EXPERIMENTAL RESEARCH ON PORE PRESSURE ATTENUATION
IN RUBBLE-MOUND BREAKWATERS

Dieter Vanneste and Peter Trdch

The paper describes the pore pressure measurennemtssmall scale breakwater model performed at Ghen
University, Belgium. Two phenomena related to tleeeppressure distribution within the breakwater diseussed:
the amount of energy dissipation through the arnamar filter layer (represented by the ‘referenaespure’) and the
exponential pore pressure attenuation inside the ebthe breakwater. The test results are compartd results
from literature and with the empirical damping mlogeesented by Burcharth et al. (1999) and TrodbOQ3.
Magnitudes of the reference pressures are four tstrongly dependent on the wave steepness. Teeppessure
attenuation obtained from the present experimemsvs to be in accordance with the empirical dampimaglel. A
suggestion is made for a better prediction of theping coefficient by eliminating the influencetbe wave height

in the empirical damping model.
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INTRODUCTION

Permeable coastal structures such as rubble mawadhsaters are of great interest in coastal and
harbour engineering. These structures are capdbbeotecting a coastal area from excessive wave
action by dissipating the incident wave energy ulfofriction inside the porous body of the struetur
When studying the structural response of rubblemddureakwaters to wave loading, the knowledge of
pore pressures and related wave attenuation inbelgoorous structure is important since the pore
pressures affect most responses, such as waveprumawe overtopping, reflection, transmission and
the hydraulic and geotechnical stability of theabngater.

Although designing and constructing a stable rulhdeind structure continues to rely heavily on
past experience and physical modelling, the deveéor and use of numerical models to analyze the
structural response of the breakwater to wave fgpii growing rapidly nowadays. To validate the
performance of a numerical wave flume with regardite interaction of the porous structure with
waves, reliable pore pressure data are needee@r éittm prototype measurements or from physical
model tests. In this research, the pore pressstehdition has been determined within the core of a
physical model, built at scale 1:30 in the waverftuof Ghent University.

Two phenomena related to the pore pressure difibibin the breakwater core are discussed and
compared with experimental results reported byowsriauthors: the reference pressures at the iogerfa
between core and filter layer and the rate of poessure attenuation within the core.

BACKGROUND

In most of the numerical models which are usedudysflow in permeable media, the frictional
forces exerted by a porous medium are commonlyritbestby the Forchheimer equation, which in the
case of a one-dimensional steady flow takes tha:for

— — ®

wherel is the pressure gradient,s the discharge velocity is the porositydsg is the mean grain
diameter and the kinematic fluid viscosity. The coefficientsand , often referred to as shape
parameters, depend on the Reynolds number (Re#\),dgrain shape and grading of the stone
material.

On the right-hand side of eq. (1), the first temfers to the laminar and the second term to the
turbulent contribution. The shape coefficientsand need to be determined experimentally for
different types of stone material and differentimegs of flow (laminar or turbulent), see eg. VamGe
(1995) and Burcharth and Andersen (1995).

According to Biesel (1950), the amplitude of pressascillation in a porous body exposed to
harmonic waves will decrease exponentially in tiredadion of wave propagation (see Fig. 1), taking
the following expression:

- )

! Dept. of Civil Engineering, Ghent University , Technologiepark 904, 9052 Zwijnaarde, Belgium
dieter.vanneste@ugent.be, peter.troch@ugent.be
1



2 COASTAL ENGINEERING 2010

where x is the horizontal coordinatexf0 corresponds to the interface between core dtet fi
layer), p(x) is the pore pressure height (ie. the double aog#itof the pressure oscillation) at location
X, Po is the reference pressure at the interface betweenand filter layer, is the damping coefficient,
L’ is the wave length in the core (L'=L/). L is the length of incident wave alis a coefficient to
account for seepage length as a result of the tieviaf the flow path caused by the grains. Le
Mehaute (1957) reports the empirical valuéefl.4 for quarry rock material. Miche (1960) obtalre
theoretical value fob equal tol.5 .
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Figure 1. Definition sketch of attenuation of pore pressure height
within the core of a rubble mound breakwater

The damping coefficient accounts for the rate of energy dissipation alvegdirection of wave
propagation and can be determined for a givenmiistg below SWL by fitting of expression (2) to the
pressure recordings at several locations below SWih. empirical expression for the damping
coefficient is given by Burcharth et al. (1999) ardch et al. (2002):

% 3)

wheren is the porosity of the coré,is the width of the core at a given depth (Figly@ndHs andL,
are the wave height and length, respectively. Téefficienta is determined by a linear regression
analysis using the values determined from the pressure recordingschlet al. (2002) reported a
value ofa = 0.014 based on pore pressure measurementsigeadcale model (GWK) and prototype
measurements at Zeebrugge (Belgium).

EXPERIMENTAL TEST SETUP

Model geometry

The experimental research was conducted in the flare of Ghent University, Dept. of Civil
Engineering, which is 30 m long, 1.2 m high and wide. The breakwater model is based on the
design of a low-crested breakwater, scaled at arigDslightly modified within the scope of the pratse
experiments.
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Figure 2. Cross section of the breakwater model (di  mension are in m)

The design is a conventional layered breakwateratarbnsisting of a core, filter layer and
armour layer, as shown in Figure 2. The crest lefd.2 m above the still water level (SWL) was
chosen in accordance with the no-overtopping canmdiand the hydraulic boundary conditions (see
further).
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In order to investigate the relative contributiohtiee armour and filter layer to the total wave
dissipation, tests were performed under differeotleh configurations; consisting of the core aldhe,
core and filter layer and the full breakwater modelthe full breakwater model, three differentegp
of armour layers were used : HARO units (0.542Kgjtifer units (0.330 kg) and rock material (35/50
mm , 0.098-0.196 kg). The different model configimas and their corresponding nomenclature are

summarized in Table 1.
Table 1. Model configurations

stage description
1 core alone
2 core + filter layer
3 core + filter + armour layer(HARO units)
4 core + filter + armour layer (rock 35/50 mm)
5 core + filter + armour layer (Antifer units)

Selection of core material

The scale model tests have been designed to cortipangore pressure distribution and wave-
structure interaction with numerical simulationstog same test setup. To model the porous flowen t
core, the Forchheimer equation (1) is used, thasktiowledge of the shape parameterand is
required, which on their turn depend on the flogimee, grain shape and grading. To select the stone
material for building the breakwater model cordfedent types of stone material and corresponding
shape parameters were reviewed, which have beegrimgntally determined in permeameter flow
tests by various researchers. Taking into condliderdhe target stone dimensions determined by the
model scale 1:30, stone sample ‘test 2' (5-25 mrithe report of Burcharth and Christensen (1991)
was selected as the core material. Using the dlailsieves in the laboratory, this stone fractiasw
reconstructed as good as possible.

The shape class of a representative sample takemtfre stone material was determined according
to the method specified by CIRIA-CUR. The paramgetaandd represent the maximum axial length
and maximum axial width, respectively. The resgltatone size gradation and stone shape distribution
are represented in Figure 3 and Figure 4.
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Figure 3. Stone gradation of original Figure 4. Stone shape distribution of original and
and reconstructed core material reconstructed core material

An important factor appearing in the Forchheimeuaipn is the porosity, since it is raised to
the third power in eq. (1). Porosity measurememsth® core material were carried out both in a
recipient and ‘in situ’, ie. a porosity measuremaftthe material as built in the wave flume.
Measurements ‘in situ’ are preferred because ofutheertainties involving the compactation of the
stones when subjected to the wave impact, in cosgramwith a sample compacted in a recipient. A
procedure was developed to measure the porosisitiiry by weighing the stones in saturated surface
dry conditions, measuring the water mass addeddon&ol volume and measuring the bulk volume
occupied by the stones with a laser apparatus caymused to track the erosion evolution of stone
surfaces. Moreover, this measurement techniquavglto measure the degree of compactation of the
core material under wave loading.

A last parameter needed in the determination optresity is the stone density, measured from a
representative sample in saturated surface dryittonsl The characteristics of the original and the
reconstructed core material are summarized in Table
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Table 2 : Target and reconstructed stone properties of the model core

size grading avg. shape  shape class porosity density
dso dgs/dss I/d n I ssa [kg/m3]
[mm] -] -] [
sample test 2 B&C 13.8 1.80 2.40 irregular 0.455 2680
reconstructed core 138 1.84 2.32 irregular 0.407 2671
material

Hydraulic boundary conditions

A constant water depth of 0.4 m was used. Thedgstegram consisted of regular and irregular
wave trains. The range of wave heights for the leeguaves were between 0.02 and 0.10 m, and the
range of wave periods varied between 1.09 and 2l6egular wave were generated according to a
JONSWAP-spectrum €3.3), with significant wave heights from 0.06 tA@ m and peak periods from
1.3t02.6s.

Both regular and irregular wave trains consiste8@i waves. This provided a sufficient duration
to eliminate transient effects in the pressure ndings and to track the potential water level qeii+u
the breakwater core.

The crest level and wave heights were chosen aioghydo avoid heavy overtopping which on its
turn would influence the pore pressure measurementthe region close to SWL. In a few
combinations of specific wave height and perioghtlito moderate wave overtopping was observed. In
these cases, the crest level was raised with avaiecrown element to avoid overtopping.

Instrumentation

For the measurement of the internal pore pressodesed by wave action, 24 pressure sensors
were installed inside the core of the breakwatet ainthe interface between armour and filter layer.
The positions of the pressure sensors are indidatddgure 2. The sensors are placed in 3 levels,
separated 0.1 m from each other, the lowest lehaeldéstance of 0.1m above the bottom.

The pressure transducers measure absolute presgiotsenables a high-precision measurement.
A sufficient number of sensors were installed idesrto monitor the pore pressures with a high apati
resolution.

The water movement inside the breakwater core weesored with three wave gauges (WG1/2/3,
see Figure 2), protected by a perforated plasgie.pihe pictures included hereafter (Figure 5-Fag)r
show the measurement instrumentation and thedetity.
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Figure 7: Detail of pressure sensors between Figure 8: View on armour layer with
core and filter layer HARO units (stage 3)
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RESULTS

Reference pressures at interface core-filter layer

In the following, the term ‘pressure’ or ‘pore psase’ refers to the excess pore water pressure
which is solely induced by wave action. The terpofg) pressure height’ is used in the same way as
for water waves to designate the height of thequnesfluctuations. The total pore water pressutbds
hydrostatic pressure added with the pressure heigiet recorded pressure time series are processed i
a similar way as with surface elevations. In expents with regular waves, the pressure variation is
characterized by the mean pressure hgightvhereas for irregular waves a significant presdaight
ps is obtained.

The pressure drop through the armour and filteerag represented by the dimensionless reference
pressure, ie. the ratio between the dynamic preskaight oscillatiorpy/ g and the incident wave
heightH. The reference pressures are measured by thesdrseP5 to P8, which are located on the
interface between core and filter layer (Figure 9).

Figure 9. Location of pressure sensors P5-P8

The results from the present experimental testangpared with results from large scale testing
in GWK and prototype measurements on the Zeebriggakwater (Belgium), according to Troch
(2000). The results from both data sets indica& tihe reference pressures show a weak dependence
on the wave steepness and distance (y) of theyseesensor under SWL, see Figure 10 and Figure 11.
For practical use, a constant value for the refargressure equal to 0.55 was proposed by Burcharth
et al. (1999), assuming a constant value alongnteeface between filter layer and core. Closehi t
SWL (y/H<1), the pressures are affected by turbulencelan@roposed practical value is not valid.
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Figure 10. GWK data Figure 11. Zeebrugge data

The present tests however show a stronger coorldietween the reference pressures and the
wave steepness. An example of tests with HARO armaaits is shown in Figure 12 (monochromatic
waves) and Figure 13 (irregular waves). From tHagees it is observed that the amount of energy
dissipation through the armour and filter layeré@ases with increasing wave steepness. This may be
explained as the degree of dissipation resultsetationgly dependent on the magnitude of the surf
similarity parameter (or wave steepness for a fixed slope), represgmkia shape of the breakers on
the outer slope. A similar observation was reporbsd Oumeraci and Partenscky (1990), who
determined the dissipation of wave motion througk armour and filter layer of a large scale
breakwater model by measuring the wave run-up eratmour, filter and core slope. As a result from
these measurements, the amount of energy dissipsiiowed to be dependent on the surf similarity
parameter . Smaller values of (typically smaller than 2 to 3) correspond to lspgl and plunging
breakers which are associated with a high degreairoentrainment and high impact velocities,
resulting in a high degree of dissipation. Collapgsand surging breakers¥4) yield lower dissipation.
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for regular waves, stage 3 for irregular waves, stage 3

From Figure 12 and Figure 13 it is observed thatrdference pressure exceeds the value of 0.55
proposed by Burcharth, especially in the case dllsmalues of wave steepness (s<0.03). A reference
pressure larger than unity suggests that the mefer@ressure is highly influenced by wave run-up
processes on the armour slope. First results fromparative numerical simulations, currently being
carried out, confirm this hypothesis and suggebktt scale effects play a significant role. The
dissimilarity regarding air entrainment (turbuldlowv dissipation) and the amplitude of viscous fsc
affects the energy dissipation through the armaouf fdter layer, leading to a significant differenin
reference pressure for the different scale models.

When analyzing the individual influence of the twave parameters defining the wave steepness,
i.e. (wave heighHp, or Hyg) and wave periodT{, or Tp), it is seen that both parameters contribute ¢o th
observed decrease of reference pressure when the staepness is increased. From the different
graphs showing the relation between reference presand wave period (Figure 14, Figure 15) and
wave height (Figure 16, Figure 17), a clear inczeathe reference pressure with increasing wave
period is noticed. On the other hand, the relalietween the reference pressure and the wave hgight
not so clear. A slight tendency of decreasing efee pressures with increasing wave height is
observed (more clearly for regular tests than ficrgular tests), but generally for a given valuehe
wave height, the values show a large spreading [€aids to the conclusion that of the two pararseter
that determine the wave steepness, the wave péasda dominating influence on the reference
pressure. The latter can also be demonstrateddfrgarison is made of the results of individuatses
corresponding to an equal (or a very similar) vadfiavave steepness but a different value of wave
period. In this case a clear distinction in theueal of reference pressures is observed, with thesb
reference pressures corresponding to the smalkest period.
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for regular waves, stage 3

Figure 17. pos/ gHmo vs. wave height
for irregular waves, stage 3

The three armour types do not show any clear diffees regarding the energy dissipation through
the armour layer, as can bee seen in Figure 1&@nde 19, where the reference pressure measured by

sensor P5 (near the bottom) is shown for the 2udifft types of armour layers.
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Rate of pore pressure attenuation within the core

The damping coefficient is calculated by fitting expression (2) througte tmeasured pore
pressures using a least square method. In thisfaagach level, a value for the damping coefficient
is obtained. Figure 20 shows an example of the mepital fitting procedure, for irregular waves,gsta
3 (HARO armour units).
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Figure 20. Example of exponential fitting through m easured pore pressure values

Figure 20 shows that the damping coefficierdecreases for increased depthwhen the same
wave conditions apply. This can be explained byftistion losses which become smaller as the degree
of turbulence decreases when the distance from 8\8feases. Moreover, the analyzed results show
that the damping coefficient increases for incrdagave period, when the same depth and wave height
apply, see Figure 21 (left). Both conclusions amsficmed by Oumeraci and Partenscky (1990), Troch
et al. (2002) and Helgason (2004).



5[]

COASTAL ENGINEERING 2010

16 16
1401+ — AHMO=01m — — — — — — — — — 14+ 1.4 4
- ATp=13s
120 — +Hmo=008m _ _ _ _ _ _ _ _ _ ol T _____] 124
_ +Tp=175s
Lol _ OHmo=00em _ _ A _ P ol ___° ____________
'S 0Tp=22s ° ) o
:080 % 08— - - - == === — = = = e —'_U‘o,s— o ©
A + A o
0.60 —4o 06+ —————————— A— N — — — — 0.6 4 o o
0.40 044 — — — — — — — — — — — — — — — — — — 044 — — — — — — — — — — — — — — — — — |
0201 — — — — — — — — — — — — — — — — — — 024 — = — = — — — — — — — — — — — — — — 024+ — - —————— - —— - ——— — — |
0.00 T T T T T 0.0 T T T T T 0.0 T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.00 0.01 0.02 0.03 004 0.05
T, I8l Hrno [m] s [
Figure 21. vs. T, Hmo and s, for irregular waves, stage 3 (y=0.3 m)

The relation between and the incident wave height on the other handoisso clear. Th
previously cited authors report tt decreases for increased wave height (for equahdepd wave
period), whereas in the present te shows a weak tendency to increase with increasanggwheight
However, the damping coefficient is correlated mstr@ngly with the wave period, than with we
height, as can be seen by compaFigure 21 left and middle. Whenis plotted as a function wave
steepness (Figure 21, righit) appears the decreases for increasing wave steey, ie. steeper waves

penetrate deepen the breakwater col

The previous conclusions agree with the empiricaimiula (3) for the damping coefficier

rewritten as follows:

T

#4%

T

& %

(4)

wheren is the porosity of the core maial, L, the wave lengths, the wave steepness and the posi
under SWL, characterized by the wic of the core at a depth(see Figure 1)Figure22 shows the
result of a linear regssion analysis applied to ti values of all tests with irregular waves, wh
yields a value foa equal to 0.0123 in expression (
This value agreeseasonablywell with the value ofa equal to 0.010based oran extensive
analysis of data from the large scale GWK model Zexbrugge prototype measuremerFigure 23).
In the presentegression analys, the pore pressure measurements which do not fulfilldbiedition
y/Hno > 0.85 were omittedA practical value of 0.85 was assigned to the patany/H., in this
criterion, indicating the relative position of theessure sensor with respect to the S In this way,
the pressure sensors that are located in the retpge to the SWL where strong turbulence exigs:
excluded from the analysis, sinthe exponential model (2) is not capabledefscribing the por
pressure attenuath accurately in this region. It is mentioned thatsuch criterion was applied a
previous analysief the same data, performed Troch (2002), which yielded @alue of a equal to

0.014.
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The values of thdamping coefficienfrom the GWK datasethow a considerable scatter for la
values (>D0) of the dimensionless predic. The quality of the regression analyisiggenerally rather
poor, as can be seen from the valuesthe coefficient of determinatiogiven ir Table 3. The
coefficient of determination is defineis unity minus the proportion of the regression sum of seg
to the total sum of squares.

Table 3 : Coefficient of determination for different types of regression analysis of dampi ng coefficient
type of linear fit present tests large scale & Zeebrugge
prototype data

~ nY2L2Hb (eq.4) 0.35 0.52
~ n¥2Ly/b (eq. 5) 0.78 0.65

It is assumed that the main source for theter in the regression analysis accordineq. (4) is
caused ¥ the presence of the wave height in the dimensgmpredictor val,, as can be seen
Figure 21(middle). Removing the wave height from the dimenkiss predictor vae improves the
correlation. In order tonaintain a cmensionless predictor valutae wave steepness is eliminated fi
eq. (4) resulting in the following regression analy

I

% )

The regression analysis accordingeqg. (5) is shown in Figure 24 afdgure 25, for the results
from the present tests and the results from larggle GWK and Zeebrugge prototype da
respectively. In Table 3, thealues of the determination coefficient are givehowingan increased
determination by the prediction according to eq.wWhen compared to the analysis according ti
(4). Accordingly, it issuggested to use eq. (5) foprediction of the damping coefficien, with a
value ofa approx. equal to 0. The value of the regression coefficient will tenfirmedby further
analysis using the results noimerical modeling of the experimental t , both small and large sc,
in a RANS VOF model.
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Figure 24. Fitting of a according to eq. (5 ), Figure 25. Fitting of a according to eq. (5 ),
for the present tests GWK and Zeebrugge data

CONCLUSIONS

Pore pressure measurarte were performed on a small scale (1:30) modeh @bnventiona
layered breakwater, consisting of a core, filted ammour layer. Three different types of armouela
were tested.

The reference pressures, accounting for the anafleriergy dissipion through armour and filte
layer, show a clear dependence on the wave stegpnese specifically on the wave period. For lo
values of wave steepness, a significantly highireace pressure in the small scale model is obsl
compared to resulfsom large scale model tests or prototype measunesn8cale effects are assun
to cause this difference in ssEnce pressure in the casdow values of wave steepness (collapsini
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surging breakers). No significant differences ifierence pressures were observed for the three
different types of armour layers.

The empirical formula for the damping coefficienBurcharth et al. 1999, Troch et al. 2002) was
validated with the present tests. To establiskethpirical formula for the damping coefficient, there
pressure measurements in the region close to S¥écted by strong turbulence, were not taken into
consideration when applying the regression analysis

A suggestion for an improved prediction of the damgpcoefficient is given by eliminating the
wave height in the dimensionless predictor. Thishmeé was applied to the experimental values of
from both the present tests and from large scalepastotype experiments.
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