for1.6<—Pmx 735 (5.33)
T prg-Hpy prg-Hy,
0-035 T T T T T T
I : : : : : @ on the revetment
C : ’\ : : : : ® beneath the revetment
0.03 4~~~ PN - P (R IR R,
| N\ | | | | |
; | N | | | | |
0.025 F - I o\ P S R R
- o | N | | | | |
= I l N l l l l
o L | Iy * | | |
E oo f SN R
- i I o ~ I I I
Q | | Y | | |
= i ! m ¢ | - 1\\ | . :
g 0.015 +------- Jrffff'» 7777777777 - F---—- >*7'~<****ﬂ 77777777 - ===
S I ‘ ® ! I | -~ . I
S L | - | PN * | — |
E L | [ .. | | | | "'""-..L..-
I~ | | - ] | | | |
0.01 f-mmoto B e I ¢y [
i * I | | | | *
i ] * | . » ~0.71
N O N . S A=0047 | —mx |
0.005 - ! " T [P'g'Hmoj
| —T —»f : : | | |
| | | | |
o
0 1 2 3 4 5 6 7 8

Relative peak pressure pmax/pgHmo

Fig. 5.42: Relative rise time t./T for impact loads on and beneath the revetment

A further analysis using a validated numerical model to perform a detailed parameter study is
required to come up with an improved prediction formula.

(i1) Impact duration tp

The relative impact duration tp/ty is plotted against the relative pressure pmax/pgHmo 1n
Fig. 5.43. As expected a considerable scatter is observed, suggesting that tp/ta has a tendency
to increase with increasing relative pressure pmax/pgHmo. The scatter however makes it very
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difficult to derive a physically meaningful and practically simple prediction formula for the
impact duration. It is suggested here that the tp/ta ratio must exceed 2.0 (tp/ta means that rise
time and fall time are identical) and not much larger than 12.0 where the latter number is dif-
ficult to assess since there are very few data points available for higher impact loads only.
Hence, the following simple relationship is tentatively proposed:

t—D:6.2+2.7-tanh(pm—a"—4.5] for1.6 < —Pmx 75 (5.34)
ta p-g-H, p-g-H,

with an upper bound of

t
max -2 = 9.7+2.7-tanh[pm—a"—4.5j (5.35)
A p-g-Hy
and a lower bound of
.ot
mln—D=4.7+2.7-tanh[pm—ax—4.5J (5.36)
A p-g-Hy
14 T T T T
|| ® on the revetment | | |
[ | ® beneath the revetment | | A ‘ e
L2 Ep— ;ﬂﬂﬂﬂ;ﬂmax£=9.7+2.7~tanh(7pm“ —4.5]77;*e‘t’1’? 777777777777
i ! | A pP-g8-Hy ~ \
10 ””L 7777777777777777 szi 77777 t—”=6.2+2.7-tanh( L —4.5}
| / . ty p-g-H,
& -— 7/ L/

mint—D:4.7+2.7-tanh( Pinax —4.5)
* p-g-Hy

A

tp/t,
%
o !
. |
|
\
\
\
-~

4*: : | | ]

3 | |

+ | ® g |

[ | ", Tl :
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Fig. 5.43: Relative impact load duration tp/ty on and beneath the revetment

A more detailed parameter study, using a validated numerical model would be required to
develop improved formulae.
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(ii1) Peak pressure pmax

The prediction formulae for the peak pressure on and beneath the revetment are already de-
rived in section 5.2 and are given by Eq. (5.3) and Eq. (5.7), respectively:

P _ge 4125 forl6<E, <25 (5.3)
p-g-H,
P _06.[40-¢,,,+125] forl.6<,,, <25 (5.7)
p'g'HmO

5.5.1.2 Parameters of the quasi-static pressure component
(l) Rise time tstat imp

The analysis of tgaiimp for the quasi-static component of the impact load is performed together
with the data related to the non-impact load as shown in Fig. 5.44 of section 5.5.2. The data
related to tyaimp/T are those in the surf similarity parameter range &n.10=1.6-2.5. It is again
observed that a considerable scatter of the data occurs, particularly for &y.10<2.0. Neverthe-
less, the following simple formula is proposed for the prediction of tyaimp/T Which is based on
the results of the preliminary analysis (Ludwigs, 2009):

t. . U tati
stat,imp ~ 2stat,imp =0.12 forl.6< am 10
T T

2.5 (5.37)

in which the wave period T represents also the total duration of the quasi-static pressure com-
ponent, and thus the duration of the entire impact load including both impact and quasi-static
component (see Fig. 5.4).

Considering the significant scatter of the data it may not be meaningful to favour a more com-
plicated relationship. Ideally, a systematic parameter study using a validated numerical model
has to be used to come up with an improved formula.

(11) Peak pressure of quasi-static component pPstat.imp

The prediction formula for psaiimp has already been derived in section 5.2 which is similar for
both pressures on and beneath the revetment (see Fig. 5.11 and Eq. (5.5)):

P _068-¢, ,, forl.5<&, ,<2.5 (5.5)
p ' g ' HmO
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5.5.2 Non-impact load

All parameters required to describe the parameterized non-impact load (pulsating wave load)
are described in Fig. 5.6.

(1) Time parameters tgy,e and tya o

In Fig. 5.44 the parameters tsa1/T and teuo/T (for layer 1) and togar /T and togaco/T
(for layer 2) are plotted against the surf similarity parameter &n.10 For &m.10>2.9, the data
exhibit a very large scatter as expected, so that differences between the data for both cases
(“pressure on the revetment” and “pressure beneath the revetment”) are in the range of the
observed scatter.

Quasi-static
component of Transition

¢ impact load zone Non-impact load
stat | | < nl
'€ 1 o 1 1 1 1 ”l
T | B | | f
= 09f - B ETETTI TR e _—
I I I
0.8--- ,,,,,,,,4‘ ,,,,,,,,,,, L ,,,,,,,,,,, : ,,,,,,, t stat, | __
' ! ! | o
I I |
I T A (I s -
Ty B e o
0.6F----------- - : ~—s : —
I I I I
| 2 | | |
0.5F---""""--- :””;’ k’x”’é”’.‘k. ”””” * ””: ”””””” 4‘ ”””” [
i ° e e & ®,
0.4F- tslal,lmp - t25(al,|mp =0.12| - .. 7777777777 ; _ 7X:7 x _ 0 i S 7.7:7 X _ x 7: 7777777777 _
x 1 x 1
! ! ! ]
| VA |
: tslat] — tZStatI — 0 3 :
R R P T T |- Ao -
i :
T- - ———-—-=-=--- :* 7777777777 d tslat,imp/T; tstat/T (layer 1)
; X tZStat,imp/T; tz’sm/T (layer 2)
| t t
4 5 6 7

surf similarity parameter §_ , ,

Fig. 5.44: Time parameters for non-impact load and quasi-static component for irregular waves

The large scatter of data also makes it difficult to develop a clear relationship between the
time parameters (tsae1/T and tsa2/T) and surf similarity parameter &1 9. Therefore, at this
stage only very tentative formulae can be proposed as on upper (s 2/T) and a lower envelope
(tstat,i/T) as a result of the preliminary analysis (Ludwigs, 2009):

tstat,l _ tZStat’l =03 (538)
T T

tstat,Z _ tZsta‘v2 =0.6 (539)
T T
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Using only the data obtained from the scale model tests performed, including both regular and
irregular wave tests, it is hardly possible to come up with improved formulae. Therefore, the
best alternative is to use a validated numerical model for a systematic parameter study.

(i1) Peak pressure of the non-impact load pgat

The prediction formulae for ps,: have already been derived in section 5.2 (see Fig. 5.11):

Psa _ () 63. Enoyo TOr2.9<g <45 (5.5)
p-g-Hy

Psa  _(41. Eniotl.2 for& ,,>4.5 (5.6)
p-g-Hy

5.5.3 Summary of results for time related pressure parameters

All the proposed formulae for the prediction of the parameters which are required to describe
the parameterized pressure histories for impact load in Fig. 5.4 and non-impact load in
Fig. 5.6 are summarized in Tab. 5.4.

For the transition zone, a linear interpolation between the two loading cases “impact load”
and “non-impact load” is suggested. Moreover, it is important to stress that the proposed for-
mulae for the time related parameters are very tentative due to inherent large scatter of the
data. Even considering the data for regular wave tests could not bring any improvement as
shown by the preliminary analysis (Ludwigs, 2009). As mentioned above, the only alternative
is to select the best CF-D model yet available, to validate it using the result of the experimen-
tal data obtained in this project, and then to use it for a more systematic parameter study, in-
cluding a sensitivity analysis. The results would lead to more consistent prediction formulae,
including the quantification of the uncertainties involved.
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Tab. 5.4: Summary of results of time related pressure parameters

Definition

Pressure on the revetment

Pressure beneath the revetment

-0.71
t
A 0.047(1”'“—“J (5.33)
T p-g-Hy

t
oo+ 2.7-tanh[p"‘+“—4.5]
p-g-H,,

A

pmax

tz—A:O.o47[
T p-g-Hy,

j | (5.33)

t
2D 62427 tanh [&—4%
t p-g-Hy

2A

(5.34) (5.34)
o)
S Do _gg 4125 (53) | P g6l 40, +125]
N p-g-H, p-g-Hy ’
J| ta=rise time (5.7)
= tp=impact duration '
"c‘g T=wave period
5| &=surf similarity parame-
8| ter
= . Saimp _ 15 (5.37) Lasutim _ 1 (5:37)
Quasi-static component T ' T '
X pstat imp M = 0 68 & (5 5)
i —= . - m-1,0 .
psmvl’lmﬂ\ og Hmo 0.68 gm—l,o (55) p-g- HmO
tslat,imp
e T ——]
. bari —03 (5.38) _tzs““r‘ =03 (5.38)
Non-impact pressure T ’ ' T ' '
i tstat,2 t2stat,2 tZStat,2
8 T=T=O.6 (5.39) T=o.6 (5.39)
s
g T —Pa o682 Do _g6gee
3 » p-g-Hy ’ (55 | prg-Hy ’“’ (5.5)
g Lae . | for29<g, ,, <45 for29<¢, ,, <45
é t ) pstat _041(2 +l 2 pZ,staI _041 g +1 2
for§, _,,>45 for§, _,,>45
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6 Wave-induced pore-pressure beneath the revetment

In addition to the wave pressure on and just beneath the revetment measured at PT layers 1
and 2, respectively (see Fig. 6.1) pore pressure induced in the sand core beneath the revetment
were also measured at PT layers 3,4 and 5 (Fig. 6.1).

The recorded signals were checked (plausibility, interferences, etc.) and used in the further
analysis without removing the signal noise. Where residual pore pressure occurred, a pre-
processing of the data was performed which allows to separate the recorded signal in its oscil-
lating component and mean (residual) component. The applied procedure has been success-
fully used by Oumeraci & Kudella, 2004 for the pore pressure beneath a caisson breakwater
and is outlined in Fig. 6.2.

First, a Fast Fourier Transformation was applied on the recorded signals to obtain the magni-
tude and the phase spectra of the signal. Only the pressure amplitude spectra are shown in
Fig. 6.2. On these spectra a low passfilter set to 0.03 Hz was applied. The effect of the filter
on the resulting time series was examined, showing that slight changes of the filter frequency
do not affect the main characteristics of the resulting time series. Therefore, the same cut-off
frequency (0.03 Hz) was used for all processed signals.

Second, an Inverse Fast Fourier Transformation was applied on the low frequency part of the
spectra yielding the mean (residual) component of the initially recorded signal. Accordingly
the Inverse Fast Fourier Transformation was applied on the high frequency part of the spectra,
which yielded the oscillating component of the recorded signal. Both components were stored
in binary files for further analysis of transient and residual pore pressure.

In this chapter the transient pore pressure of PT layers 3-5 (Fig. 6.1) will be analysed and pre-
diction formulae will be proposed. Moreover, the residual pressure will also be analysed.
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6.1 Transient pore pressure

6.1.1 Maximum wave-induced pore-pressure beneath the revetment

6.1.1.1 Pre-processing and preliminary analysis of pore-pressure data

The same procedure as for the maximum wave induced pressure on the revetment is applied
(see section 5.2.1). To discriminate between the pressures on and just beneath the revetment,
and the wave induced pore pressure in the sand core, indices corresponding to the respective
PT layers are introduced in the notation; e.g. maximum pore pressure at layer 3 is “p3max » at
layer 4 “pamax” and at layer 5 “ps max”-

Since no irregular wave tests could be performed for Model Alternative A (due to the total
failure of Model A during regular wave tests), a comparison between Model Alternatives A, B
and C is first shown for regular wave tests in terms of the transmission of the wave pressure
in the sand core beneath the revetment for the two basic loading cases: impact load in Fig. 6.3
and non-impact load in Fig. 6.4. It should be noted that for Model C no pressure transducers
were installed on the revetment as indicated in Fig. 6.1. Therefore, only the pressure at lay-
ers 2-5 will be analysed.

Impact load (Fig. 6.3)

The impact component recorded at PT layer 1 is substantially damped by layer 2 just be-
neath the revetment, apart from a slight time shift between the recorded pressure on and just
beneath the revetment (layer 1 and layer 2) for Model Alternative C, no significant differences
are observed for the different model alternatives.

Moreover, the impact component is entirely damped when transmitted to the sand core, so
that no impact pressure is recorded at PT16 and PT42 located at a 0.20 m depth in the sand
core. This is valid for all Model Alternatives A, B and C.

The quasi-static component recorded at PT layer 1 is not or only slightly damped at layer 2
just beneath the 0.15 m thick revetment. Differences between the different model alternatives
become noticeable only when the wave-induced pressure is transmitted as transient pore pres-
sure in the sand core beneath the revetment for Model Alternative A (Fig. 6.3a), it is hardly
visible for Model Alternative B (Fig. 6.3b) and Model Alternative C (Fig. 6.3c).

Non-impact load (Fig. 6.4)

Basically, a similar behaviour as for the quasi-static component of the impact load in Fig. 6.3
is observed. However, many differences may be identified regarded the transmission of the
wave-induced pressure into the sand core. In contrast to Fig. 6.3b and Fig. 6.3¢, noticeable
pore pressure at PT42 (Fig. 6.4b) and at PT16 (Fig. 6.4c¢) still occurs at a 0.20 m depth in the
sand core beneath the revetment. Even at a deeper location (PT20 in Fig. 6.4c) in the sand
core, noticeable pore pressure is recorded.
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Before starting with the preliminary analysis, all data were carefully checked (e.g. removing
the signals of mal-functioning transducers and the first abnormal signals at the beginning of
the tests) and pre-processed (e.g. classification). The maximum pressure pimax considered in
the analysis for each test is the highest pressure recorded at layer i.

Since many pressure transducers (PT10-PT13) were installed and have been well-functioning
at the upper boundary of the sand core (layer 3) for Model Alternative C (Fig. 6.1) and since
the pressure recorded at this upper layer represents the initial pore pressure to be transmit-
ted in the sand core beneath the revetment, the preliminary analysis is first considered only
for Model Alternative C.

Like in Fig. 5.8 and applying the same procedure as in section 5.2.1.1 for maximum wave-
induced pressure on the revetment, all peak values of the pore pressure data recorded at
layer 3 are plotted against &1 in Fig. 6.5. In contrast to the results in Fig. 5.8, the highest
pore pressure do not occur for impact load, but for non-impact loads induced by waves of
larger periods (Em-1,0> 2.9). Comparison with Fig. 5.8 shows that the wave-induced pressures
on the revetment are considerably damped for impact load and much less for non-impact load.
This is in line with the example time series shown in Fig. 6.3 and Fig. 6.4. For the non-impact
loads, pore pressure up to p3max/PgHmo = 2.6 (for Em.10 = 6.6) occurred while for impact loads
only values up to p3 max/PgHmo = 1.4 (for &m0 = 2.2) were recorded.
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Fig. 6.5: Maximum pressure p; ma.x/PgHmo at layer 3 against surf similarity parameter &, for irregular wave
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Moreover, it is also seen from Fig. 6.5 that unlike the results of Fig. 5.8 it is not longer neces-
sary to discriminate between the different load cases (impact, transition, non-impact) for the
derivation of prediction formulae, since the maximum pore pressure ps3max continuously in-
crease with increasing surf similarity parameter for the entire range of tested &m.1o-values

(Em10= 1.6-6.6).

A comparison of Fig. 6.5 and Fig. 5.11 for maximum quasi-static pressure on the revetment
(PT layer 1) clearly suggests that the pore pressure may be considered as quasi-static over the
entire range of tested &n.1 o-values, i.e. irrespective of the type of wave load on the revetment.
Like in Fig. 5.11, the increase rate of pressure after &1 9> 4.5 (see section 5.2.1.3) becomes
lower but this tendency is less pronounced for pore pressure and therefore not be considered
in the prediction formula for pore pressure. The result of this comparison again confirms the
decision to not explicitly discriminate between the different load cases for the derivation of
the prediction formulae for wave-induced pore pressure in the sand core beneath the revet-
ment.

6.1.1.2 Initial peak pore pressure in the sand core beneath the revetment

As mentioned above the peak pore pressure (psmax) measured at the upper boundary of the
sand core beneath the revetment (PT layer 3) is important as it represents the initial wave-
induced pore pressure in the sand core to which the damped pore pressure recorded at the
deeper PT layers in the sand core beneath the revetment have to be related.

Before starting with the detailed analysis all data were again carefully checked. This check
has shown that pressure transducer 40 at layer 3 of Model Alternative B (see Fig. 6.1a) was
damaged. Therefore, only the pressure transducers of Model Alternative C were used for the
analysis of PT layer 3.

The maximum pore pressure data for PT layer 3 are plotted against surf similarity parameter

Em-1,0 in Fig. 6.6, resulting in the following linear function:

Pimee _ 0442, forl6<&, , <66 ©6.1)
ngmO

The result in Fig. 6.6 illustrates that the maximum pore pressure p;max at PT layer 3 can be
described by the same linear function as the quasi-static load in section 5.2.1.3 (Eq. (5.5)) by
introducing a reduction (damping) factor of 0.65:

p},max A p tat
———=0.65-/0.68- = 0.65-—*— forl.6< <6.6 6.2
ngmO I: &m—1,0j| ngmO (?;m—l,O ( )
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Fig. 6.6: Maximum pore pressure p;m./pPgHmo at layer 3 plotted against surf similarity parameter &, for
irregular wave tests

6.1.1.3 Maximum wave-induced pore-pressure at layer 4 beneath the revetment

A detailed check of the pore pressure transducers for layer 4 has shown that the pressure data
of Model Alternative B as well as the data of Model Alternative C can be used for the analy-
sis. The maximum pore pressure data for layer 4 are plotted against surf similarity parameter
Em-10 1n Fig. 6.7, resulting in the following linear function for Model Alternative B:

Pam _0116.2, ,, 2017w for1.6<E, <66 6.3)
peH,, peH,

and for Model Alternative C:

Pamax _ 0.108-&, 2016t for1.6< it <6.6 (6.4)
pgH, peH

where pstar/ pgHmo 1s determined by Eq. (5.5) in section 5.2.1.3.

The result in Fig. 6.7 shows that the peak pressure at layer 4 psmax can be described by the
same linear function as the quasi-static load in Eq. (5.5) by introducing a reduction factor of
0.17 for Model Alternative B and 0.16 for Model Alternative C.
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Fig. 6.7: Maximum pore pressure psma/pPgHmo at layer 4 plotted against surf similarity parameter &, ;o for

irregular wave tests, separated after Model Alternatives B and C

As expected, the comparison between Models B and C in Fig. 6.7 shows that the maximum
pore pressure at layer 4 of Model Alternative B is slightly higher than the maximum pore
pressure measured on Model Alternative C, due to the larger filter layer thickness of Model
Alternative C (0.20 m instead of 0.10 m). The difference between Model Alternative B and
Model Alternative C is negligibly small. Therefore, only one prediction formula is proposed
for design purpose (see Fig. 6.8):

Lame 01118, 2016 P for16<g, <66 6.5)
pgH pgH

where ps/ pgHmo 1s determined by Eq. (5.5) in section 5.2.1.3.
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Fig. 6.8: Maximum pore pressure psma/pgHmo at layer 4 plotted against surf similarity parameter &, for
irregular wave tests

The comparison with Fig. 6.6 also shows that the maximum pore pressure is much smaller
than the pore pressure at layer 3, due to the considerable damping effect of the 0.20 m thick
sand layer. So the main part of the damping process of the quasi static component of the wave
load occurs in the sand core. The damping effect of the filter layer on quasi static wave loads
is negligible.

6.1.1.4 Maximum wave-induced pore-pressure beneath the revetment at layer 5

As for PT layer 4, all pressure transducers of layer 5 can be used for the analysis of the maxi-
mum pressure. The maximum pore pressure data for layer 5 are plotted against surf similarity
parameter En.1 in Fig. 6.9a at the same scale as for PT layers 3 and 4 for comparison
(see Fig. 6.6 and Fig. 6.7). Due to the very low maximum pressure values of this layer, the
same figure was replotted with a larger scale in Fig. 6.9b, resulting in the following linear
function for Model Alternative B:

P _0014.¢,,,2002- L= for16<E, <66 (6.6)
pgH pgH,,

and for Model Alternative C:
P 00132, ,,20.02.- L= for1.6<¢, ,, <66 (6.7)
pgH,, pgH.
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a) Maximum pore pressure psma/pgHmo in layer 5 plotted against surf similarity parameter &1 at the same

scale as in Fig. 6.6 and Fig. 6.7
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Fig. 6.9: Maximum pore pressure pmax/PgHmo in layer 5 plotted against surf similarity parameter &, for ir-
regular wave tests, separated after Model Alternatives B and C
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As expected Fig. 6.9b shows that the maximum pressure at layer 5 of Model Alternative B is
slightly higher than the maximum pressure measured on Model Alternative C, due to the lar-
ger filter layer thickness of Model Alternative C (0.20 m instead of 0.10 m). Again, the differ-
ence is is not significant. Therefore, also for layer 5 only one prediction formula is proposed
for design purpose (see Fig. 6.10):

p4,max

=0.013-¢, ,, £0.02 Pa pr16< Eio < 6.6 (6.8)
pgH pgH,

where pstar/ pgHmo 1s determined by Eq. (5.5) in section 5.2.1.3.
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Fig. 6.10: Maximum pore pressure psm./pgHmo at layer 5 plotted against surf similarity parameter &, ;o for
irregular wave tests

Compared to Fig. 6.6 and Fig. 6.8 the maximum pore pressure at Layer 5 is much smaller,
which shows again the high damping capacity of the sand core.

6.1.1.5 Damping of the maximum (peak) pressure in the sand core beneath the revetment

The results of section 6.1.1 (see Fig. 6.6-Fig. 6.10) are summarized in Fig. 6.11 and Fig. 6.12
showing how the maximum pressures on the revetment are damped through the revetment
(and filter layer) and the different layers in the sand core beneath the revetment. This damping
has led to the reduction factors in Tab. 6.1 for the pore pressures at layers 3, 4 and 5 in the
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sand core beneath the revetment as related to the maximum pressure p; max On the revetment
for Model Alternatives B and C.
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Fig. 6.11: Maximum wave induced pore pressure in the sand core beneath the revetment for irregular waves
(all developed formulae)
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Fig. 6.12: Maximum wave induced pore pressure in the sand core beneath the revetment for irregular waves
(only proposed prediction formulas)
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The results in Tab. 6.1 show that the maximum pressure induced on the revetment is damped
by about 35%, 85% and 98% at PT layers 3, 4 and 5 in the sand core, respectively; i.e. at a
depth more than 0.80 m in the sand core beneath the revetment almost no wave-induced tran-
sient pore pressure occured.

Relating the reduced pore pressures at layers 4 and 5 to the initial maximum pore pressure
Pa.max at layer 3 provides the damping effect due to the sand material only (Tab. 6.2). The re-
sults in Tab. 6.2 show that the initial pore pressure psmax at the topmost layer of the sand
core beneath the revetment (layer 3) is damped by about 75% and 97% at the deeper layers 4
and 5, respectively which are located at depth 0.20 m and 1.0 m (Model B) and 0.20 m and
0.80 m (Model C) beneath the revetment.

Tab. 6.1: Reduction factor for pore pressure as related Tab. 6.2: Reduction factor for pore pressure as

to the maximum pressure on the revetment related to ps max at layer 3

(layer 1)
PT layer Model Alternative PT layer Model Alternative
B C B C
3 - 0.65 4 0.26 0.24
4 0.17 0.16 5 0.03 0.03
5 0.02 0.02
Remark:

Between layer 1 and layer 2 there is almost no damping for quasi-static load (see Fig. 5.18)
while for the impact load a damping occurs according to Fig. 5.17.

6.1.2 Distribution of wave-induced pore pressure in the sand core beneath the revet-
ment

6.1.2.1 Definitions and preliminary analysis

It is expected that the damping of the wave-induced pore pressures when transmitted in the
sand core beneath the revetment at different locations along the slope (e.g. plans B, C and D
in Fig. 6.13) will be less than at the location where the maximum pressure psmax OCCUTS.
Therefore, it is also useful to know how the pore pressure are distributed along different plans
B, C and D normal to the slope (Fig. 6.13a). Based on this distribution, the distributions of
pore pressure along PT layers 3, 4 and 5, i.e. at different depth and parallel to the slope, can
also be determined (Fig. 6.13b).

The pore pressure of the distribution normal and parallel to the slope will be related in the
following to the maximum pore pressure psmax at PT layer 3, since the prediction formulae
were developed in section 6.1.1 for psmax/pgHmo as a function of En.1o (see summary in
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Fig. 6.11). Therefore, in the following analysis for the derivation of prediction formulae de-
scribing the wave-induced pore pressure distribution, p3max Will be set to the reference pore
pressure po at z' = 0 (layer 3):

p3,max =Po (69)

In order to illustrate how the pore pressure are damped from layer 3 to layer 5 at different
locations B, C and D along the slope, the pore pressure signals recorded at these locations are
plotted in Fig. 6.14 for an impact load and in Fig. 6.15 for non-impact load. This shows that
the damping effect is basically similar at the different locations B, C and D along the slope,
when the pore pressure measured at deeper layers are related to the initial pore pressure re-
corded at the topmost layer in the sand core (PT11, PT12 and PT13 for Plans B, C and D,
respectively).

a) Principal pore pressure distribution normal to the slope

025"

0.25%

SWLYZ

b) Principal pore pressure distribution parallel to the slope

Fig. 6.13: Wave-induced pore pressure distribution in the sand core beneath the revetment (principle-sketches)
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Fig. 6.14: Damping of pore pressures at different depths and locations in the sand core beneath the revetment for

impact loads (Model Alternative C, test no. 09060804)
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Fig. 6.15: Damping of pore pressure at different depth and locations in the sand core beneath the revetment for

non-impact load (Model Alternative C, test no. 0906163)
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6.1.2.2 Pore pressure distribution

In section 6.1.2.1 some differences were identified in terms of the magnitude of the damping
at the different locations B, C and D. It is therefore important to examine these differences
more closely. For this purpose, the pore pressures at different depths z' in the sand core be-
neath the revetment related to the corresponding maximum pore pressure ps3 max = Po at layer 3
(z' = 0) for the same location are plotted in Fig. 6.16 including both impact and non-impact
load. The results in Fig. 6.16 show that:

(a) The damping of the initial pore pressure po at different depths in the sand core is ex-
pectedly higher for larger po-values. This implies that the effect of the initial pore
pressure po should be accounted for by the prediction formula for pore pressures in the
sand core.

(b) Taking the influence of the initial py values on the magnitude of the damping effect,
the apparent differences of the latter between locations B, C and D becomes less im-
portant, implying that a single prediction formula for the transient pore pressures in
the sand core can be developed for different locations along the slope when directly
related to the corresponding initial pore pressure py.

Since the magnitude of the initial (reference) pressure po at z' =0 considerably affects the
damping of the pore pressure from layer 3 to layer 4 and layer 5 (see Fig. 6.16), p(»)/po-data
are plotted as a function of po in Fig. 6.17 exemplary for location B. The results indeed con-
firm that the damping strongly increases with increasing po-values.

Based on the results in Fig. 6.16 the relative pore pressure data p(,)/po are plotted against the
relative depth z'/Ly in the sand core (Lo=deep water wave length related to Tpn.10) in
Fig. 6.18, showing that for z'/L, < 0.072:

« Pore pressure p) decreases exponentially with relative depth z'/L, in the sand core.

The rate of decrease of p(,) with depth z'/L, strongly depends on the magnitude of the initial
value po which again depends on the surf similarity parameter &y, o.
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Fig. 6.17: Damping of pore pressure from layer 3 to layers 4 and 5 at location B as a function of the initial pres-

sure py (see also Fig.

6.1)

Finally, the following formulae for the pore pressure distribution normal to the slope may be
suggested for z'/Ly<0.072, depending on the range of the surf similarity parameter consid-

1.8

for§ ,,=2.5

ered:
P& 0.93-exp(-125-2/L,) +0.07 forg, ,, =
Po
Per _ 0.96-exp(-127- z/Ly)+0.04 forg, ,,=2.0
Po |
Per 0,975 exp(-190-2/L,) +0.025
Po
D) 0.99.exp(-350-2/L,) +0.01 forE, =40
Py |

(6.10)

6.11)

(6.12)

(6.13)

Since py represents the initial pore pressure at z' = 0 at the considered location along the slope
and since Egs. (6.10)-(6.13) apply for all locations B, C and D (see Fig. 6.13a), the horizontal
distribution of the pore pressure in Fig. 6.13b can also be determined using Egs. (6.10)-(6.13).
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6.2 Residual pore pressure

6.2.1 Pre-processing and preliminary analysis of residual pore pressure

In addition to the pressure transducers which were used in section 6.1.1 (PT11-PT21) for the
analysis of the transient pore pressure, four further pressure transducers (PT22-25) were used
to record the development of the water table in the sand core underneath the ELASTOCOAST
revetment for Model Alternative A and after the failure of Model A in Model Alternative C
(see Fig. 6.19). The pressure transducers are located about 1.1 m underneath SWL for a water
depth in the flume of h =4.0m. The most shoreward transducer P26 is located beneath the

crest of the revetment.

Model A
6 -
E | <z swL
== g
2 11 -
- - [ water-table |
> = =g peEtacasocs & ®---------- .-
- 22 23 24 25
5] .
20 21
T 19
%8
T T T T T T T T
244 246 248 250 252 254 256
X - Position [m]

a) Model Alternative A (without gravel filter)

Model C

SZ SWL

Y - Position [m]

,—%‘ pets
--@

@
e

- ’.’1’8

250 252
X - Position [m]
b) Model Alternative C (with 0.20 m thick gravel filter)

T T T
244 246 248

T
254

T
256

Fig. 6.19: Definition of layers and locations of pressure transducers used for the analysisi of residual pore pres-

sure
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The first step for pre-processing the data was to separate the recorded pressure signal in its
oscillating component and mean (residual) component as already mentioned in the introduc-
tion of Chapter 6 (see Fig. 6.2). A time series of pressure transducer PT21 for a regular wave
test is exemplarily shown in Fig. 6.20a. After the filtering process (f=0.03 Hz), the two time
series in Fig. 6.20b are obtained.

0.5 Pressure transducer PT21 |_ e e R e
ol e [ Tl
= : : I :

—_— 4 : : l : ~z SWL
o Z
S o | L ] L L S
7 01 : T . :
E ! E /| Model A: /
o ] ]
0o ||.||I|.|_||| '|I.||_|||.|“.| E E E Hm :068m z ° ©
0 100 200 300 4ot —=3.60m | ° i
Time [5]
a) Time series of non filtered pore pressure (pressure transducer PT21)

0.3 Pressure transducer PT21 |- - .: ............... :. .............. ,' ............... ' _______________
@ : Residual pore-pressure | : .
=R R . \ """""" T oo oo oo momme e
@ i i Z i i

R it SEEEEEEETEERP T L eEEE R ERREEEETERE EE . :
§ : : : : ] Transient pore-pressure
fal) I I I I 1
j=

0.0- --|i‘||-||||i-:i.;.:::i !:.i-u.l_-.l.]_l.'||1]. btk I"l AL I"I I 1t Sl b I"I I_.I el Itk ElLA k) I"|'|"| S '1.'. ik I"|'I"|;' i I-'. I-'-'." h

0 100 200 300 400 500 Gor
Tirme [=]

b) Time series of filtered pore pressure with transient and residual component (pressure transducer PT21)

Fig. 6.20: Transient and residual component of pore pressure with regular waves

Fig. 6.21 and Fig. 6.22 show example time series of the pore pressure recorded at PT18-PT25
for regular wave tests (Model A) and irregular wave tests (Model B), respectively. The unfil-
tered data of pressure transducers PT18-PT25 for a regular wave test, including transient pore
pressure are shown in Fig. 6.21a while in Fig. 6.21b only the residual pore pressure for the

same test is depicted. The same procedure was adopted for irregular wave tests as shown in
Fig. 6.22a and Fig. 6.22b.
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Fig. 6.21: Time series of residual pore pressure recorded at PT18-25 for regular waves (Model A)
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Fig. 6.22: Time series of residual pore pressure recorded at PT18-25 for irregular waves (Model C)

Fig. 6.21 and Fig. 6.22 show that the maximum residual pressure u, occurs at pressure trans-
ducer PT22 for both regular and irregular wave tests. At pressure transducers PT18-PT21 the
residual pore pressure is negligibly small. The water tables recorded by Pressure transducers
PT18-25 for regular and irregular wave tests with similar wave parameters and similar water
depth conditions are plotted in Fig. 6.23a-Fig. 6.23c. Since no similar wave parameters for
regular and irregular wave tests were used for one Model, the two different Model Alterna-
tives A and C were taken for the analysis.
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Fig. 6.23: Water table compared for regular and irregular wave tests
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Fig. 6.23 shows that the water tables for irregular wave tests are always higher than for regu-
lar wave tests. The pressure measured at and shoreward of pressure transducer PT24 is for
regular wave tests negligibly small while this is not the case for irregular wave tests with lar-
ger water depth (Fig. 6.23b and Fig. 6.23c¢).

6.2.2 Residual pore pressure distribution

Since it is difficult at this stage of the analysis to develop prediction formulae for the residual
pore pressure distribution in a similar way as for the transient pore pressure in section 6.1.1
the following will focus on:

- providing the distribution of residual pore pressure normal to the slope at locations
B, C and D for both Model Alternatives B and C (see Fig. 6.1 for definition) based
on the analysis of irregular wave tests (Fig. 6.21 and Fig. 6.22). Since PT47 at
layer 5 for Model Alternative C is damaged the distribution for Location D is miss-

ing

- providing the distribution of residual pore pressure together with the distribution
of transient pore pressure normal to the slope at locations B, C and D (see Fig. 6.1
for definition) for both Model Alternatives B and C based on the analysis of test
09051602 with regular waves for which the failure of Model A occurred as well as
on the analysis of test 09051503 with a similar wave height and a shorter period
for which no failure occurred at Models A and B (Fig. 6.26 and Fig. 6.27) The re-
sults are used to perform the stability analysis which is required to explain the
cause of failure of Model A in Chapter 8.

As seen in Fig. 6.24 for Model B and in Fig. 6.25 for Model C, the residual pore pressure ex-
pectedly increases from u; = 0 at the upper boundary of the sand core (z” = 0) up to a certain
depth z’. Moreover, it is also seen that “positive” residual pore pressure which actually affect
soil stability are rather small.

A possible explanation of the occurrence of the negative pore pressure (not considered in the
stability analysis) could be the drainage of the sand core in the sand layer beneath the revet-
ment during wave run-down.

However, a more detailed analysis of the associated processes is required in order to physi-
cally interpret these results and to develop prediction formulae. This will be performed at a
later stage after a more detailed verification of the data.

ELASTOCOAST Report - 127 - January 10



Chapter 6

Wave-induced pore-pressure beneath the revetment

(1°9 "314 yo193[$ UONIULFOP OS[B 99S) g JANBUIA[Y [OPOIN 10} (I Pue D) ‘g suoneoo] je ado[s oy} 03 [ewrIou uonnqLysIp amssad 2104 [enpIsay 47°9 "SI

( sueyd je aInssaid 210 [enpIsay (0

- 09°0

[

|

|

|

|

|

|

|

|
2
o

depth z' [m]

- 00

¢ Jakeq
80 90 ¥0 7O 00 TO0 ¥0 90 80
[ed¥] a4nssaud aiod jenpisal

0 aueyd je a1nssaig a10 [enpisay (q

~ 06°0

- 08°0

r 0L°0

- 09°0

|
!
|
|
1
o
n
IS
depth z' [m]

- R )

|
F- N ——h--—T0£0
I I i
| | |
| |
| | T
| | b
| | g
| | i
| | .
i i Rt i T R ol0
| | )
| | 1
| | b
| | R
Ll W,, Ll W,, Ll Ll mhm>mJ

80 90 ¥0 TO 00 70 ¥0- 90 80
[ed%] ainssaud aiod jenpisal

g auepd je aInssaid 210

T
|
|
|
ed} ¥90°0 = In
T~ = 7 7| etzi00-=un f
ecbl 880°0- =N

Bd¥ 652°0-=In

ed) €5¥°0-=4n

Bd) 225°0-=4n

ed) L6€0- =4n

B 9/1°0-=4n

T
ed 990°0- =N
ed¥ 600°0- =N

d [enpisay (e

“““ 060

r 080

0.0

r 09°0

r 06°0

depth z' [m]

- 0¥°0

- 0€°0

r 0L0

¢ Jokeq

80 90 ¥0 TO 00 TO ¥O 9
[ed] a1nssaud a1od yenpisas

0- 8°0-

January 10

- 128 -

ELASTOCOAST Report



Chapter 6

Wave-induced pore-pressure beneath the revetment

D QATJBUINY [OPOIA 10] D) pue g suonedof je adojs oy 0} [ewIou uonnqrysip amssaid o104 1enpisoy :Sz'9 “S1g

D oueld je aInssarg 2104 [enprsay (q

G Jakeq

- 08°0

r 0,70

r 0S°0

depth z' [m]

- 0¥°0

{enfer ]
80 90 ¥0 70 00 70 +¥0 90 80-
[edx] ainssaud aiod jenpisau

g oueld je amssaig o104 [enpisay (e

G Joheq

06°0

08°0

00

09°0

r 05°0

depth z' [m]

r 0v°0

- 0€°0

p 1okeT

80 90 ¥#¥0 7O 00 70 ¥0- 90 80
[ed¥] a4nssaud aiod jenpisal

January 10

- 129 -

ELASTOCOAST Report



LW

Chapter 6

Wave-induced pore-pressure beneath the revetment

The “positive” pore pressure distributions which affect the stability of the sand core, together
with the associated distribution of the transient pore pressure at locations B, C and D for the
regular wave test at which the failure of Model A occurred are comparatively drawn in
Fig. 6.26 for Models A and B, showing that the residual pore pressures are very small as com-
pared to the uplift pressure gradient (up-u;) resulting from the transient pore pressure (see
Fig. 8.11) and are therefore much less relevant for the damage caused to Model A. It is seen
that the highest uplift pressure gradient occurs at location B (up-u; = -6.37 kPa for Model A

and up-u; = -5.26 kPa for Model B).

Similar distributions are drawn in Fig. 6.27 for test 09051503 (no failure), showing similar
results as in Fig. 6.26 but with smaller uplift pressure gradient (uo-uy).

Normal Plane B

U, =-6.50
—

Normal Plane C
Uy =-5.45

——

A

0.20m

-4.33

y PT Layer 4
A

all values
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0.80m

Normal Plane D

-4.05

A

i Gradient (ug-u,) |

(a) Model A

Normal Plane B

Uplift Pressure '+ __,________________________.___ o e e |

Normal Plane C

all values
in [kN/m?

0.80m

Residual Pore
Pressure u,

Normal Plane D

(b) Model B

Residual Pore
Pressure u,

Fig. 6.26: Residual and Transient pore pressure distribution at Position B, C and D for test 09051802 (failure)
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Fig. 6.27: Residual and Transient pore pressure distribution at locations B, C and D for test 09051503

(no failure)
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7 Flexural displacement of the ELASTOCOAST revetment

The purpose of this chapter is to analyse the flexural displacement recorded by the displace-
ment meters and to derive formulae for the prediction of the magnitude of these displacements
as a function of the wave induced pressures pmax on the revetment.

7.1 Pre-processing and preliminary analysis

The displacement meters DT01/02 were installed on the revetment at only one location for
each of the three Model Alternatives A, B, and C (see Fig. 7.1). It can be seen that this loca-
tion is selected where most of the pressure transducers are concentrated, i.e. where the most
severe loading conditions were expected. Therefore, it will be possible to directly correlate
the displacement measurements with readings from the pressure transducers on the ELASTO-
COAST revetment.

Remark:

It should be noted that for Model C no pressure transducers were installed on the revetment
as indicated in Fig. 7.1. Hence, for further analysis, the pressure transducers from Model B
were considered to analyse the displacements observed in Model C.

As already stated in Section 2.2.5, the displacement meters are very sensitive to high water
pressures and sediments, so that the devices are located in a certain distance to the surface of
the revetment. The motions were transferred by a stiff aluminium tube from the surface to the
transducer which is fixed at a crossbeam spanning the flume (see Fig. 2.28a and Fig. 2.28b).
Care was taken so that only displacements normal to the revetment are recorded.
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Remark: Alternative C did not have pressure transducers installed on the top of the ELASTOCOAST
revetment. Therefore, for later comparison to wave-induced pressures the displacements measured at
Alternative C were correlated to pressures measured at Alternative B.

Fig. 7.1: Location of the displacement meter (DT) and pressure transducers (PT) for each of the configurations
Alternative A, B, and C
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In a first step, typical time series of the displacement transducers were plotted together with
the time series of the nearest pressure transducers. The unfiltered signals were checked to
identify possible high frequency noises or problems during measurements for regular and ir-
regular wave tests as well as for impact and non-impact loading cases. Fig. 7.2- Fig. 7.5 show
displacement signals with different filters (20 Hz and 5 Hz). The time series of the displace-
ment signals filtered with 20 Hz clearly show high oscillations at the time when the wave hits
the aluminium tube. These oscillations are of the same frequency for each of the waves (also
in different tests) which suggests that they result from the fixation devices (fixation tube,
cross beam, etc.) and/or amplifiers. A more detailed analysis of this phenomenon showed that
the only suitable explanation is that the fixation tube is oscillating and hence results in an ad-
ditional unwanted signal. However, this type of signal can be overcome by filtering the high
frequency components. Therefore, the frequency of this oscillation (10 Hz) which is outside
the range of wave relevant frequencies is filtered out.

The wave trough (see Fig. 7.2-Fig. 7.5) clearly shows the relation between pressures on the
revetment and flexural displacements. When the wave trough is reached the revetment moves
upwards (in positive direction) until the next wave crest rapidly approaches. This wave crest
hits the aluminium tube which induces a small spike on top of the ‘displacement crest” which
is reached at the time of the wave trough. This spike suggests that the revetment is moving
upwards when the wave hits the revetment. Since this cannot be the case here, the only expla-
nation is that the aluminium beam is slightly moving sideward and thus decreasing its length
which has then led to a larger signal.

Consequently, the preliminary analysis of the displacement signals has shown that (i) the high
oscillations from the aluminium tube have to be filtered out, (ii) the spikes on top of the dis-
placement crests when the wave hits the tube have to be ignored; and (iii) a displacement &
which corresponds to the same window in which pmay has to be considered. Displacement o is
hence defined as the entire height of the signal, i.e. from the displacement trough to the dis-
placement crest (Fig. 7.6b).

To illustrate this and further definitions which will be used in further analysis definition
sketches are given in Fig. 7.6 by considering exemplary three wave events from one test for
Model Alternative A. The pressure events I (pmaxi for impact component and psi for quasi-
static component) and the associated magnitude of the displacement §; are defined in Fig. 7.6a
and Fig. 7.6b, respectively.
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Fig. 7.6: Definition of pressure event I (pmax; and pgar;) and associated o;

7.2 Maximum wave-induced displacements

Most of the tests were used for the analysis of the flexural displacement of Model Alterna-
tives A, B and C.

For Model A the maximum displacement 6 [mm] are plotted in Fig. 7.7 against maximum
pressures on the revetment pmax for regular waves (pmax values taken from results in Chapter 5
for Model A). The range of surf similarity parameters (§=1.22 - 1.58) is also given in the
legend of the data points, indicating that the impact load is considerable (Fig. 7.7).

For Models B and C, similar plots for impact loads are given in Fig. 7.8 and Fig. 7.9. Since

these models were tested with regular waves (RW) and irregular waves (WS), both types of
wave tests are considered.
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Fig. 7.8: Maximum displacements in all tests of Model B against maximum recorded pressures pmax; for impact
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Fig. 7.9: Maximum displacements in all tests of Model C against maximum recorded pressures p.x; for impact
loads on top of the revetment

As expected, higher wave loads generally induce higher displacements (Fig. 7.7 - Fig. 7.9).
However, a closer examination shows that the extreme pressure peaks of the impact load
component are not necessarily associated with larger displacements of the revetment. This has
been observed for both regular wave and random wave tests. The result suggests that these
impact pressures might be too short to cause any significant displacement of the revetment.
Hence, two alternatives for further analysis might be considered: (i) the duration of the wave
pressures needs to be taken into account thus leading to a pressure impulse or (ii) only the
quasi-static pressure psi,t 1S considered to cause significant displacements of the revetment.

Further analysis has shown that the duration of impacts for the tests performed is generally
too short to cause any significant displacement of the revetment. Therefore, the first option is
considered not relevant for this investigation and the second option is adopted.

In Fig. 7.10 - Fig. 7.12 maximum displacement & [mm)] is plotted versus quasi-static pressure
pstat [KPa] for all analysed regular and irregular wave tests for Model Alternatives A, B and C.
It should be noted again that the pressures pswei used for the analysis of Model C are taken
from Model B since no pressure measurements were performed in Model C in this case. For
easier identification of data points, different tests are marked by different symbols.

ELASTOCOAST Report - 141 - January 10



Chapter 7

Flexural displacement of the ELASTOCOAST revetment

1.80 T Model A ; *&m=1.223RW
Limestone ! ./\ mEm=1.379 RW
1.60 e 2 B2 A §m = 1.548 RW
|
0.15m X X &m =1.528 RW
1.40 /& X €m = 3.099 RW
_ i ®£m=3.910 RW
£ 1.20 CI€m = 2.667 RW
= r ©€m = 3.774 RW
© 1.00 |
C - |
g i |
o 0.80 !
() B |
© 0 |
é- 0.60 *: |
a 5 :
- |
0.40 | ‘ B LR,
i | |
I LA | Y |
0.20 =0l T 3
- |
0.00 ——— F-—o- — : : : : : :

12

14

Maximum pressure for quasi-static load py, ; [kPa]

16

18 20

Fig. 7.10: Maximum displacements in all tests of Model A as a function of the maximum recorded quasi-

static pressures s 0N top of the revetment (regular waves)

BEm-1,0 =2.261 WS

4-00 T T T
I Model B: : : ®&m-1,0 =3.103 WS
Limestone ! ! N A Em-1,0=2.072 WS
3501 . = - - e L
. 48 | | y ®m-1,0=3.730 WS
015mEc AR, G | ; ; » B Em = 2.952 RW
Foiom ™ | [ [ o ______| -
3.00 | ! 7 * €m=2.703 RW
- [ |6 0.48-py,., 3 64| / 4 €m = 1.306 RW
€ 2.50 | l ®£m = 1.379 RW
— i ! X €m = 1.529 RW
2 i s 7/ O €m = 1.548 RW
£2.00 | g ° '
g i Al ©€m=1.223 RW
5] i s om| A€m =1.539 RW
8 1.50 | ., -
3 i | X €m = 1.527 RW
a i P X €m = 1.439 RW
1.00 | | O&m=1.361 RW
i ° ! +€m = 1.599 RW
- | T
0.50 - oA - B Ao
i | |
| |
| |
0.00 - : : : :
0 12 14 16 18 20

Maximum pressure for quasi-static load py,, ; [kPa]

Fig. 7.11: Maximum displacements in all tests of Model B as a function of the maximum recorded quasi-

static pressures py; on top of the revetment (regular and irregular waves)

ELASTOCOAST Report

142 -

January 10



Displacement & [mm)]

0.04 |
0.02 |

0.00 ————

014 | FFr ®§m = 2.952 RW
i T B Em = 2.703 RW
L e 7 Agm =1.599 RW

0.10 |
0.08 |

0.06 |

= I/ / | Chapter 7

Flexural displacement of the ELASTOCOAST revetment

*£m-1,0 = 1.838 WS
BEM-1,0 = 2.261 WS
AEm-1,0 = 3.103 WS
®£m-1,0 = 2.072 WS
X €m-1,0 = 3.730 WS

Model C

Granite

Maximum pressure for quasi-static load pq, ; [kPa]

Fig. 7.12: Maximum displacements in all tests of Model C as a function of the maximum recorded quasi-

static pressures s 00 top of the revetment (regular and irregular waves)

The results for quasi-static load in Fig. 7.10 - Fig. 7.12 show a much better correlation than
for impact load in Fig. 7.7 - Fig. 7.9. The maximum displacements increase with increasing
maximum quasi-static pressures, the relation seems to follow a linear behaviour. The dis-
placements caused by quasi-static load are comparatively larger than those caused by impact

loads.

In relation to Model A (regular waves), the following observations can be made:

The increase of displacements of Model B and Model C starts later (i.e. with larger
pressures) as compared to Model A results (about 8 kPa for Model B and 9.5 kPa for
Model C)

The absolute displacements of Model C are much smaller than for Model B and for
Model A. For Model C, the maximum displacements observed are only up to about
0.2 mm whereas values close to 4.0 mm in case of Model B and close to 1.8 mm for
Model A are reached. The displacements of Model C are hence about an order of mag-
nitude smaller than for Model B and A.

The maximum displacements seem to linearly increase with increasing maximum
quasi-static pressure psai Up to certain threshold ps.c values which are 5 kPa
(Model A), 8 kPa (Model B) and 9.5 kPa (Model C) as shown in Fig. 7.10 to Fig. 7.12.
Beyond this threshold value, the rate of linear increase of displacement 6 with increas-
Ing psiat becomes much larger.
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The different displacement behaviours of Model Alternatives A, B and C are certainly due to
the presence and thickness of the filter layer beneath the ELASTOCOAST revetment since the
thickness of the latter is the same (0.15 m) for the three model alternatives.

Based on the results in Fig. 7.10 to Fig. 7.12 the following relationship between the maximum
displacements & [mm] of the revetment and the maximum quasi-static pressures psiati [kPa] on
the revetment are proposed for the three model alternatives:

« For Model Alternative A:
86=0.27-py,;—1.23 forpg, >5kPa (7.1)
0=0.02-p,; for p,.; <5kPa (7.2)

. For Model Alternative B:
6=0.48-p,; —3.64 forp,,, >8kPa (7.3)
8=0.02-pg,; for p,,,.; <8kPa (7.4)

« For Model Alternative C:
6=0.036-p,,;—0.32 forpg,; >9.5kPa (7.5)
8=0.002-pg,; for p,.; <9.5kPa (7.6)

For all equations (Egs. (7.1) to (7.6)) which are inhomogeneous in terms of dimension, the
displacement 6 is in [mm] and the pressure pse; in [kPa].

All results of the displacement analysis of the ELASTOCOAST revetment are summarized in
Fig. 7.13 comparing the displacement behaviour of the three Models A, B and C.

Remark:
These formulae must not be extrapolated!
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Fig. 7.13: Maximum displacements in all tests of Model Alternatives A, B and C as a function of the
maximum recorded quasi-static pressures pg; on top of the revetment
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8 Failure of the ELASTOCOAST revetment

On Monday 18" May 2009, the part of the ELASTOCOAST revetment without filter layer
(Model Alternative A), unexpectedly failed under severe regular wave attack while Model
Alternative B which was simultaneously subject to the same wave conditions experienced no
damage. As shown in Fig. 8.1 the ELASTOCOAST layer lies directly on the geotextile-
covered sand, while in Model Alternative B a filter layer made of the same crushed rock mate-
rial as for the ELASTOCOAST revetment is additionally inserted between the ELASTOCOAST
layer and the geotextile. The two Model Alternatives A and B are built side by side, each cov-
ering half of the wave flume width (2x2.5 m) and tested simultaneously using the same inci-
dent wave conditions. The thickness of the ELASTOCOAST layer for both Model Alternatives
A and B is 15 cm. While no gravel filter is built for Model Alternative A, the thickness of the
filter layer in Model Alternative B is 10cm, resulting in an overall revetment thickness of
25 cm in Model Alternative B. For the revetment and the filter layer, crushed limestone mate-
rial with a grading of 20/40 [mm] is used.

Model Alternative A Model Alternative B

E = ELASTOCOAST 0.15m
(Limestone, grading 20/40)

A =Filter layer 0.10 m
(Limestone, grading 20/40)

G = Geotextile (Terrafix 609)

S = Sand foundation
(Ds, = 0.35 mm, U = 2.46)

Fig. 8.1: Cross sections of Model Alternatives A and B built side by side in GWK (FZK, 2008b)

The failure occurred under regular wave attack with H=1.3 m and T =5 s for a water depth
of h =3.90 m in the flume. In a previous test with the same water depth (h =3.90m), the same
wave height (H = 1.3 m) but a shorter wave period (T = 4s), no apparent damage occurred for
Model Alternatives A and B.

This section therefore aims at

(1) Briefly describing the observed damage of Model Alternatives A for the regular
wave test with H=1.3 m and T = 5s, including the comparison of the associated
wave induced load processes and displacements of the revetment simultaneously
recorded at both Model Alternatives A and B for the same test. A comparison with
the processes recorded in the previous test with the same wave height and a shorter
period (H= 1.3 m and T =4 s) for which no damaged occurred is also performed
in order to better understand the causes of failure in the test with a longer wave pe-
riod.
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(1))  Providing a possible physical interpretation of the experienced failure which is
based on both video observations and the analysis of the recorded data related to
the wave induced pressure and the associated displacement of the revetment.

8.1 Description of observed failure of Model Alternative A

The exact time at which the collapse of Model Alternative A occurred is identified by means
of the records of the displacement meter as illustrated by Fig. 8.2 showing comparatively the
recorded displacement for Model Alternatives A and B. It is seen that the collapse of Model
Alternative A started after t =450 s (t = 7:30 min), i.e. between the 74™ and the 75™ wave of
the test (see also Fig. 8.3 and Fig. 8.4). In fact, the failure initiation started just after t =430 s
(t=7:10min), i.c. just after the 70" wave, where a residual upward displacement started to
build up for each cycle until the collapse occurred. The uplift of the revetment by each wave
cycle causes a gap beneath the revetment thus allowing the sediment to move more freely. As
a result, the residual upward displacement increases progressively until the collapse occurs.
The maximum residual upward displacement (15 mm) was recorded by the displacement me-
ter during the run down of the 75" wave which caused the collapse of the revetment. As ob-
served visually during the tests the collapse occurred within a very short time interval (few
seconds) without any visually perceptible precursors. Following the significant upward mo-
tion of the revetment and the resulting gaps beneath the revetment, considerable amount of
sand were washed out by the receding waves on the slope (down rush flow) thus resulting in a
significant settlement of the revetment and a subsequent breakage of the revetment .As shown
in Fig. 8.5a the washed sand was deposited at the toe of the revetment. This figure together
with Fig. 8.5b shows that the occurrence of the collapse was spatially concentrated just below
still water level.

Comparatively, no build up of the residual displacement (Fig. 8.2) and no damage (Fig. 8.5)
occurred for Model Alternative B which was subject to the same incident waves as Model
Alternative A

Important remark:

The fluctuations of transducer DT2 at Model B directly after the collapse are induced by mo-
tions of the upper support point of the transducers, which are caused by the large deforma-
tions of the measuring system at Model A. They don’t represent the displacements of the re-
vetment in Model B and must therefore be ignored.
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090518 02 Channel 049 DT 1 - Mod. A H
— 090518 02 Channel 050 DT 2 - Mod. B
Displacement of
8|ELASTOCOAST layer at
Models A and B
6 | _Model A | .
‘\ / A o * PT21
! X
E :
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-2 Wave 74 |
Wave 75 l |
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-6
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Time [s]
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Fig. 8.2: Displacement signals for Model Alternatives A and B at the time of failure of Model A (Oumeraci et
al, 2009)
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Fig. 8.3: Wave records at wave gauge WG13
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(a) 74™ wave at t=450s (7:30min)

18 . |

B 73509] ()

S ——

el W
. |

(b) 75™ wave at t=457s

Fig. 8.4: 74™ and 75™ waves just before impact on the revetment in GWK
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Wave run-dg

(a) Overall view (b) Detailed view

Fig. 8.5: Extent of damage for Model A

Following the wash out of sand and the subsequent settlement, the revetment experienced an
unexpected breakage behaviour in several smaller and larger block units occurred (Fig. 8.6a),
leading to very large gaps in through the revetment (Fig. 8.6b). This unexpected breakage
behaviour is certainly due to the use of limestones, since the failure planes are observed to
generally go through the limestones and not through the polyurethane binding material
(Fig. 8.7).
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(b) Large gaps in the revetment (breakage)

Fig. 8.6: Breakage of revetment
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Fig. 8.7: Failure through limestones (Oumeraci et al, 2009a)

8.2 Physical interpretation of failure of Model Alternative A

8.2.1 Wave-induced pore pressure in the sand core

As described in the previous section 8.1 the primary difference between Model Alternative A
which failed and Model Alternative B which did not fail under the same wave conditions is
the 10 cm thick gravel filter layer which provides an additional weight and stiffness for Model
Alternative B to resist against the instability (e.g. reduction of shear resistance and soil lique-
fication) of the sand core beneath the revetment which is subject to different pore pressures in
Model A and Model B.

As already shown by Oumeraci et al (2009a), the wave pressure on and beneath the revetment
are almost similar for Maodel A and Model B with the uplift pressure being slightly higher
for Model A than for Model B (see Fig. 3.1 p.3 in Oumeraci et al, 2009a). However, the re-
sponse of the sand core beneath the revetment is different for Model A and Model B as shown
by the development of the pore pressure in Fig. 8.8 before the failure occurs. It is seen that the
“negative” pore pressure amplitudes measured in 20cm beneath the upper boundary of the
sand core by PT17 on Model A and by PT43 in Model B significantly differ while the “posi-
tive” pore pressure amplitudes are in the same range for both models. In fact, the “negative”
pore pressure amplitudes are almost twice for Model A (-2.3 kPa) than for Model B (-1.2
kPa). This extremely higher pressure gradient beneath Model A will result in a significantly
stronger upward water flow in the sand core beneath the revetment as compared to Model B.
It should be stressed that the pore pressure signals shown in Fig. 8.8 are measured long before
the occurrence of the failure and that about 10 waves before the failure at t = 455s (Fig. 8.2)
the pore pressure amplitudes remained almost constant over time.
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Fig. 8.8: Pore pressure development in the sand underneath the revetment (Oumeraci et al, 2009a)
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This is surprisingly not the case for the last 10 waves before the failure occurred. As shown in
Fig. 8.10 together with Fig. 8.2, the “negative” pore pressure amplizudes at PT17 for Model
A progressively increases from -2.4 kPa at t = 410s to -3.2 kPa before the incipience of the
failure while the “positive” pore pressure amplitudes remained almost constant over time. As
the failure started (74" wave at t = 455s), the pore pressure decreases to -5.6 kPa and droped
to -11.4 kPa as the revetment collapsed (75" wave at t = 455s).

As shown in the simultaneously measured displacement in Fig. 8.2 the progressive increase in
“negative” pore pressure amplitude is accompanied by a simultaneously progressive increase
of the upward displacement of the revetment up to the time where the displacement meter
collapsed.

F1—090518 02 Channel 007 PT 07 - Mod. A, EC top, impact area

F1— 090518 02 Channel 013 PT 13 - Mod. A, EC bottom, impact area
F1— 090518 02 Channel 017 PT 17 - Mod. A, Sand top, impact area

F1— 090518 02 Channel 021 PT 21 - Mod. A, Sand bottom, impact area

[ ModelA |
b

TAAA N A AR N A
\ \

IVAVA \

[y L'} Ay W

10

[ kPa ]

\
_5 |
> 4KP -3.2kPa A Development of
-2.4kPa . \\ negative pressure
-10 (a) Pressure development — o amplitude of PT17
at Model A /V
410 415 420 425 430 435 440 445 450 455 460 465 470 475
Time [s] A
Wave 74
Wave 75

Fig. 8.9: Pore pressure development in the sand core beneath the revetment of Model A (Oumeraci et al,
2009a)

These results indicate that the primary cause of failure of Model A is most probably the lique-
fication of the sand core beneath the revetment. This has also been shown in the preliminary
report by Oumeraci et al (2009a) in which the differences with Model B are explained in
more detail, so that there is no needto duplicate them in the present report. Instead a compara-
tive stability analysis of Models A and B for the same tests at which the failure of Model A
occurred is provided below in order to confirm that the development of pore pressure and soil
liquefication in the sand core beneath the revetment of Model A indeed represents the primary
cause of the observed failure.
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8.2.2 Stability analysis
(a) Physical background of soil liquefication and stability beneath the revetment

Generally, wave-induced cyclic loads generate both pore water pressure u and effective
stresses ¢' inside the subsoil. In the presence of sea waves the total pore pressure u,(z,t) in the
seabed is composed of the hydrostatic component u,(z) and the wave induced component
u(z,t):

U, (2.1) = 0y (2) + u(z,1) 8.1)

The wave-induced component u(z,t) is also called “excess pore pressure” (in excess of the
hydrostatic pressure). Because of the resetting of the pressure transducers before each indi-
vidual test, the initial hydrostatic component u,(z) is not considered in the following analysis.

Liquefaction occurs, if the excess pore pressure u(z,t) inside the soil reaches the value of the
initial effective stress ¢', which means, that the effective stress and therefore the shear resis-
tance 15 of the soil tends to zero (15 = (¢'-u) tane with @ = internal friction angle). In general,
soil liquefaction may be induced by two mechanisms:

« Upward pressure gradient in the soil during the passage of the wave trough (transient
or instantaneous liquefaction)

« Increase of mean excess pore water pressure (residual liquefaction)
Transient liquefaction:

During the passage of a wave trough the induced excess pore pressure in the soil becomes
negative. As the amplitude of the excess pore pressure diminishes with increasing depth, the
spatial difference in pore pressure generates an upward pressure gradient (Fig. 8.10). If the
pressure gradient at a certain location z in the sand core reaches the effective stress o'y, due to
the submerged weight of the soil and the revetment at this location, the soil gets into suspen-
sion and behaves like a fluid.

G'y=pgz+p, -g-d (8.2)
LI
(5'v0), (ov0),

with:
c'vo [N/m?] Initial effective vertical stress
P's [kg/m’]  Bulk density of submerged soil (sand)
Ps [kg/m’]  Bulk density of soil (sand)
Pw [kg/m’]  Mass density of water
g [m/s?] Gravitational acceleration
z [m] Depth of sand core
Pr [kg/m’]  Density of revetment including filter layer
d; [m] Thickness of filter layer and ELASTOCOAST revetment
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at z'=z, at z'=z,

Fig. 8.10: Distribution of initial effective stress, excess pore pressure amplitude and uplift pressure gradient in
the sand core under the passage of a wave trough (see Fig. 6.1 for definition of PT Layers)

This is called transient liquefaction, as this phenomenon is limited to the short period during
the passage of the wave trough. Transient liquefaction occurs if the pressure difference
(up - uy) gets negative and corresponds to the initial effective stress c'yo:

' ,—(u,—u)=0 (8.3)
with:
c'vo N/m? Initial mean effective stress
Uo [kg/m’]  Initial (hydrostatic) pore water pressure
Uy Pa Instantaneous (transient) excess pore water pressure

Residual liquefaction:

If the gradual increase of the mean pore pressure ur inside the sand core reaches the value of
the initial effective normal stress 6'yo, the contact between the soil grains vanishes and the soil
behaves like a fluid:

c',—u =0 (8.4)
with:

u; [Pa] Residual excess pore water pressure

Under wave action and increased mean excess pore pressure ur, the excess pore pressure u is a
superposition of both residual pore pressure urand transient pore pressure us
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G'VO—[(uO—ut)+ur]=O (8.5)

Based on eq. (8.5) the stability analysis of the sand core beneath the revetment can be per-
formed as schematically illustrated in Fig. 8.11, showing:

PT Layer 3 -3

PT Layer 4 -}'

PT Layer 5 -

the distribution of the initial effective stress c'yo in the sand core beneath the revetment
starting at the upper boundary (PT Layer 3). The effective stress o'y is composed of
the linearly increasing component (c'yo)s due to the submerged weight of the sandma-
terial and the component (oy9), due to the weight of the revetment and filter layer
which remains constant over the entire depth in the sand core (see also definition
sketches Fig. 6.1, a,b). While the first component (c'yo)s is the same for both Models A
and B, the second component (c'y¢);, is higher for Model B ((c'yo): = 3.826 kN/m?) than
for Model A ((6'vo): = 2.296 kN/m?).

The initial “negative” pore pressure amplitude —uy caused by the wave pressure at the
upper boundary of the sand core beneath the revetment is a transient pore pressure and
therefore decrease with the depth like the total transient pore pressure described in
section 6.1. As a result, an upward directed pressure gradient (up-uy) is generated.

The residual pore pressure u, which is zero at the upper boundary of the sand layer
(u; = 0 for z’' = 0) and increase with the depth in the first layers (see Section 6.2.).

Initial Effective Uplift Pressure Residual Pore Vertical Plane B
Stress o* Gradient (ug-u,) Pressure u, . .
Liquefaction ' <0
______________________________ —
U A
:\ - |:>
™
E UO-Ut
0'0=(0",0)s+(0\0); - leew v w]l B o =o- [ + u)

Fig. 8.11: Superposition of initial effective Stress o'y, uplift pressure gradient (uo-u;) and residual pore pres-

sure u, for stability analysis

In the stability analysis the first term (c'yo) in Eq. (8.5) and Fig. 8.11 represent the resistance
(R) while the second term (up-u;) and the third term (u;) represent the wave-induced load, so
that the stability is described by the following limit state equation:

G':G'VO—[(uO—ut)+ur]=0 (8.6)
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Which means that liquefication occurs when
¢'20 (8.7)
(b) Physical background of soil liquefication and stability beneath the revetment

Based on the approach illustrated by Fig. 8.11, the stability analysis is conducted below com-
paratively for both Model Alternatives A and B by considering:

- Test 09051802 (with Hy, = 1.37 m, T;, = 4.9 s and h = 3.90 m) at which the failure
of Model A occurred and called hereafter “failure test”.
- Test 09051503 with a similar wave height and a shorter period (with Hy, = 1.40 m,

Tm=3.92 s and h = 3.70 m) at which no failure occurred and called hereafter “no
failure test”.

Moreover, the stability analysis is conducted for the three planes B, C and D normal to the
slope as defined in Fig. 6.1 in order to better localize the initiation of the failure along the
slope.

(1) Stability analysis for “failure test”
The results of the stability analysis for Model A and Model B are comparatively de-

picted in Fig. 8.12 and Fig. 8.13, showing that a soil liquefaction indeed occurred be-
neath the revetment of Model A while the soil remained stable under the revetment of
Model B. Moreover, it is shown that the soil liquefaction is initiated at the deepest of
the three considered locations beneath SWL (Planes B, C and D) which might corre-
spond to the maximum run-down.

(11) Stability analysis for “no failure test”
The results are comparatively depicted in Fig. 8.14 and Fig. 8.15 showing that the soil

beneath the revetment remained stable in both Models A and B, thus confirming the
observations during the test.
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Fig. 8.12: Stability analysis for failure test (Model A)
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Fig. 8.13: Stability analysis for failure test (Model B)
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9 Summary and Concluding Remarks

More than 35 tests with regular waves and about 40 tests with irregular waves were per-
formed in the Large Wave Flume (GWK) of the Forschungszentrum Kiiste (FZK) in Han-
nover, Germany. Initially two Model Alternatives A and B (see Fig. 1.1) were built side by
side in the wave flume and tested simultaneously using the same incident wave conditions
(regular waves only). After the failure of Model Alternative A which occurred at an unex-
pected early stage under regular waves (h=3.90 m, H= 1.3 m and T = 5 s), Model Alterna-
tive A was replaced by Model Alternative C (Fig. 1.2), so that the full testing programme
could be performed for both regular and irregular waves with Model Alternatives B and C
built in the wave flume side by side.

Both regular and irregular wave tests were analysed with the objective of deriving empirical
formulae/diagrams for (i) the reflection performance of the ELASTOCOAST revetment, (ii)
the wave run-up and run-down, (iii) the pressure induced by the waves on and just beneath
the revetment, (iv) the pore pressure in the sand core beneath the revetment. This objective is
in line with the terms of reference as specified in the proposal (FZK, 2008b). In addition, this
report also includes the description and analysis of the collapse experienced by Model Alter-
native A, which was already reported by Oumeraci et al (2009a). Moreover, much more work
than initially planned for the verification, pre-processing and analysis of the data was neces-
sary, due to the damaged transducers after the failure of Model Alternative A and to further
related unexpected difficulties. Nevertheless, much more has been achieved than initially
specified in the proposal (FZK, 2008b).

Although the analysis of the data has been systematically performed for both regular and ir-
regular waves, the focus in the report is put on the irregular wave tests, because they are more
relevant for design purposes. In order to make the report easier to read, the results related to
the regular wave tests are briefly summarized in Annex D for comparison

Hydraulic Performance

For the prediction of the wave reflection performance a formula providing the reflection
coefficient C; as a function of the surf similarity parameter &y, 1 is proposed (see Fig. 9.1):

084 )

L= 5 with 6’ =12.5 %

4.8+&, 10
The ELASTOCOAST revetments have expectedly smaller reflection coefficients than smooth
impermeable slopes, but larger reflection coefficients than conventional rubble mound struc-
tures. Moreover, the results also show that the surf similarity parameter does not account suf-
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ficiently for the effect of the incident wave period and that a more appropriate governing pa-
rameter should be developed in future research.
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Fig. 9.1: Proposed reflection coefficient for ELASTOCOAST revetment

For the prediction of wave run-up Ryze the formulae proposed by EurOtop Manual for
smooth impermeable slopes have been adopted by introducing reduction factors for the
ELASTOCOAST revetment (s. Fig. 9.2). The following formulae are obtained with
o’ =159 %:

R,
HuZA; 20'54,[1.65.}’%171’0] forg, ,,<2.7

m0

R o, N
—Humo.77-{4.0— L ] for &, >2.7

mO0 m-1,0

The difference between Model Alternative B and Model Alternative C is negligibly small.
However, wave run-up of ELASTOCOAST revetments is 25% to 50% less than for smooth
impermeable slopes, depending on the range of surf similarity parameter considered
(Fig. 4.4).
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Fig. 9.2: Proposed wave run-up for ELASTOCOAST revetment

For the prediction of wave run-down Ry, formulae are developed providing Rgzo, as a
function of the surf similarity parameter &y,.1 0 with 6> = 6.1 % (s. Fig. 9.3):

R,
HdzA, =-042-¢_,,+0.17forg_,,<5.7

mo

% =-225for g, >57

mo

Compared to the formulae for other types of revetment (Fig. 4.8), showing that the wave run-
down of ELASTOCOAST revetment is between that of a smooth impermeable slope and that
of a revetment of placed concrete blocks.
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Fig. 9.3: Proposed wave run-down for ELASTOCOAST revetment

Wave Load on and just beneath Revetment

The most extensive part of the analysis is dedicated to the analysis of the pressure induced by
the waves on and just beneath the revetment (Chapter 5), including a wave load classification
and parameterization in both space and time as well as the development of empirical formulae
for the prediction of the parameters which are needed to describe the wave load.

Depending on the surf similarity parameter &, ; o tested (Em.1,0 = 1.6 - 6.6) a wave load classi-
fication is proposed, including impact load (.10 = 1.6 - 2.5), non-impact load (§mn.10 > 2.9)
and a transition zone (m.10 1.6 —2.5).

A parameterization for both impact load (Fig. 5.4 and Fig. 5.5) and non-impact load (Fig. 5.6
and Fig. 5.7) is proposed in time (Fig. 5.4 and Fig. 5.6) and space (Fig. 5.5 and Fig. 5.7). The
maximum (peak) pressure and its location along the slope, represent the key parameters since
both parameters are used as reference parameters for the calculation of other related parame-
ters which are required to calculate the wave pressure distribution on and beneath the revet-
ment.

For the prediction of maximum pressure pmax for impact load on the revetment as a func-

tion of the surf similarity a formulae is proposed with 6> =37.6 % :

p
P _ g4 4125
prgH, o
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Fig. 9.4 shows that pmax/pgHmo-values up to 6 can be obtained. For the transition zone
Pmax/PgHmo-values in the order of 2 are obtained according to Eq. (5.4) and Fig. 9.4. Just be-
neath the revetment the pmax/pgHmo-values are reduced by a factor of about 0.6 (see Egs. (5.7)
-(5.8) and Fig. 9.4).
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Fig. 9.4: Proposed maximum pressures on and beneath the revetment for impact load

For the prediction of the maximum pressure psi: for the non-impact load, two formulae
are proposed depending on the range of the surf similarity parameter &, o which also covers
the quasi-static component of the impact load (Egs. (5.5) and (5.6)). For design purpose it
might be simpler to use only (with 6> = 16.11 %):

pstat
- 0-68 *
. Hmo émfl,o

over the whole range of &1 — values, which is on the safe side (see Fig. 9.5). All formulae
proposed for the prediction of the maximum pressure on and just beneath the revetment, in-
cluding both impact load and non-impact load, are summarized in Tab. 5.1. It is important to
stress that the pressure on and just beneath the revetment occur almost simultaneously
and that this should be accounted for in the stability analysis of the revetment accordingly.
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Fig. 9.5: Proposed maximum pressures on and beneath the revetment for non-impact load

For the prediction of the location of the maximum pressure along the slope two ap-
proaches leading to different formulae are proposed. For design purpose the formula based on
Klein Breteler’s approach with 6* = 15.57 % (s. Fig. 9.6)

Zy . (0.7-£-0.6
— =min
H 02-£+1.0

m0

should be favoured since it is more practical and more conservative than the formula based on
Schiittrumpf’s approach (Eq. (5.11) and Fig. 5.20). For the location of the maximum pressure
induced beneath the revetment the same formulae as for the maximum pressure on the revet-
ment are used by applying an amplification factor of 1.2 (see Eq. (5.16) and Fig. 5.24). All the
proposed formulae are summarized in Tab. 5.2.

ELASTOCOAST Report - 169 - January 10



L7 ‘/ / Chapter 9

Summary and Concluding Remarks

pmax | « | | ! |
szax,N | | | | |
H L4 I I I I I
m0 Hos | | | | |
I I I I I °
2.5H z27Pmax,N ******** o= A= - ————=—=— === ==X === = === —————— === —
X I X I I I
Hos | | | | |
! I I I I |
| | | X | |
L I I I I I
21~ Eot _otanol [Ty Tttt T TR o= !
— Sm-10 | | |
H,, /L, | | |
| | |
| I I .
| I | ax : . .
15+—"""""F7-—"""""""~-7-3 TRV TS e B i =min -
x x n 2. .

c'=15.57%

|
|
| ¢
| | (ELASTOCOAST)
1 7777777777 T T T T T T T X o T L x T T T~ a T - T
| | | l
| | |
: : : HmO aLO
05F-====7""~ T ‘ T S L WL N Zpa ||
| | | | h \)/ T
| | | | o
: l l l i
0 | | | | T T
0 1 2 3 4 5 6 7

surf similarity parameter £ _ ,

Fig. 9.6: Proposed location of the maximum pressure on and just beneath the revetment

For the prediction of the spatial pressure distribution on and just beneath the revet-
ment, which is based on the proposed parameterization in space for impact load (Fig. 5.5) and
non-impact load (Fig. 5.7), formulae are proposed to calculate all the required parameters. All
these formulae for both impact and non-impact load are summarized in Tab. 5.3, thus allow-
ing to calculate the pressure distribution on and just beneath the revetment. It is important to
stress that the latter occur almost simultaneously and should be accounted for in the design
accordingly. While the pressure distribution for impact load is considerably damped when
transmitted just beneath the revetment, this is not the case for non-impact load for which the
damping is negligibly small for practical purpose.

For the prediction of the time related parameters which are based on the parameterization
proposed for impact load (Fig. 5.4) and non-impact load (Fig. 5.6), very approximate formu-
lae are tentatively proposed which are summarized in Tab. 5.4. Due to the highly stochastic
nature of the wave-induced pressure variations in time, the uncertainties associated with these
formulae are very high, making the latter very tentative. An improvement can be achieved
only through numerical modelling in future research.

Wave Induced Pore Pressure in the Sand Core beneath the Revetment

The analysis of the wave-induced pore pressure in the sand core beneath the revetment repre-
sents one of the most important parts of the project, including both transient and residual pore
pressure, the focus being however on the transient component which is more critical for the
stability of the sand core beneath the revetment.
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For the prediction of the transient pore pressure it was first focused on the development of
formulae to calculate the initial pressure psmax at the upper boundary of the sand core beneath
the revetment (PT Layer 3), since psmax represents the reference pore pressure to which the
damped pore pressure occurring at deeper layers are related. Surprisingly, no impact pressure
component is transmitted as such into the sand core, so that all pore pressure recorded in the
sand core have a rather quasi-static character, irrespective of the type of wave load considered
on the revetment. This made the derivation of formulae for the maximum pore pressure at
Layer 3 (p3max) and deeper Layers 4-5 (Pamax and psmax) €asier. In fact, these could be directly
derived by introducing a corresponding damping factor for each layer in Eq. (5.5) for the
maximum pressure psee On the revetment.

The obtained prediction formulae for the maximum pore pressure at layers 3, 4 and 5 in the
sand core are summarized in Fig. 9.7, also including Eq. (5.5) for psw on the revetment. These
formulae show that the pore pressure is almost completely damped at a depth of about 80 cm
in the sand core beneath the revetment.
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Fig. 9.7: Proposed damping of pressure beneth the revetment

Based on the initial pressure psmax at the upper boundary of the sand core beneath the revet-
ment (Layer 3) which is used as a reference value po (= psmax) the distribution of the pore
pressure in deeper layers is analysed at three planes B, C and D normal to the slope, showing
that the damping effect is similar for all planes B, C, and D and that the damping rate signifi-
cantly depends on the initial pressure py (see Fig. 6.16 and Fig. 6.17). Based on the results of
this analysis, preliminary formulae are proposed for different ranges of the surf similarity
parameter .10 (Egs. (6.13) and Fig. 6.18).
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In addition to the formulae in Fig. 9.7 which rather describe the total transient pore pressure,
including both “positive” and “negative” components, the “negative” component only is also
needed. For the analysis of the stability of the sand core beneath the revetment against soil
liquefaction the upwards directed pressure gradient which results from Au = uy(z = 0)-u(z) (uo
and u; are the reference “negative” transient pore pressure at the upper boundary of the sand
core (z =0) and the deeper layer at depth z, respectively). Therefore, formulae providing the
relative pressure Aii(z) (Eq. 9.1) as a function of the surf similarity parameter &y, o are devel-
oped in Annex E (Egs. E.2.1 and E.2.2, Fig. E.2.3), showing that the upper sand layer just
beneath the revetment is rather susceptible to transient soil liquefaction.

Uy — 4, (Z)

Au(z) =
pgH

9.1)

Flexural Displacements

For the prediction of the flexural displacements of the ELASTOCOAST revetment, formu-
lae for non-impact load are developed relating linearly the displacement 6 [mm] and the maxi-
mum pressure pge ON the revetment (kPa):
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Fig. 9.8: Proposed prediction of the flexural displacement of the ELASTOCOAST revetment
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In fact, the impact load induces comparatively smaller displacements and the relationship
between & and pmax €xhibits a considerable scatter, so that a derivation of formulae for impact

load is not necessary (see Fig. 7.7 - Fig. 7.9).

Expectedly, the smallest displacement occurs for Model Alternative C.

Failure of Model Alternative A

Based on the results of the preliminary analysis of the failure reported by Oumeraci et
al (2009a), a more detailed analysis has shown that the primary cause of the failure is due to
the development of excessive pore pressure in the sand core beneath the revetment which
resulted in transient soil liquefaction.

Initial Effective Uplift Pressure Residual Pore
Stress o', Gradient (uy-u,) Pressure u,
u.= -6.50 liquefaction
PTlayer3 ... 2.30 e S O 2.3 A
c A f
I transient
d_x_F_’_T_l:@y@r_é __________ soil
liquefaction
£ all values
= in [KN/m?]
=)
_y PT Layer5

Fig. 9.9: Failure of Model Alternative A due to transient soil liquefaction between layer 3 and 4, Location B

A comparison with stability analysis of Model Alternative B for the same regular wave test
which caused the failure of Model Alternative A illustrates why Model Alternative B did not
fail. A comparison of the stability of both Model Alternatives A and B from a previous test
with similar wave height and a shorter wave period also illustrates why none of the models

failed.

A more detailed analysis of the failure should be performed later (outside this project) by us-
ing a numerical model validated by the experimental data.
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A.1 Locations of measuring devices

Measuring techniques

Tab. A.1.1: Locations of measuring devices in the x-y-z coordinate system (start of test series)
Channel Description X Y _Z
(separation wall=0)
1 PT 01 Pressure Transducer Mod. A, EC top, toe 243.45 2.15 1.10
2 PT 02 Pressure Transducer 245.70 2.90 1.10
3 PT 03| Pressure Transducer 245.95 2.98 1.10
4 PT 04 | Pressure Transducer 246.20 3.07 1.10
5 PTO05| Pressure Transducer Mod. A, EC top, impact area 246.45 3.15 1.10
6 PT 06 | Pressure Transducer 246.70 3.23 1.10
7 PT 07| Pressure Transducer 246.95 3.32 1.10
8 PT 08 Pressure Transducer 247.20 3.40 1.10
9 PT 09 | Pressure Transducer Mod. A, EC top, SWL 249.00 4.00 1.10
10 PT 10 | Pressure Transducer Mod. A, EC bottom, toe 243.50 2.01 1.10
11 PT 11 Pressure Transducer 246.00 2.84 1.10
12 PT 12| Pressure Transducer Mod. A, EC bottom, impact area 246.50 3.01 1.10
13 PT 13| Pressure Transducer 247.00 3.17 1.10
14 PT 14 | Pressure Transducer Mod. A, EC bottom, SWL 249.05 3.86 1.10
15 PT 15| Pressure Transducer 246.06 2.65 1.10
16 PT 16 | Pressure Transducer Mod. A, Sand top, impact area 246.56 2.82 1.10
17 PT 17 Pressure Transducer 247.06 2.99 1.10
18 PT 18 | Pressure Transducer Mod. A, Sand bottom, toe 243.90 1.06 1.10
19 PT 19| Pressure Transducer 246.31 1.89 1.10
20 PT 20| Pressure Transducer Mod. A, Sand bottom, impact area 246.81 2.06 1.10
21 PT 21 Pressure Transducer 247.31 2.23 1.10
22 PT 22| Pressure Transducer Mod. A, Sand bottom, SWL 249.00 291 1.10
23 PT 23| Pressure Transducer 251.10 291 1.10
24 PT 24| Pressure Transducer Mod. A, water table 253.60 291 1.10
25 PT 25 Pressure Transducer 255.60 291 1.10
26 PT 26 | Pressure Transducer Mod. B, EC top, toe 243.45 2.15 1.10
27 PT 27 Pressure Transducer 245.70 2.90 1.10
28 PT 28| Pressure Transducer 245,95 2.98 1.10
29 PT 29 Pressure Transducer 246.20 3.07 1.10
30 PT 30| Pressure Transducer Mod. B, EC top, impact area 246.45 3.15 1.10
31 PT 31 Pressure Transducer 246.70 3.23 1.10
32 PT 32 Pressure Transducer 246.95 3.32 1.10
33 PT 33 Pressure Transducer 247.20 3.40 1.10
34 PT 34| Pressure Transducer Mod. B, EC top, SWL 249.00 4.00 1.10
35 PT 35| Pressure Transducer Mod. B, EC bottom, toe 243.50 2.01 1.10
36 PT 36| Pressure Transducer 246.00 2.84 1.10
37 PT 37| Pressure Transducer Mod. B, EC bottom, impact area 246.50 3.01 1.10
38 PT 38 Pressure Transducer 247.00 3.17 1.10
39 PT 39| Pressure Transducer Mod. B, EC bottom, SWL 249.05 3.86 1.10
40 PT 40| Pressure Transducer Mod. B, Filter bottom, impact area 246.53 291 1.10
41 PT 41 Pressure Transducer 246.09 2.56 1.10
42 PT 42| Pressure Transducer Mod. B, Sand top, impact area 246.59 2.72 1.10
43 PT 43 Pressure Transducer 247.09 2.89 1.10
44 PT 44 | Pressure Transducer Mod. B, Sand bottom, toe 243.93 0.96 1.10
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Measuring techniques

Channel Description X Y _Z
(separation wall=0)
45 PT 45 Pressure Transducer 246.35 1.79 1.10
46 PT 46 | Pressure Transducer Mod. B, Sand bottom, impact area 246.85 1.96 1.10
47 PT 47 | Pressure Transducer 247.35 2.13 1.10
48 PT 48 | Pressure Transducer Sand bottom, SWL 249.40 2.81 1.10
49 DT 1 |Displacement Transducer Mod. A 246.45 3.15 1.25
50 DT 2 |Displacement Transducer Mod. B 246.45 3.15 1.25
51 AT 1 | Acceleration Transducer Mod. A 246.45 3.15 1.25
52 AT 2 | Acceleration Transducer Mod. B 246.45 3.15 1.25
53 RUG 1| Wave Run up Gauge Mod. A, toe 244.75 2.50 0.80
54 RUG 2| Wave Run up Gauge Mod. A, crest 250.14 4.38 0.80
55 RUG 3| Wave Run up Gauge Mod. B, toe 246.45 2.50 0.80
56 RUG 4| Wave Run up Gauge Mod. B, crest 250.14 4.38 0.80
LTG . _
57 01 | Layer Thickness Gauge | M-/ impact area, delta_d=5cm 247.05 3.35 0.00
LTG Mod. A, slope low bottom, delta_d=1cm
58 02 | Layer Thickness Gauge /A siop ' - 250.38 4.46 0.00
LTG B
59 03 | Layer Thickness Gauge | "o% A slope lowtop, delta_d=2cm o 4 470 0.00
LTG . B
60 04 | Layer Thickness Gauge | ™ot A slope high, delta_d=2cm 253.73 5.58 0.00
LTG _
61 05 | Layer Thickness Gauge Mod. A, crest, delta_d=1cm 257.10 6.70 0.00
LTG ) B
62 06 | Layer Thickness Gauge | M9 B. impact area, delta_d=5cm 247.05 3.35 0.00
LTG Mod. B, slope low bottom, delta_d=1cm
63 07 | Layer Thickness Gauge -5 Siop ' - 250.38 4.46 0.00
LTG B
64 08 | Layer Thickness Gauge | o0 B slope lowtop, delta_d=2cm | 4 470 0.00
LTG . B
65 09 | Layer Thickness Gauge | ™od B slope high, delta_d=2cm 253.73 5.58 0.00
LTG _
66 10 | Layer Thickness Gauge Mod. B, crest, delta_d=1cm 257.10 6.70 0.00
67 Uss1 Ultrasonic Sensor Mod. A, slope low 250.38 4.46 1.50
68 USS 2 Ultrasonic Sensor Mod. B, slope low 253.73 5.58 1.50
VT(P)
69 1 Velocity Transducer Mod. A, slope low 250.38 4.56 0.45
VT(P) - _
70 2 | Velocity Transducer Mod. A, slope high, delta_d=2cm 253.73 5.63 0.30
VT(P)
71 3 Velocity Transducer Mod. A, crest 257.10 6.72 0.15
WG
72 01 Wave Gauge 79.05 0.00 0.60
WG
73 02 Wave Gauge 81.15 0.00 0.60
gauge array 1
WG
74 03 Wave Gauge 84.85 0.00 0.60
WG
75 04 Wave Gauge 90.25 0.00 0.60
WG
2
76 05 Wave Gauge gauge array 180.00 0.00 0.60
WG
77 06 Wave Gauge 182.10 0.00 0.60

1060.0U U.UU U.0U

78 WS Wave Gauge
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Channel Description X Y _Z
(separation wall=0)
07
WG
79 08 Wave Gauge 191.20 0.00 0.60
WG underwater slope low
80 09 Wave Gauge 220.00 0.00 0.60
81 VY(? Wave Gauge underwater slope high 230.00 0.50 0.60
82 WG 11 Wave Gauge EC low 240.00 1.00 0.60
83 VYZG Wave Gauge EC middle 242.70 1.90 0.60
84 V¥36 Wave Gauge EC high 245.17 2.72 0.60
85 Paddle Stroke Paddle stroke 0.00 0.00 -
86 Wave Gauge WG paddle 0.05 0.00 0.00
87 Input Wave Generator WG 0.00 0.00 -
88 WG Wave Gauge (3.59) 3.59 0.00 0.00
Tab. A.1.2: Locations of measuring devices in the x-y-z coordinate system (changed channels)
Channel Description X Y _Z
(separation wall=0)
1 PT 01 Pressure Transducer Mod. C, EC bottom, toe 243.497 2.008 1.10
2 PT 02 Pressure Transducer 245.747 2.758 1.10
3 PT 03 Pressure Transducer 245.997 2.838 1.10
4 PT 04 Pressure Transducer 246.247 3.928 1.10
5 PT 05 Pressure Transducer Mod. C, EC bottom, impact area 246.497 3.08 1.10
6 PT 06 Pressure Transducer 246.747 3.088 1.10
7 PT 07 Pressure Transducer 246.997 3.178 1.10
8 PT 08 Pressure Transducer 247.247 3.258 1.10
9 PT 09 Pressure Transducer Mod. C, EC bottom, SWL 249.047 3.858 1.10
10 PT 10 Pressure Transducer Mod. C, filter bottom, toe 243.563 1.82 1.10
11 PT 11 Pressure Transducer 246.063 2.65 1.10
12 PT 12 Pressure Transducer Mod. C, filter bottom, impact area 246.563 2.82 1.10
13 PT 13 Pressure Transducer 247.063 2.984 1.10
14 PT 14 Pressure Transducer Mod. C, filter bottom, SWL 249.113 3.67 1.10
15 PT 15 Pressure Transducer 246.123 2.46 1.10
16 PT 16 Pressure Transducer Mod. C, Sand , impact area 246.623 2.63 1.10
17 PT 17 Pressure Transducer 247.123 2.795 1.10
18 PT 18 Pressure Transducer Mod. C, Sand bottom, toe 243.90 1.06 1.10
19 PT 19 Pressure Transducer 246.31 1.89 1.10
20 PT 20 Pressure Transducer Mod. C, Sand bottom, impact area 246.81 2.06 1.10
21 PT 21 Pressure Transducer 247.31 2.23 1.10
22 PT 22 Pressure Transducer Mod. C, Sand bottom, SWL 249.00 291 1.10
23 PT 23 Pressure Transducer 251.10 291 1.10
24 PT 24 Pressure Transducer Mod. C, water table 253.60 291 1.10
25 PT 25 Pressure Transducer 255.60 291 1.10
26 PT 26 Pressure Transducer Mod. B, EC top, toe 243.45 2.15 1.10
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Channel Description X Y _Z
(separation wall=0)
27 PT 27 Pressure Transducer 245.70 2.90 1.10
28 PT 28 Pressure Transducer 245.95 2.98 1.10
29 PT 29 Pressure Transducer 246.20 3.07 1.10
30 PT 30 Pressure Transducer Mod. B, EC top, impact area 246.45 3.15 1.10
31 PT 31 Pressure Transducer 246.70 3.23 1.10
32 PT 32 Pressure Transducer 246.95 3.32 1.10
33 PT 33 Pressure Transducer 247.20 3.40 1.10
34 PT 34 Pressure Transducer Mod. B, EC top, SWL 249.00 4.00 1.10
35 PT 49 Pressure Transducer Mod. C, Sand, SWL 249.176 3.481 1.10
36 PT 36 Pressure Transducer 246.00 2.84 1.10
37 PT 37 Pressure Transducer Mod. B, EC bottom, impact area 246.50 3.01 1.10
38 PT 38 Pressure Transducer 247.00 3.17 1.10
39 PT 39 Pressure Transducer Mod. B, EC bottom, SWL 249.05 3.86 1.10
40 PT 40 Pressure Transducer Mod. B, Filter bottom, impact area 246.53 291 1.10
41 PT 41 Pressure Transducer 246.09 2.56 1.10
42 PT 42 Pressure Transducer Mod. B, Sand top, impact area 246.59 2.72 1.10
43 PT 43 Pressure Transducer 247.09 2.89 1.10
44 PT 44 Pressure Transducer Mod. B, Sand bottom, toe 243.93 0.96 1.10
45 PT 45 Pressure Transducer 246.35 1.79 1.10
46 PT 46 Pressure Transducer Mod. B, Sand bottom, impact area 246.85 1.96 1.10
47 PT 47 Pressure Transducer 247.35 2.13 1.10
48 PT 48 Pressure Transducer Sand bottom, SWL 249.40 2.81 1.10
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Test Overview

B.1 Incident wave parameters and wave reflection analysis

B.1.1  Regular wave tests

Test H,om Thom h H,, T C, En
[m] [s] [m] [m] [s] [-] [-]
09051301 0.2 3.0 3.40 0.22 3.00 0.339 2.67
09051302 0.2 4.0 3.40 0.19 4.00 0.621 3.77
09051303 0.2 5.0 3.40 0.21 5.00 0.682 459
09051401 0.2 6.0 3.40 0.18 5.93 0.734 5.78
09051402 0.2 7.0 3.40 0.22 7.00 0.782 6.24
09051403 0.2 8.0 3.40 0.17 7.90 0.860 7.94
09051404 0.6 3.0 3.40 0.65 3.00 0.127 1.55
09051405 0.6 4.0 3.60 0.68 4.01 0.292 2.02
09051406 1.0 3.0 3.60 1.04 3.00 0.183 1.22
09051501 0.6 5.0 3.70 0.64 4.95 0.487 2.57
09051502 1.0 4.0 3.70 1.14 3.92 0.161 1.53
09051503 1.3 4.0 3.70 1.40 3.92 0.143 1.38
09051504 0.6 6.0 3.90 0.65 6.00 0.581 3.1
09051505 0.6 7.0 3.90 0.54 6.93 0.665 3.91
09051801 0.6 8.0 3.90 0.55 7.98 0.695 4.49
09051802 1.3 5.0 3.90 1.37 4.90 0.155 1.75
09060501 0.2 3.0 3.40 0.22 2.99 0.332 2.65
09060502 0.2 5.0 3.40 0.20 5.00 0.678 4.66
09060503 0.2 8.0 3.40 0.17 8.00 0.863 8.05
09060504 0.6 3.0 3.40 0.66 3.00 0.091 1.54
09060505 0.6 4.0 3.60 0.69 4.00 0.289 2
09061803 0.6 5.0 3.80 0.58 4,99 0.521 2.72
09061804 0.6 6.0 3.90 0.72 6.00 0.567 2.95
09061805 0.6 7.0 3.90 0.52 6.99 0.633 4.02
09062301 0.5 7.0 3.80 0.44 7.00 0.731 4.39
09062302 0.4 8.0 3.70 0.50 7.99 0.731 4,72
09062303 0.7 3.0 3.50 0.67 3.00 0.102 1.53
09062304 0.8 3.0 3.50 0.75 3.00 0.119 1.44
09062305 0.9 3.0 3.50 0.84 3.00 0.152 1.36
09062306 1.0 3.0 3.50 0.92 3.01 0.105 1.31
09062307 0.4 3.0 3.40 0.39 3.00 0.241 1.99
09062308 0.5 3.0 3.40 0.49 3.00 0.228 1.79
09062912 1.0 5.0 3.90 1.01 5.01 0.358 2.08
09062913 1.0 6.0 4.10 0.92 6.02 0.496 2.61
09062914 1.3 6.0 4.20 1.24 6.03 0.406 2.25
09062915 1.0 7.0 4.20 1.17 7.02 0.541 2.7
09062916 1.0 8.0 4.20 0.91 8.05 0.689 3.52
Failure of Model Alternative A
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Test Overview

Test Huom Mirem h Hio Tm-1.0 G Em-1.0
[m] [s] [m] [m] [s] [-] [-]

09060801 0.2 3.0 3.40 0.22 2.71 0.316 2.40
09060803 0.2 4.0 3.40 0.23 3.61 0.464 3.14
09060804 0.3 3.0 3.40 0.33 2.71 0.287 1.98
09060805 0.5 3.0 3.40 0.49 2.79 1.65
09060901 0.4 4.0 3.50 0.45 3.62 0.4 2.23
09060902 0.5 4.0 3.60 0.53 3.64 2.09
09060903 0.6 4.0 3.60 0.67 3.61 0.348 1.84
09060904 0.4 6.0 3.70 0.43 5.42 0.608 3.45
09061001 0.2 8.0 3.40 0.19 7.04 0.735 6.64
09061002 0.2 6.0 3.40 0.21 5.43 0.634 491
09061003 0.3 4.0 3.50 0.34 3.58 0.443 2.55
09061004 0.3 5.0 3.50 0.34 4.46 3.19
09061101 0.3 8.0 3.50 0.30 6.88 5.25
09061102 0.3 7.0 3.50 0.31 6.21 4.64
09061103 0.3 6.0 3.50 0.32 5.54 0.632 4.06
09061104 0.3 5.0 3.50 0.32 4.59 0.555 3.38
09061201 0.4 5.0 3.60 0.38 4.66 3.16
09061202 0.4 7.0 3.70 0.42 6.40 0.682 4.09
09061203 0.4 8.0 3.70 0.42 7.11 0.73 4.56
09061501 0.5 8.0 3.80 0.53 6.96 0.713 3.97
09061502 0.5 6.0 3.80 0.53 5.54 0.598 3.17
09061601 0.4 3.0 3.40 0.40 2.66 0.271 1.75
09061602 0.5 3.0 3.40 0.49 2.69 0.256 1.60
09061603 0.3 7.0 3.50 0.31 6.45 0.69 4.79
09061801 0.7 4.0 3.60 0.70 3.62 1.80
09061802 0.7 5.0 3.80 0.72 461 0.453 2.26
09061901 0.5 7.0 3.80 0.53 6.41 0.658 3.66
09061902 0.5 5.0 3.70 0.53 4.60 0.515 2.63
09061903 0.2 7.0 3.40 0.21 6.48 0.697 5.89
09062201 0.6 5.0 3.80 0.63 4.60 0.491 241
09062202 0.6 6.0 3.90 0.64 5.55 0.577 2.90
09062203 0.7 7.0 4.00 0.74 6.41 0.624 3.10
09062204 0.7 6.0 4.00 0.74 5.55 0.552 2.69
09062309 0.8 5.0 3.90 0.83 4.54 0.418 2.07
09062401 0.6 8.0 4.00 0.64 7.02 0.704 3.66
09062403 0.6 7.0 3.90 0.62 7.08 0.694 3.73
09062501 1.0 6.0 4.10 1.04 5.52 0.487 2.26
09062502 0.8 8.0 4.00 0.87 6.68 0.669 2.99
09062503 1.0 7.0 4.00 1.04 6.38 0.545 2.61
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Test Overview

Test Hiom M h Ho Th10 C, Em-1.0
[m] [s] [m] [m] [s] [-] [-]
09062505 0.8 6.0 4.00 0.84 5.54 0.538 251
09062601 1.0 5.0 3.90 1.03 4.63 0.385 1.90
09062602 0.9 5.0 3.90 0.93 4.60 0.416 1.99
09062603 1.0 8.0 4.00 1.08 6.60 0.638 2.65
09062604 1.1 6.0 4.20 1.14 5.57 0.476 2.17
09062607 0.9 6.0 4.00 0.94 5.54 0.51 2.37
09062911 1.2 8.0 3.80 1.17 6.54 0.316 2.52
I:l only for analysis of Py layer 1
B.1.3  Solitary wave tests
Test 18 G Wi h Hyo Tm10 C, Em-1,0
[m] [s] [m] [m] [s] [-] [-]
09062605 0.5 - 4.00 - - - -
09062606 1.0 - 4.00 - - - -
09062903 0.25 - 4.00 - - - -
09062904 0.75 - 4.00 - - - -
09062905 1.2 - 4.00 - - - -
B.1.4 Freak wave tests
Test Hiom M h Hyo Th10 C, Em-1.0
[m] [s] [m] [m] [s] [-] [-]
09062901 1.20 - 4.00 - - - -
09062902 1.20 - 4.00 - - - -
09062906 1.00 - 4.00 - - - -
09062907 1.00 - 4.00 - - - -
09062908 0.80 - 4.00 - - - -
09062909 1.40 4.00
09062910 1.40 4.00
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Test Results

C.1 Test results all layers

C.1.1 Regular wave tests

Tab. C.1.1: Test results for regular wave tests, Model Alternative A

Pmax/ | P2max/ | Pamax/ | Pamax/ | Psmax/ | Zpmax/ 5 ] a Ruz2o/ | Raze/

Test [Config WT | Ho |Tm1o| hs | €m1o| n Cr | PgHmo | PGHmo | PGHmo | PGHmo [ PGHmo| Hmo "1 7" | Hmo | Hmo
sl |m| (] 6] O €] S Y Y S B S N € kPal | kPal | [ [ [

090513 01| A RW |1 0.22[3.00| 3.4 | 2.667| 100 | 0.339 | 1.311 | 0.914 - 0.069 | 0.015 | 0.775 | 0.000 - - 1.385 | -0.824
090513 02| A RW |0.19(4.00| 3.4 | 3.774| 100 | 0.621 | 1.747 | 1.412 - 0.149 | 0.032 | 0.873 | 0.060 - - 1.845 | -1.366
090513 03] A RW | 0.21|5.00| 3.4 | 4588 | 100 | 0.682 | 2.316 | 2.070 - 0.343 | 0.032 | 1.602 - - - 1.834 | -1.589
090514 01 A RW | 0.18|5.93| 3.4 | 5781 | 100 | 0.734 | 2.700 | 2.570 - 0.411 | 0.044 | 1.809 - - - 2.058 | -1.824
090514 02]| A RW | 0.22|7.00| 3.4 | 6.245| 100 | 0.782 | 2.833 | 2.761 - 0.663 | 0.046 | 1.929 - - - 2.163 | -1.670
090514 03| A RW | 0.17 (7.90| 3.4 | 7.943| 100 | 0.860 | 3.384 | 3.369 - 0.745 | 0.057 | 1.924 - - - 1.818 | -1.858
090514 04| A RW | 0.65(3.00| 3.4 | 1.548 | 100 | 0.127 | 1.104 | 0.875 - 0.103 | 0.017 | 0.123 | 0.210 - - 1.226 | 0.031
090514 05| A RW |0.68(4.01| 3.6 | 2.024| 100 | 0.292 | 1.138 | 0.885 - 0.121 | 0.032 | 0.663 - - - 1.678 | -0.034
090514 06| A RW | 1.04(3.00| 3.6 | 1.223| 100 | 0.183 | 1.221 | 0.848 - 0.155 | 0.015 | 0.268 | 0.400 - - 0.887 | 0.241
090515 01 A RW | 0.64 (4.95| 3.7 | 2.574| 100 | 0.487 | 1.134 | 0.995 - 0.311 | 0.037 | 0.982 - - - 1.785 | -0.363
090515 02 A RW | 1.14|3.92| 3.7 | 1.528 | 100 | 0.161 | 1.315 | 1.130 - 0.289 | 0.028 | 0.411 | 0.620 - - 1.389 | 0.283
090515 03] A RW |1.40(3.92| 3.7 | 1.379 | 100 | 0.143 | 1.550 | 0.997 - 0.327 | 0.027 | 0.335 | 1.114 - - 1.220 | 0.285
090515 04 A RW | 0.65|6.00| 3.9 [ 3.099| 100 | 0.581 | 1.525 | 1.305 - 0.560 | 0.032 | 1.275 | 1.572 - - 2.068 | -0.503
090515 05| A RW | 0.54|6.93| 3.9 | 3.910| 100 | 0.665 | 2.149 | 1.895 - 0.711 | 0.049 | 1.690 | 1.665 - - 2.148 | -0.903
090518 01 A RW | 0.55[7.98| 3.9 | 4494 | 100 | 0.695 | 2.081 | 1.820 - 0.788 | 0.050 | 1.516 - - - 2.181 | -1.127
090518 02| A RW | 1.37(4.90| 3.9 | 1.745| 100 | 0.155 | 1.171 | 0.781 - 0.217 | 0.022 | 0.732 - - - - 0.323
Tab. C.1.2: Test results for regular wave tests, Model Alternative B

Pmax/ | P2max/ | P3max/ | Pamax/ | Psmax/ | Zpmax/ 5 u u Ru2%/ | Razu/

Test [Config WT | Huo |Tmt,0l hs | &mao | n C: | PgHmo | PGHmo [ PGHmo | PGHmo | PgHmo | Hmo n " | Hmo | Hmo
mi sl |m| & | 60| O & S O B S A [kPal | (kPal [ [- [

090513 01 B RW [ 0.22]3.00| 3.4 | 2.667 | 100 | 0.339 | 1.096 | 0.910 | 0.630 | 0.111 | 0.023 | 1.139 - - - 1.123 | -0.714
090513 02] B RW [0.19]14.00| 3.4 | 3.774| 100 | 0.621 | 1.792 | 1.607 | 1.221 | 0.328 | 0.038 | 1.284 - - - 1.771 | -1.286
090513 03] B RW | 0.21]5.00| 3.4 | 4588 | 100 | 0.682 | 2.065 | 1.974 | 1.502 | 0.387 | 0.027 | 1.214 - - - 1.665 | -1.515
090514 01 B RW | 0.185.93| 3.4 | 5.781| 100 | 0.734 | 2.653 | 2.478 | 1.969 | 0.436 | 0.050 | 1.371 - - - 1.788 | -1.770
090514 02| B RW | 0.22]7.00| 3.4 | 6.245| 100 | 0.782 | 2.783 | 2.670 | 1.898 | 0.483 | 0.037 | 1.929 - - - 1.995 | -1.605
090514 03| B RW 1 0.17[7.90| 3.4 | 7.943| 100 | 0.860 | 3.334 | 3.253 | 2.317 | 0.638 | 0.046 | 2.449 - - - 1.701 | -1.806
090514 04| B RW | 0.65(3.00| 3.4 | 1.548 | 100 | 0.127 | 0.929 | 0.783 | 0.552 | 0.069 | 0.012 | 0.123 | 0.194 - - 1.236 | -0.040
090514 05 B RW | 0.68[4.01| 3.6 [ 2.024 | 100 | 0.292 | 1.049 | 0.809 | 0.624 | 0.060 | 0.024 | 0.780 - - - 1.694 | -0.196
090514 06| B RW | 1.04(3.00| 3.6 | 1.223| 100 | 0.183 | 1.325 | 0.798 | 0.430 | 0.044 | 0.012 | 0.268 | 0.161 - - 0.916 | 0.263
090515 01 B RW | 0.64[4.95| 3.7 | 2.574| 100 | 0.487 | 1.172 | 1.079 | 0.846 | 0.158 | 0.030 | 0.982 - - - 1.955 | -0.532
090515 02] B RW | 1.14(3.92| 3.7 | 1.528 | 100 | 0.161 | 1.166 | 0.903 | 0.570 | 0.089 | 0.022 | 0.481 | 0.257 - - 1.445 | 0.353
090515 03] B RW [ 1.40]3.92] 3.7 | 1.379 | 100 | 0.143 | 1.597 | 0.852 | 0.587 | 0.100 | 0.021 | 0.335 | 0.484 - - 1.284 | 0.412
090515 04 B RW | 0.65|6.00| 3.9 | 3.099 | 100 | 0.581 | 1.485 | 1.421 | 1.140 | 0.298 | 0.027 | 1.275 - - - 2.128 | -0.724
090515 05| B RW | 0.5416.93| 3.9 | 3.910 | 100 | 0.665 | 2.070 | 2.012 | 1.586 | 0.507 | 0.040 | 1.690 - - - 2.165 | -1.144
090518 01 B RW | 0.55|7.98| 3.9 | 4.494 | 100 | 0.695 | 2.049 | 1.971 | 1.640 | 0.536 | 0.038 | 1.516 - - - 2.224 | -1.283
090518 02| B RW | 1.37]14.90| 3.9 | 1.745| 100 | 0.155 | 1.040 | 0.955 | 0.717 | 0.162 | 0.021 | 0.732 - - - 1.811 | 0.363
090605 01 B RW 1 0.22(2.99| 3.4 [ 2.653| 100 | 0.332 | 1.214 | 0.887 | 0.242 | 0.109 | 0.029 | 0.773 - - - 1.207 | -0.844
090605 02 B RW ] 0.20(5.00| 3.4 | 4663 | 100 | 0.678 | 2.396 | 1.774 | 0.580 | 0.094 | 0.023 | 1.653 - - - 1.788 | -1.712
090605 03| B RW | 0.17(8.00| 3.4 | 8.054| 100 | 0.863 | 3.751 | 2.207 | 0.969 | 0.138 | 0.058 | 2.455 - - - 1.672 | -1.852
090605 04/ B RW | 0.66[3.00| 3.4 | 1.540 | 100 | 0.091 | 0.920 | 0.459 | 0.118 | 0.058 | 0.013 | 0.380 | 0.017 - - 1.198 | -0.059
090605 05| B RW | 0.69|4.00| 3.6 [ 2.005| 100 | 0.289 | 1.047 | 0.666 | 0.132 | 0.075 | 0.036 | 0.652 - - - 1.770 | -0.114
090618 03| B RW |1 0.58[4.99| 3.8 [ 2.720 | 50 0.521 | 1.335 - 0.239 | 0.168 | 0.030 | 1.112 - - - 2.026 | -0.758
090618 04| B RW | 0.72]6.00| 3.9 | 2.952| 50 0.567 | 1.453 - 0.332 | 0.285 | 0.025 | 1.284 | 1.063 - - 2.259 | -0.515
090618 05| B RW | 0.52[6.99| 3.9 | 4.019 50 0.633 | 2.276 - 0.626 | 0.362 | 0.044 | 1.754 - - - 2.597 | -1.101
090623 01 B RW |0.44(7.00| 3.8 | 4.390 50 0.731 | 2.387 - 0.707 | 0.340 | 0.042 | 1.857 - - - 2.435 | -1.478
090623 02| B RW | 0.50 (7.99| 3.7 | 4.723 50 0.731 | 2.324 - 0.646 | 0.360 | 0.038 | 1.612 - - - 2.037 | -1.234
090623 03] B RW | 0.67 [ 3.00| 3.5 | 1.527 50 0.102 | 1.279 - 0.147 | 0.067 | 0.024 | 0.403 | 0.050 - - 1.100 | -0.095
090623 04 B RW | 0.75(3.00| 3.5 | 1.439 50 0.119 | 1.420 - 0.136 | 0.057 | 0.014 | 0.358 | 0.039 - - 1.043 | -0.009
090623 05 B RW 10.84|3.00| 3.5 | 1.361 50 0.152 | 1.098 - 0.105 | 0.030 | 0.015 | 0.320 | 0.057 - - 0.999 | 0.061
090623 06| B RW 10.92|3.00| 3.5 | 1.306 50 0.105 | 1.378 - 0.086 | 0.022 | 0.012 | 0.294 | 0.075 - - 0.914 | 0.100
090623 07| B RW 1 0.39|3.00| 3.4 | 1.992 50 0.241 | 0.974 - 0.151 | 0.059 | 0.024 | 1.269 - - - 1.335 | -0.478
090623 08)| B RW 10.49(3.00| 3.4 [ 1.789 | 50 0.228 | 1.244 - 0.119 | 0.061 | 0.018 | 0.512 - - - 1.265 | -0.352
090629 12| B RW | 1.01|5.01| 3.9 | 2.076 | 30 0.358 | 1.218 - 0.269 | 0.091 | 0.020 - - - - 2.201 | -0.016
090629 13 B RW | 0.92(6.01]| 4.1 | 2.605 30 0.496 | 1.428 - 0.437 | 0.232 | 0.031 - - - - 2.230 | -0.291
090629 14 B RW | 1.24(6.03| 4.2 | 2.253 30 0.406 | 1.385 - 0.401 | 0.239 | 0.031 - - - - - 0.023
090629 15| B RW | 1.17 (7.02| 4.2 | 2.703 30 0.541 | 1.431 - 0.566 | 0.355 | 0.041 - 3.592 - - - -0.127
090629 16| B RW | 0.91(8.05| 4.2 | 3.516 30 0.689 | 2.001 - 0.872 | 0.554 | 0.067 - - - - 2.308 | -0.790
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Annex C

Test Results

Tab. C.1.3: Test results for regular wave tests, Model Alternative C
Pmax/ | Pzmax/ | Pamax/ | Pamax/ | Psmax/ | Zpmax/ 5 ] a Ru29/ | Raze/
Test [Config| WT | Hmo [Tm-1,0 hs | Sm-1,0 n C, PYHmo | PIHmo | PGHmo | PIHmo | PIHmo | Hmo n i Hmo Hmo

m | [m| @ | [ [ [ [ [ [l [ [l [kPa] [ [kPa] | [] [l
090605 01 C RW | 0.2212.99| 3.4 | 2.653 | 100 0.332 - 1.054 | 0.583 | 0.103 | 0.020 - - - - 1.187 | -0.811
090605 02 C RW | 0.2015.00| 3.4 | 4.663 | 100 0.678 - 0.000 | 0.000 | 0.000 | 0.000 - - - - 1.868 | -1.404
090605 03] C RW | 0.17]8.00| 3.4 | 8.054| 100 | 0.863 - 3.332 | 2.589 | 0.682 | 0.046 - - - - 1.822 | -1.768
090605 04/ C RW | 0.66|3.00| 3.4 | 1.540 | 100 | 0.091 - 0.910 | 0.581 | 0.069 | 0.015 - - - - 1.113 | 0.017
090605 05 C RW | 0.69[4.00| 3.6 | 2.005| 100 | 0.289 - 0.942 | 0.965 | 0.063 | 0.030 - - - - 1.858 | -0.148
090618 03 C RW | 0.5814.99| 3.8 | 2.720 50 0.521 - 1.216 | 1.153 | 0.140 | 0.037 - - - - 2.050 | -0.575
090618 04| C RW | 0.72]6.00| 3.9 | 2.952 50 0.567 - 1.302 | 0.799 | 0.191 | 0.031 - 0.028 - - 2.115 | -0.474
090618 05 C RW | 0.5216.99| 3.9 | 4.019 50 0.633 - 2.063 | 1.384 | 0.318 | 0.046 - - - - 2.473 | -1.063
090623 01 C RW [ 0.44|7.00]| 3.8 | 4.390 50 0.731 - 2.236 | 1.513 | 0.330 | 0.045 - - - - 2.370 | -1.442
090623 02 C RW | 0.507.99| 3.7 | 4.723 50 0.731 - 2.348 | 1.472 | 0.306 | 0.047 - - - - 2.083 | -1.238
090623 03 C RW | 0.67]3.00| 3.5 | 1.527 50 0.102 - 1.054 | 0.583 | 0.032 | 0.016 - - - - 1.103 | -0.077
090623 04 C RW | 0.75]3.00| 3.5 | 1.439 50 0.119 - 1.097 | 0.557 | 0.063 | 0.016 - - - - 1.067 | 0.001
090623 05 C RW | 0.84]3.00| 3.5 | 1.361 50 0.152 - 0.990 | 0.577 | 0.035 | 0.016 - - - - 1.000 | 0.093
090623 06 C RW | 0.92]3.00| 3.5 | 1.306 50 0.105 - 0.988 | 0.557 | 0.021 | 0.013 - - - - 0.935 | 0.135
090623 07| C RW | 0.39]3.00| 3.4 | 1.992 50 0.241 - 0.811 | 0.641 | 0.084 | 0.020 - - - - 1.237 | -0.523
090623 08 C RW | 0.49]3.00| 3.4 | 1.789 50 0.228 - 0.781 | 0.670 | 0.037 | 0.017 - - - - 1.236 | -0.308
090629 12 C RW | 1.01|5.01| 3.9 | 2.076 30 0.358 - 1.064 | 0.746 | 0.074 | 0.022 - - - - 2.130 | -0.067
090629 13 C RW | 0.92]6.01| 4.1 | 2.605 30 0.496 - 1.370 | 0.814 | 0.182 | 0.031 - - - - - -0.346
090629 14 C RW | 1.24]16.03| 4.2 | 2.253 30 0.406 - 1.276 | 0.790 | 0.164 | 0.028 - - - - - 0.049
090629 15 C RW | 1.17]7.02| 4.2 | 2.703 30 0.541 - 1.270 | 0.835 | 0.315 | 0.040 - 0.178 - - - -0.084
090629 16| C RW | 0.91]18.05| 4.2 | 3.516 30 0.689 - 1.778 | 1.222 | 0.493 | 0.065 - - - - - -0.867
C.1.2  Irregular wave tests
Tab. C.1.4: Test results for irregular wave tests, Model Alternative B

Pmax/ | P2max/ | Pamax/ | Pamax/ | Psmax/ | Zpmax/ 5 ] a Ruz2o/ | Raze/
Test [Config WT | Ho |Tm1o| hs | €m1o| n Cr | PGHmo | PGHmo | PGHmo | PGHmo [ PGHmo| Himo n “* | Hmo | Hmo

m | [m| @ | [ [ [ [ [ [ [ [ [kPa] [ [kPa] | [- [
09060801 B WS (0.22|2.71| 3.4 | 2.400 | 1000 | 0.316 | 1.677 - 0.208 | 0.084 | 0.029 | 0.767 - 0.215 | 0.111 | 1.309 | -0.857
09060803 B WS [0.23|3.61| 3.4 | 3.140 | 1000 | 0.464 | 2.073 - 0.458 | 0.089 | 0.025 | 1.442 - 0.323 | 0.145 | 1.652 | -1.446
09060804 B WS (0.33|2.71| 3.4 | 1.979 | 1000 | 0.287 | 4.008 - 0.228 | 0.049 | 0.025 | 0.767 - 0.371 | 0.209 | 1.488 | -0.676
09060805 B WS (0.49|2.79| 3.4 | 1.653 | 1000 - 5.363 - - - - 0.506 - - - - -
09060901 B WS [0.45|3.62| 3.5 | 2.234 | 1000 | 0.400 | 7.458 - 0.254 | 0.089 | 0.025 | 0.947 - 0.438 | 0.254 | 1.943 | -0.839
09060902 B WS [0.53|3.64| 3.6 | 2.095 | 1000 - 5.021 - - - - 1.009 - - - - -
09060903 B WS [0.67|3.61| 3.6 | 1.838 | 1000 | 0.348 | 5.677 - 0.327 | 0.127 | 0.077 | 0.553 | 0.016 | 0.394 | 0.209 | 1.959 | -0.592
09060904 B WS (0.43|5.42| 3.7 | 3.448 | 1000 | 0.608 | 2.477 - 0.757 | 0.076 | 0.034 | 1.870 - 0.440 | 0.141 | 2.503 | -1.410
09061001 B WS (0.19|7.04| 3.4 | 6.644 | 1000 | 0.735 | 4.159 - 1.181 | 0.161 | 0.057 | 2.565 - 0.613 | 0.273 | 2.381 | -2.269
09061002 B WS (0.21|5.43| 3.4 | 4905 | 1000 | 0.634 | 3.194 - 0.861 | 0.113 | 0.043 | 2.352 - 0.521 | 0.258 | 2.330 | -2.052
09061003 B WS [0.34|3.58| 3.5 | 2.553 | 1000 | 0.443 | 2.255 - 0.328 | 0.062 | 0.031 | 1.264 - 0.244 | 0.151 | 1.787 | -1.011
09061004 B WS [0.34|4.46| 3.5 | 3.191 | 1000 - 2.211 - - - - 1.535 - - - - -
09061101 B WS [ 0.30|6.88| 3.5 | 5.254 | 1000 - 3.332 - - - - 2.020 - - - - -
09061102 B WS [0.31|6.21| 3.5 | 4.644 | 1000 - 3.017 - - - - 1.932 - - - - -
09061103 B WS [0.32|5.54| 3.5 | 4.062 | 1000 | 0.632 | 2.564 - 0.776 | 0.114 | 0.049 | 1.863 - 0.514 | 0.229 | 2.307 | -1.678
09061104 B WS [0.32|4.59| 3.5 | 3.382 | 1000 | 0.555 | 2.308 - 0.606 | 0.138 | 0.051 | 1.625 - 0.363 | 0.108 | 2.186 | -1.468
09061201 B WS [0.38|4.66| 3.6 | 3.163 | 1000 - 2.288 - - - - 1.856 - - - - -
09061202 B WS [0.42|6.40| 3.7 | 4.092 | 1000 | 0.682 | 2.714 - 1.032 | 0.484 | 0.052 | 1.885 - 0.442 | 0.157 | 2.580 | -1.508
09061203 B WS [0.42]7.11| 3.7 | 4563 | 1000 | 0.730 | 3.087 - 1.110 | 0.474 | 0.069 | 1.898 - 0.438 | 0.169 | 2.759 | -1.492
09061501 B WS [0.53]|6.96| 3.8 | 3.968 | 1000 | 0.713 | 2.646 - 1.049 | 0.596 | 0.062 | 1.685 - 0.441 | 0.248 | 2.730 | -1.336
09061502 B WS [0.53]|5.54| 3.8 | 3.169 | 1000 | 0.598 | 2.211 - 0.705 | 0.328 | 0.035 | 1.700 - 0.156 | 0.018 | 2.655 | -1.262
09061601 B WS [0.40|2.66| 3.4 | 1.749 | 1000 | 0.271 | 4.742 - 0.184 | 0.052 | 0.018 | 0.423 - 0.409 | 0.246 | 1.358 | -0.577
09061602 B WS [0.49]|2.69| 3.4 | 1.600 | 1000 | 0.256 | 6.015 - 0.246 | 0.071 | 0.024 | 0.346 | 0.036 | 0.630 | 0.276 | 1.365 | -0.492
09061603 B WS [0.31]|6.45| 3.5 | 4792 | 1000 | 0.690 | 3.032 - 1.038 | 0.263 | 0.048 | 1.912 - 0.744 | 0.349 | 2.544 | -1.813
09061801 B WS (0.70|3.62| 3.6 | 1.799 | 1000 - 4.974 - - - - 0.527 - - - - -
09061802 B WS [0.72|14.61| 3.8 | 2.260 | 1000 | 0.453 | 2.894 - 0.187 | 0.151 | 0.023 | 0.664 - 0.250 | 0.046 | 2.573 | -0.832
09061901 B WS [0.53|6.41| 3.8 | 3.664 | 1000 | 0.658 | 2.520 - 0.720 | 0.510 | 0.061 | 1.696 - 0.169 | 0.090 | 2.762 | -1.349
09061902 B WS [0.53|4.60| 3.7 | 2.634 | 1000 | 0.515 | 2.712 - 0.242 | 0.156 | 0.027 | 1.361 - 0.068 | 0.127 | 2.298 | -1.035
09061903 B WS (0.21|6.48| 3.4 | 5.893 | 1000 | 0.697 | 3.499 - 0.772 | 0.188 | 0.103 | 2.386 - 0.498 | 0.273 | 2.287 | -2.280
09062201 B WS (0.63|4.60| 3.8 | 2.411 | 1000 | 0.491 | 2.179 - 0.230 | 0.157 | 0.025 | 0.902 - 0.136 | 0.078 | 2.363 | -0.942
09062202 B WS [0.64|5.55| 3.9 | 2.896 | 1000 | 0.577 | 2.029 - 0.271 | 0.189 | 0.026 | 1.178 - 0.196 | 0.022 | 2.586 | -1.082
09062203 B WS [0.74|16.41| 4.0 | 3.103 | 1000 | 0.624 | 2.194 - 0.525 | 0.383 | 0.044 | 1.380 | 1.809 | 0.395 | 0.011 | 2.820 | -1.057
09062204 B WS [0.74|5.55| 4.0 | 2.689 | 1000 | 0.552 | 2.198 - 0.404 | 0.337 | 0.031 | 1.491 - 0.301 | 0.096 | 2.679 | -1.009
09062309 B WS (0.83|4.54| 3.9 | 2.072 | 1000 | 0.418 | 4.281 - 0.260 | 0.279 | 0.035 | 1.102 | 1.175 | 0.134 | 0.023 | 2.233 | -0.740
09062401 B WS [0.64|7.02| 4.0 | 3.663 | 1000 | 0.704 | 2.615 - 0.943 | 0.537 | 0.053 | 1.725 - 0.380 | 0.037 | 2.708 | -1.281
09062403 B WS (0.62]|7.08| 3.9 | 3.730 | 500 0.694 | 2.431 - 0.820 | 0.536 | 0.048 | 1.601 | 1.979 | 0.314 | 0.020 | 2.884 | -1.259
09062501 B WS [1.04|5.52| 4.1 | 2.261 | 500 0.487 | 2.157 - 0.396 | 0.056 | 0.009 | 0.918 | 2.470 | 0.194 | 0.009 - -0.780
09062502 B WS [0.87|6.68| 4.0 | 2.990 | 500 | 0.669 | 2.144 - 0.724 | 0.421 | 0.050 | 1.269 - 0.180 | 0.011 - -1.007
09062503 B WS [1.04|6.38| 4.0 | 2.609 | 500 | 0.545 | 1.772 - 0.563 | 0.369 | 0.092 | 0.898 - 0.449 | 0.008 - -0.849
09062504 B WS [0.84|6.39| 4.0 | 2.901| 500 | 0.593 | 2.053 - 0.604 | 0.510 | 0.044 | 1.306 - 0.391 | 0.016 | 2.847 | -1.029
090625 05 B WS [0.84|5.54| 40 | 2.513 | 500 | 0.538 - - 0.521 | 0.397 | 0.039 - - 0.166 | 0.008 | 2.470 | -0.902
090626 01 B WS [1.03|4.63| 3.9 | 1.900 | 500 | 0.385 - - 0.375 | 0.345 | 0.054 - - 0.446 | 0.063 | 2.140 | -0.682
090626 02 B WS [0.93|4.60| 3.9 | 1.987 | 500 | 0.416 - - 0.216 | 0.230 | 0.029 - - 0.078 | 0.011 | 2.341 | -0.720
090626 03 B WS [1.08|6.60| 4.0 | 2.651| 500 | 0.638 - - 0.641 | 0.410 | 0.055 - - 0.636 | 0.005 - -0.854
090626 04 B WS [1.14|5.57 | 4.2 | 2.174 | 500 0.476 - - 0.366 | 0.336 | 0.035 - - 0.461 | 0.003 - -0.759
090626 07 B WS [0.94]|5.54| 4.0 | 2.375| 500 0.510 - - 0.221 | 0.218 | 0.021 - - 0.160 | 0.031 | 2.650 | -0.895
09062911 B WS [1.17]|6.54| 3.8 | 2.520 | 500 - - - - - - - - - - - -
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Annex C

Test Results

Tab. C.1.5: Test results for irregular wave tests, Model Alternative C

Pmax! | P2max/ | Pamax/ | Pamax/ | Psmax/ | Zpmax/ 5 u u Ruz2o/ | Razo/

Test [Config| WT | Huo [Tmto| hs [ &mio| n Cr | PgHmo | PGHmo | PGHmo [ PGHmo [ PGHmo [ Himo "] 7 | Hmo | Hmo
a5 N 5 Y Y ) A B & kPal | (kPal | [1 | [
09060801 C WS [0.22]2.71| 3.4 | 2.400 | 1000 | 0.316 - 1.300 | 0.760 | 0.119 | 0.020 - - 0.770 | 0.175 | 1.378 | -0.864
09060803 C WS [0.23]3.61| 3.4 | 3.140 | 1000 | 0.464 - 1.792 | 1.188 | 0.214 | 0.032 - - 0.350 | 0.251 | 1.795 | -1.208
4 C WS | 0.33[2.71| 3.4 | 1.979 | 1000 | 0.287 - 2.521 | 1.013 | 0.085 | 0.030 - - 0.390 | 0.312 | 1.369 | -0.671

C WS | 0.49[2.79| 3.4 | 1.653 | 1000 - - 2.170 - - - - - - - - -

1 C WS | 0.45[3.62| 3.5 | 2.234 | 1000 | 0.400 - 2.276 | 1.316 | 0.185 | 0.029 - - 0.437 | 0.408 | 1.829 | -0.784
09060902 C WS [0.53]3.64| 3.6 | 2.095 | 1000 - - 2.574 - - - - - - - - -
09060903 C WS [0.67]3.61| 3.6 | 1.838 | 1000 | 0.348 - 3.711 | 1.217 | 0.196 | 0.119 - 0.029 | 0.470 | 0.355 [ 1.948 | -0.575
09060904 C WS [0.43]5.42| 3.7 | 3.448 | 1000 | 0.608 - 2.327 | 1.499 | 0.452 | 0.048 - - 0.503 | 0.353 | 2.376 | -1.334
09061001 C WS | 0.19|7.04| 3.4 | 6.644 | 1000 | 0.735 - 3.967 | 2.649 | 0.688 | 0.065 - - 0.751 | 0.480 | 2.344 | -2.215
09061002 C WS | 0.21[5.43| 3.4 | 4.905| 1000 | 0.634 - 3.069 | 1.879 | 0.419 | 0.044 - - 0.727 | 0.412 | 2.159 | -1.908
09061003 C WS | 0.34[3.58| 3.5 | 2.553 | 1000 | 0.443 - 1.542 | 1.240 | 0.091 | 0.035 - - 0.313 | 0.251 | 1.692 | -1.009
09061004 C WS [0.34]4.46( 3.5 | 3.191 | 1000 - - 2.038 - - - - - - - - -
09061101 C WS [0.30]6.88| 3.5 | 5.254 | 1000 - - 3.360 - - - - - - - - -
09061102 C WS [0.31]6.21| 3.5 | 4.644 | 1000 - - 2.966 - - - - - - - - -
09061103 C WS | 0.32[5.54| 3.5 | 4.062 | 1000 | 0.632 - 2.563 | 1.680 | 0.450 | 0.049 - - 0.665 | 0.481 | 2.097 | -1.586
09061104 C WS | 0.32[4.59| 3.5 | 3.382 | 1000 | 0.555 - 2.140 | 1.431 | 0.234 | 0.041 - - 0.427 | 0.274 | 2.071 | -1.325
09061201 C WS | 0.38[4.66| 3.6 | 3.163 | 1000 - - 2.277 - - - - - - - - -
09061202 C WS [0.42]6.40( 3.7 | 4.092 | 1000 | 0.682 - 2.731 | 1.921 | 0.551 | 0.059 - - 0.501 | 0.338 | 2.627 | -1.523
09061203 C WS [0.42]7.11| 3.7 | 4563 | 1000 | 0.730 - 3.098 | 2.205 | 0.680 | 0.067 - - 0.609 | 0.383 | 2.682 | -1.498
09061501 C WS [0.53]6.96( 3.8 | 3.968 | 1000 | 0.713 - 2.702 | 2.151 | 0.590 | 0.069 - - 0.530 | 0.413 | 2.707 | -1.343
09061502 C WS | 0.53[5.54| 3.8 | 3.169 | 1000 | 0.598 - 2.062 | 1.522 | 0.342 | 0.041 - - 0.328 | 0.149 | 2.533 | -1.217
09061601 C WS | 0.40[2.66| 3.4 | 1.749 | 1000 | 0.271 - 2.946 | 0.721 | 0.124 | 0.027 - - 0.414 | 0.376 | 1.287 | -0.584
09061602 C WS | 0.49[2.69| 3.4 | 1.600 | 1000 | 0.256 - 3.227 | 0.920 | 0.105 | 0.035 - - 0.696 | 0.519 | 1.282 | -0.463
09061603 C WS [0.31]6.45| 3.5 | 4.792 | 1000 | 0.690 - 3.006 | 2.033 | 0.435 | 0.065 - - 0.961 | 0.595 | 2.378 | -1.742
09061801 C WS [0.70]3.62| 3.6 | 1.799 | 1000 - - 2.604 - - - - - - - - -
09061802 C WS [0.72]14.61| 3.8 | 2.260 | 1000 | 0.453 - 1.650 | 1.131 | 0.241 | 0.032 - - 0.212 | 0.169 | 2.393 | -0.793
09061901 C WS | 0.53[6.41| 3.8 | 3.664 | 1000 | 0.658 - 2.368 | 1.599 | 0.428 | 0.065 - - 0.312 | 0.244 | 2.627 | -1.334
09061902 C WS | 0.53[4.60| 3.7 | 2.634 | 1000 | 0.515 - 1.527 | 1.061 | 0.159 | 0.032 - - 0.144 | 0.232 | 2.197 | -1.031
09061903 C WS | 0.21[6.48| 3.4 | 5.893 | 1000 | 0.697 - 3.263 | 1.097 | 0.181 | 0.026 - - 0.566 | 0.423 | 2.278 | -2.169
09062201 C WS [0.63]4.60( 3.8 | 2.411 | 1000 | 0.491 - 1.667 | 1.116 | 0.161 | 0.029 - - 0.166 | 0.158 | 2.298 | -0.900
09062202 C WS [0.64]5.55[ 3.9 | 2.896 | 1000 | 0.577 - 1.754 | 1.096 | 0.343 | 0.043 - - 0.193 | 0.098 | 2.366 | -1.062
09062203 C WS [0.74]6.41| 4.0 | 3.103 | 1000 | 0.624 - 2.067 | 1.339 | 0.335 | 0.048 - 0.052 | 0.334 | 0.138 | 2.721 | -1.024
09062204 C WS | 0.74[5.55| 4.0 | 2.689 | 1000 | 0.552 - 1.757 | 1.045 | 0.356 | 0.043 - - 0.435 | 0.223 | 2.616 | -0.999
09062309 C WS | 0.83[4.54| 3.9 | 2.072 | 1000 | 0.418 - 2.316 | 1.420 | 0.291 | 0.048 - 0.069 | 0.333 | 0.103 | 2.220 | -0.719
09062401 C WS | 0.64[7.02]| 4.0 | 3.663 | 1000 | 0.704 - 2.504 | 1.661 | 0.517 | 0.058 - - 0.265 | 0.161 | 2.670 | -1.277
09062403 C WS [0.62]7.08| 3.9 | 3.730 | 500 | 0.694 - 2.377 | 1.552 | 0.512 | 0.063 - 0.094 | 0.396 | 0.075 [ 2.830 | -1.268
09062501 C WS [1.04]5.52| 4.1 | 2.261| 500 | 0.487 - 1.588 | 0.728 | 0.344 | 0.038 - 0.141 | 0.316 | -0.243 - -0.788
09062502 C WS [0.87]6.68| 4.0 [ 2.990| 500 | 0.669 - 2.115 | 1.379 | 0.373 | 0.052 - - 0.344 | 0.212 - -1.044
09062503 C WS |1.04[6.38| 4.0 | 2.609 | 500 0.545 - 1.618 | 1.346 | 0.331 | 0.059 - - 0.535 | 0.211 - -0.918
09062504 C WS | 0.84[6.39| 4.0 | 2.901 | 500 0.593 - 1.906 | 0.000 | 0.000 | 0.000 - - 0.444 | 0.188 | 2.877 | -1.058
09062505 C WS | 0.84[5.54| 4.0 | 2.513 | 500 0.538 - 1.700 | 0.997 | 0.259 | 0.044 - - 0.365 | 0.009 | 2.508 | -0.948
09062601 C WS [1.03]4.63| 3.9 | 1.900 | 500 0.385 - 2.189 | 1.185 | 0.168 | 0.042 - - 0.583 | 0.226 | 2.076 | -0.708
09062602 C WS [0.93]14.60( 3.9 | 1.987 | 500 | 0.416 - 2.464 | 0.907 | 0.175 | 0.038 - - 0.239 | -0.096 | 2.112 | -0.786
09062603 C WS [1.08]6.60| 4.0 | 2.651 | 500 | 0.638 - 1.885 | 1.811 | 0.413 | 0.222 - - 0.916 | 0.387 - -0.903
09062604 C WS |1.14[5.57 | 4.2 | 2.174 | 500 0.476 - 1.748 | 0.464 | 0.118 | 0.014 - - 0.612 | -0.292 - -0.811
09062607 C WS | 0.94[5.54| 4.0 | 2.375| 500 0.510 - 1.901 | 0.750 | 0.237 | 0.033 - - 0.334 | 0.028 | 2.639 | -0.932
09062911 C WS [1.17]6.54| 3.8 | 2.520 | 500 - - 1.727 - - - - - - - - -
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Regular waves

D.1 Incident wave parameters and wave reflection analysis
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Fig. D.1.1: Time series for regular waves

The wave and reflection analysis for regular waves was performed using Hy,, and Ty,
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Fig. D.1.2: Comparison of incident wave height H,,,o and nominal wave height H,,,,, for all tests with regular
waves for different water levels
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Fig. D.1.4: Reflection coefficient C, plotted against the wave period T,, ordered by nominal wave heights H;,op,
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Fig. D.1.5: Reflection Coefficient C, plotted against the Surf Similarity Parameter & ordered by nominal wave
periods Tom
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Regular waves

2-50 T T T T
L | | | L
‘ ‘ ‘ ©® Model A
: - : : W Model B
|| [ ]
I om v, l 1 Model C
S L __ e _ g - - = lgw ____ Lo —
2.00 'm [ ] 1 v () } | |
B | | | |
[ ]
ax  o"  JP : e
I @ = " . my
| [ ] | | |
—_ 150 +-------——- P = e e e
i L ’ I ° I I I
| | |
< i : : |
\fl ” | "- | | |
> I Fi ! | | |
& 1004~ ‘r O i e
- | | | |
| | | |
‘ l l l
max. wave run-up : : :
0.50 A min. wave run-up_ " A T T~ e S ‘F Vodel e
%WLV Tpositive +)
0.00
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00
€[]
Fig. D.2.1: Wave run-up R, for regular waves for Model Alternative A, B and C
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Fig. D.2.2: Wave run-up R, for regular waves with prediction formula
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Prediction formula for Wave run-up Model Alternative A:
R
H“ =0.78-Efor £ <2.44
Rm (D.2.1)
=19 for§>2.44
Hm
Prediction formula for Wave run-up Model Alternative B:
R
H“ =0.77-& for £<2.44
Rm (D.2.2)
+=1.89 for £ > 2.44
Hm
Prediction formula for Wave run-up Model Alternative C:
R
H“ =0.72-& for £ <2.64
Rm (D.2.3)
+=1.89 for £ > 2.64
Hm
1.00 [ ! ! Model A . Model B Model C ]
050 - —
L |
B : '& : min. wave run-down
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Fig. D.2.3: Wave run-down Ry, for regular waves for Model Alternative A, B and C
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Fig. D.2.4: Wave run-down Ry, for regular waves with prediction formula
Prediction formula for Wave run-down Model Alternative A, B and C:

_1;012% =-0.48-£+0.84 for£<5.5
m D.24
. (D.2.4)

% — _1.81for£>5.5
Hm
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D.3 Wauve pressure on and beneath the revetment
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Fig. D.3.1: Wave Load Classification
D.3.1 Wave pressure on the revetment
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Fig. D.3.2: Maximum pressure py.n/PgHm, on the revetment against the surf similarity parameter &, for regular
wave tests
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D.3.1.1 Impact load and Transition Zone
Prediction formulae for the impact pressure pma/pgHm on the revetment:
pl’l’lﬁX - 2'0
p-g-H, (D.3.1)
c'=12.24%
P _ 0692 +3.1 forl.6<E<2.6 (D.3.2)
p-g-H,
I< Impact load EI Transition zone =i
Dans | | | | | |
Prax 0 | | | | |
PEin | : : : : :
250y | T S - R R [ CTTTTTTT
l l s l l l :
2F----- ; — R e ity et it S
e e e T ‘ l l
I o | | i-"‘*. ________ | |
| e R R ¢S -r- - * **:*********:;******:T:%E"‘“::.‘:_: ********
p | | T
max — 20 | | pmax = — . L]
og H_ : : oy 0.69-&, +3.1
L I 6'=1224% | SR o« ; ; T
Y - | E— . S N
tan o | | | | |
S T | | : :
0 ] 1 1 1 1 1
1 1.2 1.4 1.6 1.8 2 22 2.4 2.6

surf similarity parameter &

Fig. D.3.3: Formulae for the impact pressure p./pgHm on the revetment against the surf similarity parameter &,
for regular wave tests

D.3.1.2 Non-impact Load

Prediction formulae for the quasi-static load ps./ pgHm on the revetment:

P _g5.6 fore <48

oog H. (D.3.3)
' =14.25%
and
—Puw _035.2 1068 fore, >4.8 (D.3.4)
p-g-H,
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Fig. D.3.4: Formulae for the quasi-static load py./ pgHy, on the revetment against the surf similarity parameter
&n for regular wave tests
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D.3.2 Wave pressure beneath the revetment
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D.3.2.1 Impact load and Transition Zone
Prediction formulae for the impact pressure pma/pgHm beneath the revetment:
p2 max p
—=—=0.6-—2% =12 for{<l1.6
c'=15.30%
and:
Pam 11 410 forl.6<E<2.6 (D.3.6)
p-g-H,
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Fig. D.3.5: Formulae for the impact pressure py.x/ pgH, on and beneath the revetment against the surf similarity

parameter &, for regular w

D.3.2.2 Non-impact Load

Prediction formulae for the quasi-static load psa./ pgHm beneath the revetment:

psta[ p2,stat
= =0.5. for§ <4.8
c'=14.25%
and

pstat p2,stat _

= =0.35-§_+0.68 forg >4.8 (D.3.8)
p-g-H, p-gH,
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Fig. D.3.6: Formulae for the quasi-static load py,/ pgHp, on and beneath the revetment against the surf similarity
parameter &, for regular wave tests

D.3.3 Location of peak pressure on and just beneath the revetment
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| | - | | | | |
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Fig. D.3.7: Location of the maximum pressure on the revetment z./Hy, against the surf similarity parameter &,
for regular wave tests
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Regular waves
D.3.3.1.1 Schittrumpf’s approach
Z max
L2 =0.8+0.6-tan(§—2.1) (D.3.9)
HmO
On the ELASTOCOAST revetment:
Zomx _115.[0.8+0.6- tan(E —2.1)]
H, R ‘ (D.3.10)
c'=33.69%
z, N4 " ‘ ‘ | | | tan o
max, an ol | | | | | _ _
Hm3,5~—§_gm_ Hoo/Lo| R R I N T
N e R
| | | | I‘:I—:1.15-[0.8+0.6-tan(§—2.1)] |
2547 | -] o'=33.69% e - 8
$=0.8+0.6-tan(§—2.1) ! ; ; ; !
2= (Sc;‘lﬁttmmpf‘s formula for smooth |- - - — J‘ 7777777 ‘L 7777777 : 777777 J‘ 7777777 L 777777 -
impermable slope) L b : . : ¢ : :
l ||, L
T P i}i SWL < D  Zoma
1 !
5 6 7 8 9

surf similarity parameter &
Fig. D.3.8: Prediction formula for the peak pressure location of the peak pressure on the revetment zypa/Hpn

against the surf similarity parameter &, using Schiittrumpf’s approach

Beneath the ELASTOCOAST revetment:

z
2= =1.6:[0.8+0.6-tan(§ —2.1)]

m

c'=32.94%

(D.3.11)
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Regular waves

\ \ \ \
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| | | | | I
z | X | | | | 1
Zemax 1 6. . —
250w 1.6-[0.8+0.6- tan(& —2.1)] ! i i 77777777 37 o ’oii 777777 7:
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o :~~~~ — N RAEETE e SRR SRR .
| | | I
| | | I
¥ E— T e -
| \\ |
| on ELASTOCOAST revetment :
lF------- i
- z
oL ~ 2= =1.15-[0.8+0.6- tan(§ ~2.1)]
PP I P ot S I I = 0.8+0.6- tan(E - 2.1) |
: ! ! m c'=33.69%
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0 1 2 3 4 5 6 7 8 9

surf similarity parameter &

Fig. D.3.9: Prediction formula for the peak pressure location of the peak pressure on and beneath the revetment

Zpmax/Hm against the surf similarity parameter &, using Schiittrumpf’s approach

D.3.3.1.2 Klein Breteler’s approach

o . (0.45-£-0.3
P =min (D.3.12)
o 1.7
On the ELASTOCOAST revetment:
2, max . (0.5-£-04
L= —min
" 0.25-£+04 (D.3.13)
¢'=31.20%
ELASTOCOAST Annex D -D15 - Januar 10



Regular waves
z 4 ‘ ‘
pmax,N ljm Lo | | I I I Eot tan o I
| SWLsr N> Z : ‘ ‘ ‘ ‘ =6m = ‘
4t S el B L, |
1 1 1 1 1 1 ! |
| | | | | | | | |
3 T Gt TTTTTTT Pt Zy . (0.5:6-04 77T FTTT T 1
| | | | =min | | I
| | | | H, 0.25-£+0.4 | | I
| | | | | | |
\
|
|
|

surf similarity parameter &

Fig. D.3.10: Prediction formula for the peak pressure location of the peak pressure on the revetment zypu/Hp
against the surf similarity parameter &, using Klein Breteler’s approach

Beneath the ELASTOCOAST revetment:

z (0.5-6-04
ﬂ = 1 '4 . mln
m 0.25-£40.4 (D.3.14)
c'=34.29%
7 4 I I I I I I I I
Pmax,N o “uwth Beneath ELASTOCOAST revetment: ! ! ! ! :
H il [ ] 05-£—04 S o Lo o I
m3.s st |17 14 min 5 : T |
X Hm 025§+04 | | e XX
Uy | | | e |
| L e |

|

|

P — E— G'=34.29% S S R R E |
|

|

|

|

== v‘ on ELASTOCOAéT revetment : !
."“******7'* -9 ---- -

L5 < s T . ! Ty _ (05604 |
e || ! N 0.25-£+0.4 |

1 T | L —---10'=31.20%
° | 1| Zpmax _ min(OAS 'é7 0-3j | I
. ‘ ‘ 1.7 |
0.5~ ez SR | H - Hy Ly |
| > | | 1 |(Klein Breteler's formula) || | swLg RO~ + Zpmax |
| | | | ‘h \)/ I
| | | | | I

0 | . | | | | |

0 1 2 3 4 5 6 7 8 9

surf similarity parameter

Fig. D.3.11: Prediction formula for the peak pressure location of the peak pressure on and beneath the revetment
Zpmax/Hm against the surf similarity parameter ., using Klein Breteler’s approach
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D.3.4 Pressure distribution on and just beneath the revetment

Annex D

D.3.4.1 Impact load and Transition Zone

p

P max
0.9

0.2

0.

Fig. D.

Regular waves

1

£<2.1

3.12:

1
( z
ZPmax

|

Spatial pressure distribution on the revetment for impact load and transition zone (regular waves)

pZ,ma.v
0.9+

0.7

0.6

0.3

0.2

V4
ZPZ,max

Fig. D.3.13: Spatial pressure distribution beneath the revetment for impact load and transition zone (regular
waves)

|
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Regular waves

p max

Fig. D.3.14: Pressure distribution on and beneath the revetment for impact load (£<1.6)

Pressure distribution on the revetment for impact load:

Point0: 20 =1.0 with -2 =1.0 (D.3.15)

p max z pmax

Point1: 2 =0.6 with—2—=—

1.4 (D.3.16)
pmax meax
Point2: P2 =0.6 with—2—=-0.4 (D.3.17)
pmax meax
Point3: 2 =04 with—2—=-3.0 (D.3.18)
pmax meax
. Py . Z, R,
Point 4: =0.0 with——=—t% (D.3.19)
p max z pmax z pmax
Pressure distribution beneath the revetment for impact load:
Point0': 20 =0.6 with 20 =14 (D.3.20)
pmax pmax
Point2': P2 =04 with22-=-1.0 (D.3.21)
pmax pmax
Point3': 23 =04 with 22— =-34 (D.3.22)
pmax pmax
Point4's P4 200 with 2= Rum g4 (D.3.23)
pmax pmax meax
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Regular waves

D.3.4.2 Non-impact Load

p

|

pmax

0.9+ &3.0]

0.8

0.7

0.6

0.4

0.2

0.1

Fig. D.3.15: Spatial pressure distribution on the revetment for &, ¢>3.0 for non-impact load (regular waves)

p2,max
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0.8

0.6

0.5

0.3

0.2

9
V4
ZPZ,max

Fig. D.3.16: Spatial pressure distribution beneath the revetment for &;,.; ¢>3.0 for non-impact load (regular
waves)
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Regular waves

Fig. D.3.17: Pressure distribution on and beneath the revetment for non-impact load (£>2.6)

Pressure distribution on the revetment for non-impact load:

Point0: 20 =1.0 with 2 =1.0 (D.3.24)
pstat meax
Point3: £ =04 with—2—=-32 (D.3.25)
pstat meax
Point 4: P4 0.0 with 2 = Rume (D.3.26)
p stat z pmax z pmax
Pressure distribution beneath the revetment for non-impact load:
Point0': 20 =10 with 22 =14 (D.3.27)
pstat meax
Point3': 23 =04 with -2 =-3.6 (D.3.28)
pstat meax
Point4': 24200 with 2 =_Rum ¢ (D.3.29)
p stat meax meax
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Annex E

Negative transient pore pressure in the
sand core beneath the revetment
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== . Negative transient pore pressure in the sand core beneath the revetment

E “Negative” transient pore pressure

In Section 6.1.2 the total transient pore pressure including both “positive” and ‘“negative”
components have been analyzed. However, as shown in chapter 8 (see Fig 8.10) for the
analysis of the stability of the sand core beneath the revetment against soil liquefaction, rather
the “negative” pressure component, which represents an “uplift”, is needed. Therefore, the
analysis of the transient pore pressure should also be performed for this purpose; i.e.
prediction formulae for the “negative” transient pore pressure should also be derived.

As shown in Section 6.1.1 all pore pressures recorded within the sand core beneath the
revetment are of quasi-static nature for the entire range of tested surf similarity parameters
(Em-10=1.6 - 6.6), i.e. irrespective of the loading case considered on the revetment (impact
and non-impact load). Therefore, there is no need to discriminate between impact and non-
impact load for the analysis of the “negative” transient pore pressure and for the derivation of
the associated prediction formulae.

E.1 Definitions, pre-processing and preliminary analysis

In the same way as in Section 6.1.2 for all three locations B, C and D (see Fig 6.11 and Fig
6.10) the maximum pore pressure recorded at the upper boundary of the sand core (layer 3)
beneath the revetment represents the initial pore pressure, and thus a reference in terms of
both time and magnitude for the associated pore pressures recorded at the same locations B, C
and D in layer 4 and layer 5 (see Fig. E.1.1). As shown in Fig. E.1.1 exemplarily for Model C
and location C, the reference “negative” transient pore pressure Ugmax at time tyomax
corresponds to the peak value uicjayers recorded by PT12 in Layer 3 while uqc jayers and
U c,layers are the “negative” transient pore pressure recorded at the same time ty max by PT16 in
layer 4 and PT20 in layer5, respectively.

uO.,max

7 —

-2 ut,C,LayerS

Pressure [ kPa ]

-4 ) ut,C,Layer4 PT 16, Layer 4

. : PT:12, Layer 3
ut,C,Layer3 = uO,maX

-8

468 470 472 474 476 478 480 482 484 486 488
Time [s]

Fig. E.1.1:Definition sketch for simultaneous “negative” transient pore pressure at layers 3,4 and 5 (exemplarily

at Location C for Model C)
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The pressure recorded at the three locations B, C and D are analyzed event by event. For each
of these three locations the negative transient pore pressure recorded simultaneously at layers
3, 4 and 5 are considered for both Models B and C. The event-based analysis and the
consideration of the negative transient pressures occurring at the same time in layers 3, 4 and
5 for each location B, C and D is necessary because the difference ug - Uy jayeri 1S relevant for
the analysis of the stability against transient soil liquefaction (see Chapter 8 and Fig 8.10).
Using the pressure head associated with the incident wave height Hy the pressure difference
U - Uglayeri 1S made dimensionless:

AT = Uy — ut,Iayeri (Ell)

PIH

For both Models B and C, Au is plotted against surf similarity parameter &9 as shown
exemplarily for location B in Fig. E.1.2a for layer 4 and in Fig. E.1.2b for layer 5 which both
indicate that there is aclearly defined upper boundary of the function At = f(&.10) which can
be assumed to be similar for both Models B and C. Since the upper bound is relevant for the
analysis of the stability against transient soil liquefaction, the analysis of all data should
proceed accordingly; i.e. a relationship Al = f(&m.10) describing an upper limit has to be
determined. Given the considerable number of data sets resulting from several combinations
between Models (B and C), locations (B, C and D) and layers 4 and 5 meaningful
simplifications have to be introduced. For this purpose, the effect of the location (B, C or D)
and the effect of the Model (B or C) on the relative pressure difference should first be
examined.

1.6 ‘ ‘
s Relative pressure difference u1 (Reference)
o — o PT Layer 3
§“ 1.2+ — uO,B Ut,B,Iayer4 M y ayer i
23 AU = H . PT Layer 4\
L‘_éiaﬂ 1- pg mo ° .; . X ; o 5|
i e x* % P
3 %\08* X% o< x x>§ Uge, =(m
E 2 g T Model B | [ Model C W1 Bl
o X e o ° - | - -
B % x o Ye = - =
pi= 2t e g o o PT Layer 3 - 4l =" 27 PT Layer 5 =
733?047 ,‘gé'-xf. X? . PT Layer 4 [~ Y _ - 19‘\15’¢ B
b 2 .
2 a) Layer ‘ ‘ PT Layer5le = B -~ B | Model C
% 1 2 3 4 5 6 7 8
surf similarity parameter im-l, 0 [-]
1.6 T i T T ‘
L Relative pressure difference - ui (Reforence) |
%EO 2k | A Upp — ut,B,Iayer4 . o " PT Layer 3 |
g 2 = ‘ L " PT Layer 4.
%E? o pg H mo * B * Ug =
2% X % T Il
é %048* S = Ug-Ug ] =
o % u =
;;ﬂ 06/ “I e W Model]i =z /Ml();leli e= : =E
= ILII ‘)‘l * 1
S S o04f o < PT Layer 3 z - 41 = \1’5 PT Layer 5 =
=y % PT Layer 4 \ | F 5 -
[ B 459 - 19@ — I
I:‘-;Q, 0.2 b) L 5 = r ) o - ¢ Model B
< a er‘ | ‘ PTLayer5l== B | |2 B L% Model C
L
00 1 2 3 4 5 6 7 3

surf similarity parameter E—‘m-l o [-]

Fig. E.1.2:Relative pressure difference Aiig vs surf similarity parameter at Location B for both Models B and C
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The effect of the locations (B, C or D) on relative pressure difference At is shown
exemplarily for Model B and layer 4 in Fig. E.1.3, indicating that the smallest At-values are
clearly obtained at the highest location D. On the other hand it also indicates that for lower
surf similarity parameters the highest At-values may occur at both locations B and C, while
for higher surf similarity parameters the highest At-values rather occur at location B.

% Model B - Location B
1471 e Model B - Location C X -
2 Model B - Location D x

’ % .
PT Layer 3 X » L] -
i g ?. Xe °
* PT Layer 4 . ; . S s

relative pressure difference
=]
o =
T T

A=y, JegH o [

0.6 » NN _|
A% AN
!.>\. ; X X ﬁ A A AN
X bl N ° A A
04~ A AR A AL s
x&m@& o AL A
N N A
L AN DX |
0.2 Aﬁé ACA A
\ - \ \ \ \ \
0
0 1 2 3 4 5 6 7 8

surf similarity parameter ‘im-l 0 [-]

Fig. E.1.3:Effect of location on relative pressure difference At for Model B, Layer 4

The effect of the model alternative (B or C) on relative pressure difference At is shown
exemplarily for layer 4 and all locations B, C and D in Fig. E.1.4. As expected, the fitted
curve for Model B provides slightly larger A -values than Model C - especially for higher
surf similarity parameters.

T T
® Model B - Layer 4 - all Locations [ Model B
14H fitted curve for Model B _ o | -
X Model C - Layer 4 - all Locations Model B /,/7/:”/: . ‘\
""" fitted curve for Model C e S , \
I e .
S . ®

o
T

N

Ay
o
8]
I
%

o
Q
=
[
a-,t -
==t L =
"5%0 ! et s . ¥ x .C D
v & o 8 . 3. X
N P =cciied X
27508 o Ky XX Model C
w
o .
E 2ol
° = O « g
S5 04 x & . x _ |
=1 X x ® X
X x X ®
* D
C

)

== ° x B
g oo Model C |

EI o
e %, 2

§!! . X . . Aﬁ

. E Q =

B

\ \ \ \
3 4 5 6 7 8
surf similarity parameter & | 0 [-]

0 |
0 1

Fig. E.1.4:Effect of model alternative on relative pressure differences at Layer 4 for all locations B, C and D

E.2 Tentative prediction formulae for relative pore pressure difference
Based on the preliminary analysis in Fig Fig. E.1.2 - Fig. E.1.4 and due to the high
complexity and the significant amount of work associated with the event-based analysis of all
data sets as well as to the time constraint within the framework of this study, it is reasonable
from the point of view of engineering practice to provide prediction formulae which are the
safe side. Therefore, the data sets for both Models B and C and all locations B, C and D are
merged together to determine a predicition forumulae for the relative pressure difference at
layer 4 and layer 5.
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At layer 4 the following upper envelope is obtained (Fig. E.2.1):

u, —u —
0 Tthayers _ 24 55 (E.2.1)

ngmO \/é:m_la()

1.6 I 1 T T T
‘ % Layer 4 - Location B,C,D - Model B,C ‘ 24 | Model B

T AT = oo 22 . /%
Q— —_ m-1,0 X mammm= _
g,u 2 AT = Uy ut,Iayer4 ¢ K EA ________ SemmmmmmT x L@ \\‘
et T =,
L%%D - ngmO ________ o x5 x % X ® .C D
La XX Py % §X x B
53 o8- L xS * X, XX s
©n T X - X § % X
73] o Q% x Model C
O = - k% § % x
& 3 o6 . ’ggx%%& § % XXy
oz B TR AR T §§ X x % -
Z =} »’/%x%;§§ % X%& * x 'Q’
S2 04 ngx xx%g Ex X x X x * x = \
T)l'l x*é%*%% X X x X % —Q \
=l e « xR x X ®

%{ 0.2~ Ve XX X% 7 x X C D

/ X
0 \ % \ \ ! \ B
0 1 2 3 4 5 6 7 8

surf similarity parameter &"m-l 0 [-]

Fig. E.2.1:Relative pressure difference at layer 4

At layer 5 the upper envelope can approximately be obtained by multiplying Ad at layer 4
(Eq. E.2.1) with a factor 1.1 only (Fig. E.2.2):

U —u 2.4
0 tlayers 1.1 .
=11 ——=——=+22 (E.2.2)
PIH [me—LO ]
16 : : ‘ ‘ |
* Layer 5 - Location B,C,D - Model BC| 24 [ Model B
141 AU=1.1-| ——+22 e <
o u, —u &m—-1,0 T~ . \
§- 1.2+ AT = 0 t,layer5 ////.///:,, . "o ]
é ?-:. H N o P e . . b
%:’: 1~ pg mo :////' . ® . : . . 5 ® 2
£ E‘? e o* l . LY B C
270 08 L .
g5 TR N ' Model C
% 5:‘ 0.6~ H \ . .
2, s ) =
E" 30 04+ . . o . s e -Q\’
2l ¢ = \
2 ' 2
0 | | | | | B
0 1 3 4 s P - g

surf similarity parameter & [-]

Fig. E.2.2:Relative pressure difference at layer 5

Plotting in Fig. E.2.3 both upper envelopes which described by Egs. (E.2.1) and (E.2.2) for
layer 4 and 5, respectively and recalling that (see Fig 6.1):
(1) pressure Uy represents the reference value of the negative transient pressure at the
upper boundary of the sand core (layer 3) beneath the revetment (see Fig 8.10),
(i1))  Layer 3 and layer 4 are separated by a sand thickness of only 0.20 m while layer 3
and layer 5 are separated by a sand thickness of 0.80 m for Model B and 0.60m for
Model C (see Fig 6.1 b,c),

ELASTOCOAST Annex E -ES - January 10




[\ V o Annex E
S : Negative transient pore pressure in the sand core beneath the revetment

it is obvious from Fig. E.2.3 that the uplift pressure gradient between layer 3 and layer 4 is
much higher than the uplift pressure gradient between layer 4 and layer 5. Considering that
the initial effective vertical stress due to the weight of the sand core increases linearly with
depth z (see Eq. 8.2), it is obvious that the soil liquefaction potential due to wave-induced
transient pore pressure is much higher just beneath the revetment (e.g. between layer 3 and 4)
than at deeper locations (e.g. between layer 4 and 5). This explains the results in chapter 8,

showing that soil liquefaction indeed occurred between layer 3 and 4, thus causing the
collapse of Model A.

* Layer 4 - Location B,C,D - Model B,C

L _‘24 ‘(Layer 5) .| Model B
14[l '+ Layers - Location BC,D - Model BC| AU =1.1- erz-z T /;

o
I

u, —u

8- o
5 t,layers Fe \
= — s \
52| |AT= L twers >
y=fan) ®
S 1T ® D
oo C
2=, B
2 Z08-
5 5 Model C
& S o6
2 _Q—’
g :O 04 ’,Q o
o2 - ® .
20 M ®

@ 02

= C D

< B

0
0 7 8

surf similarity parameter &m_l 0 [-]

Fig. E.2.3:Relative pressure difference at Layers 4 and 5

ELASTOCOAST Annex E - E6 - January 10



	Final Report_FINAL.pdf
	Annex_A.pdf
	Annex_B.pdf
	Annex_C.pdf
	Annex_D.pdf
	Annex_E.pdf

