Stability of open granular
filters under wave loading

>
o)
e}
o)
c
e
8
I_
Y
o)
=
(9]
| -
o
2
c
)
=
0]
(o)

]
TUDelft &z







Master of Science Thesis

Stability of open granular filters
under wave loading

by
W. Hollander

in partial fulfilment of the requirements for the degree of

Master of Science

in Civil Engineering

at the Delft University of Technology and the National University of Singapore.

to be presented publicly on Thursday February 12, 2015 at 11:00 AM (CEST).

An electronic version of this thesis is available at http://repository.tudelft.nl/.







Rotterdam, February 2015
Report type: MSc Thesis

Report name:  Stability of open granular filters under wave loading

Contact Author: wesselhollander@gmail.com

Author:

Graduation Committee:

Delft
e t University of
Technology

NUS

National University
of Singapore

Delta Marine
Consultants

W. Hollander (CITG, DUT)
Prof. dr. ir. W.S.J. Uijttewaal (CITG, DUT)
ir. J.P. van den Bos (CITG, DUT)
ir. H.J. Verhagen (CITG, DUT)
ir. H.J. Verheij (CITG, DUT)
dr. Jing Yuan (NUS)

ir. J.S. Reedijk (DMC)

Delft University of Technology (DUT)
Faculty of Civil Engineering and Geosciences
Section Hydraulic Engineering

Stevinweg 1

P.O. Box 5048

2600 GA Delft

The Netherlands

The National University of Singapore (NUS)
Department of Civil & Environmental Engineering
Block E1A, #07-03

No.1 Engineering Drive 2

Singapore 117576

Delta marine Consultants (DMC)
Tradename of BAM Infraconsult bv.
H.J. Nederhorststraat 1

2800 GA Gouda

The Netherlands




Summary

A filter can be applied to protect a bed against scour. Normally, these filters are geometrically closed,
to prevent winnowing of the base material through the filter. However, geometrically closed filters
are expensive and difficult to realize in the field. Geometrically open filters can serve as an alternative.
Within an open filter, the pores of the filter material are large enough for the base material to move
trough. The philosophy behind this concept is to reduce the hydraulic loading within the filter, in
order to avoid initiation of the base material.

This research focusses on open filters. A design formula for open filters was established by Hoffmans
(2012). This formula is recently validated for uniform flow (Van de Sande, 2012) and for flow with
additional turbulence by a sill and a pier (Joustra, 2013). The applicability for wave loading - although
suggested by Hoffmans- is not yet confirmed. No validations study was carried out in which Hoffmans
formula was validated for wave loading. In this research, the main question is defined as follows:

“Is the design formula of Hoffmans (2012) valid for wave loading on horizontal filters?”

In the original formula by Hoffmans (2012), it is considered that the penetration of turbulence energy
dominates the instability of the base material. Two different hypotheses are stated for the application
of the Hoffmans formula under wave loading. Both hypotheses give a relation between the load
damping length and the wave period. The load damping length is a parameter which determines the
efficiency of the load damping of the turbulence energy inside the filter.

Laboratory experiments are carried out in a wave flume, with the purpose to obtain values for the
load damping length. These experimentally obtained values are tested against the hypotheses. For
the model tests, a horizontal filter structure was built and loaded by waves. Multiple configurations of
the horizontal filter were tested, in which different layer thicknesses and different filter materials
were used. For each configuration, the critical wave height was determined for a wave period of 2.0s,
2.5s and 3.0s. The critical wave height is defined as the height for which incipient motion of the base
material occurs. The filter material was stable during all tests. The depth above the filter was held
constant for the tests.

To express the loading on the base and filter material, Hoffmans uses the critical shear stresses in his
formula. In the physical experiments, it was not possible to generate filter instability due to the
dimensions of the flume, so the generated shear stress on the filter material was lower than the
critical value of this parameter. Under the assumption that besides the critical shear stress on the
filter material, also the generated shear stress can be used in Hoffmans formula, the load damping
lengths are obtained. The obtained load damping length (L;') is assumed to be similar to the load
damping length in Hoffmans’ original formula (L;). The hypothetical values for the load damp
parameter do not match with the values obtained from the experiments.
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The experimentally obtained results indicate that the value for the load damping length depends on
the layer thickness. This finding is counterintuitive and indicates that besides the penetration of
turbulence energy, another type of loading influences the stability of the base-filter interface.
Hoffmans neglected a term in his formula (called the “source term”, which is related to the hydraulic
gradient). Under uniform flow it is acceptable that this source term was negligible (because the
hydraulic gradients under uniform flow are relatively small), It is speculated that this source term was
not negligible under wave loading. The following conclusion is drawn:

Under the assumption that L;' = L, it is concluded that original formula as proposed by Hoffmans
(2012) cannot be validated under wave loading.

The hydraulic gradient under waves is large compared with uniform flow. The hydraulic gradient
generates a pore velocity in the filter and influences the stability of the base material. The
experiments did show an increased critical wave loading when the filter thickness was enlarged. This
implies that the penetration of turbulence energy does still play a role on the stability of the filter
interface. It might be possible that the interface stability is influenced by a combination of the
penetration of turbulence energy and the hydraulic gradient. Further research is necessary to
investigate the influence of the turbulence energy compared with the influence of the hydraulic
gradients on the stability of the filter interface. Hoffmans suggests that the influence of the hydraulic
gradient can be incorporated by the use of a source term in his formula. It is not known yet how this
source term is exactly related to the hydraulic gradient, it is proposed to carry out further research to
the use of the source term in Hoffmans formula.

The following recommendations are made:

e Validate the assumption that the load damping length in Hoffmans formula can also be found
without the critical load on the filter material.

e Carry out test where the hydraulic gradients on the interface are measured, and the filter
thickness is increased step by step. Above a certain thickness, it expected that only the
hydraulic gradient will affect the interface stability, and the penetration of turbulence energy
will be negligible. Insight in the source term may be gained in this research.

e Hoffmans claims that the source term depends on the hydraulic gradient. However, it is not
known how these two are exactly related. It is recommended to carry out research to the
relation between the source term and the hydraulic gradients.

e |t is also recommended to evaluate the influence of the gradient under uniform flow. It is
recommended to measure the hydraulic gradients on the interface, and carry out tests
where the hydraulic gradient is varied. If it turns out that the hydraulic gradient also plays a
role under uniform flow, the load damp coefficients under uniform flow can be evaluated
again. This might lead to new insights.

e The influence of the wave period is still unknown. It is assumed that for very long waves, the
loading conditions will be similar to uniform flow. It is suggested to investigate the effect of
the wave period on the stability of an open filter in more detail. It is suggested to use a wider
range of wave periods than applied in this research.
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Chapter 1

Introduction

1.1 General introduction

Granular filters are structures to protect a bed or construction against scour and erosion. Filters are
constructed of rock material and can be applied in single or multiple layers. The different types of
filters are categorized in “geometrically closed” and “geometrically open” filters.

In a geometrically closed filter the base material cannot move through the filter. These filters are built
up with multiple layers. The upper layer of the filter is designed such that it is stable under the
hydraulic loading. Due to the accuracy of the filter construction in practice, every individual layer has
a minimum thickness of about 30 cm, this makes a closed filter relatively thick in practice. Thereby
these closed filters are expensive difficult to realize in wet conditions.

Geometrically open filters can serve as an alternative. Within an open filter, the pores of the filter
material are large enough for the base material to move trough. The philosophy behind this concept
is to reduce the hydraulic loading within the filter, so that movement of the base material is not
initiated. Thus the filter is geometrically open, but hydraulically closed. Sometimes limited amounts of
erosion can be accepted, in this scenario an unstable open filter can be applied. For these unstable
open filters reference is made to Wolters and van Gent (2012), who carried out physical tests with
base material transport for open filters loaded by waves and currents.

In contrast with closed filters, open filters do not necessarily consist out of multiple layers. For this
reason open filters are easier to realize in the field and may lead to a more economical design. Open
filters may be used for bed-,toe- and slope protections.

Several design approaches exist for open filters. The most recent method is founded by Hoffmans
(2012). Hoffmans’ formula is validated by Van de Sande (2012) for uniform flow conditions. Van de
Sande made suggestions for a modification in Hoffmans’ formula, i.e. the load damp coefficient. Van
de Sande also observed an increased bed mobility for flows with additional turbulence. Joustra (2013)
extended the validation research and performed experiments with additional turbulence. Joustra
validated the formula for flows with sill-induced additional turbulence and for flows with a cylindrical
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pier. This research resulted in suggestions for alternative load damp coefficients in Hoffmans’ formula
for these specific situations with additional turbulence.

1.2 Problem definition

Hoffmans suggests that his recently founded relation is applicable for uniform and non-uniform flow.
However, the validity of the formula under wave loading is never proven. The oscillatory flow near the
bed has another turbulence intensity than uniform flow. Therefore, it might be necessary to use other
values of the load damp coefficients in the formula than suggested by Van de Sande and Joustra.
Bezuijen & Kohler (1996) stated that the damping length of a porous medium depends on the
pressure period (and thereby the wave period). This implies that the load damp coefficient in
Hoffmans formula also depends on the wave period.

At this moment the load damp coefficients are validated for uniform flow, flow with additional
turbulence by a sill and flow with additional turbulence by a cylindrical pier. For wave loading, no
validation study is conducted yet. Although, based on literature it is expected that the period of the
oscillating flow has an effect on the load damping in the filter. Furthermore, it is discussed whether
the values for the load damp coefficient should be lower or higher than for uniform flow.

1.3 Research question

The aim of this research is to validate Hoffmans formula for wave loading. It will be attempted to find
the load damp coefficient for oscillatory flow. Because it is supposed that the wave period has an
influence on the load damp parameter, the influence of the wave period will be investigated. The
research question is stated as follows:

“Is the design formula of Hoffmans (2012) valid for wave loading on horizontal filters?”
The sub questions are formulated as follows:

e “What can be said about the value for the load damp coefficient under wave loading?”

o “Isit possible to verify or falsify the hypotheses for the load damping length?”

e “What is the difference between an oscillating flow and an uniform flow regarding the
stability of an open filter?”

1.4 Research method

Similar to previous validation experiments, physical model tests are carried out. The wave flume of
the TU Delft Laboratory is used. Experiments are configured with different filter thicknesses and
different base- and filter material properties. Since it is questioned how the wave period influences
the load damp coefficient in a filter, the experiments are carried out with regular waves. Hence, it is
attempted to investigate the effect between different wave periods.

The validation procedure will be carried out in a similar way as previous validation research (referred
to as “the classical approach”). To do an accurate suggestion for the load damp coefficient, this
approach requires experimental data with simultaneous erosion of the filter and base layer. Due to
practical limitations and the limited dimensions of the flume, no tests are performed where the filter
material became unstable. For this reason no accurate suggestion can be done for the load damp
coefficient under wave loading when the classical approach is used. For this reason, a new approach
for the validation procedure is introduced. The major difference with the classical approach is that the
generated shear stress upon the base and filter material is used, instead the critical shear stress.
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The classification of base material instability is determined with visual observations. Camera
recordings of each test are made. Thereby recordings with a wave gauge and a EMS are made. These
test results are used for the validation procedure.

1.5 Outline of the report

Chapter 2 gives a theoretical framework for this research. First, the hydraulic loading is discussed,
where the difference between uniform and oscillating flow is pointed out. Subsequently the hydraulic
loading is related to the stability of granular material. Finally, attention is being paid to open filters,
for which different stability relations and design approaches are presented.

Chapter 3 gives a comprehensive background on Hoffmans formula. This formula is a fundamental
part of this research. The derivation of the formula is discussed, and more background is given about
the load damp coefficients. Thereby, the new validation approach is introduced.

In chapter 4 the model setup is explained. Also, the material properties and hydraulic conditions in
the flume are analyzed. The test program is shown and the model scale is discussed.

In chapter 5 the test results are explained. For every test, a background is given. This section shows
numerous pictures of the tests.

Then, in chapter 6 the data is analyzed and the hypotheses are tested.
In Chapter 7, the results of the analysis and the assumptions made in this research are discussed.

Finally, the conclusions and recommendations are given in chapter 8.
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Chapter 2

Theoretical background

This section gives a brief background on the hydraulic loading, stability of granular material and
existing theories on open filters. For more detailed information is referred to the original publications.
In particular the book “Introduction to bed, bank and shore protection” written by Schiereck &
Verhagen (2012) gives a comprehensive background on this field of study.

This chapter is started with an explanation of the failure mechanisms for granular bed protections.
Consequently the processes behind the failure are explained. The physics will be described starting
from the water surface, where the wave theory is explained. Next, the hydraulic conditions above the
filter bed and the stability relations of granular material are presented.. Subsequently the processes
within the granular filter are explained.

The existing design approaches for open filters are discussed in paragraph 2.4. The Hoffmans formula
is explained separately in chapter 3, where an extensive background on this relation is given.

21 Failure mechanisms of open filters

Filters are used to protect a bed against scour. The filter is placed over the original bed. The main
principle is that the larger grains of the filter material are stable under the hydraulic loading. There
are different failure mechanisms for filters, as can be seen in Figure 2-1. The filter material itself may
be unstable or the base material may be transported through the filter. For both mechanisms, the
failure occurs when the hydraulic loading exceeds the strength of the material. To prevent shear
failure, a more stable filter should be selected (e.g. a larger grain diameter or a higher density). To
prevent winnowing, the hydraulic loading at the bed-filter interface should be decreased (e.g. by
increasing the thickness of the filter, or selecting a smaller filter diameter).

Conventional filters are geometrically closed. This means that the underlying material is too coarse to
move through the overlying layer. These closed filters mostly consist out of multiple layers which are
carefully selected based on their grading. Bed material movement within these layers is not possible.
Therefore the failure mechanism on the right hand side in Figure 2-1 (winnowing) does not apply for
geometrically closed filter.




Msc Thesis Theoretical background

Shear failure Winnowing

— —

)0C00000OO0E
OO a0 00

oA A A A L A WA A A A

l‘w‘» Ay A AR 7
i A

vk A A A A A A A A A A

Figure 2-1 Failure mechanisms (Verheij et al., 2012)

Another type of filter is the geometrically open filter. Geometrically open filters are based on the
philosophy that the hydraulic loading is reduced within the filter, such that the base material is stable.
In contrast to geometrically closed filters, geometrically open filters are not constructed using
multiple different layers, in practice these filters have the advantage that only one gradation of filter
material needs to be applied, which significantly reduces the costs. This research is focused on open
filters. Both failure mechanisms depicted in Figure 2-1 may apply for geometrically open filters.

2.2 Wave theory

This paragraph presents a concise review of the linear wave theory. For an extensive background of
the wave theory is referred to Holthuijsen (2007).

2.2.1 Linear waves

In general the waves can be described according to the linear wave theory. For an ideal fluid, the
density is constant and the fluid is incompressible. The linear wave theory can be applied if the
amplitude of the waves is small relative to the wave length and the water depth. This small amplitude
approximation is important for the behavior of the waves (otherwise the waves become nonlinear).

The basis of the linear wave theory are the mass balance and continuity equations. With the use of
some boundary conditions the wave equation is found:

. . (2@ 2
n(x,t) = a-sin(wt — kx) or n(x,t) = a-sin <?t — Tx) (1)
The radiation frequency and wave number can also be expressed in respectively the wave period and
wave length. A (water depth dependent) relation exists between these 2 parameters; the dispersion
relation:

2 = gk - tanh(kh) (2)

From the dispersion relation the wave speed for deep and shallow water can be derived. The wave
speed is depth dependent. In deep water the wave speed is independent from the water depth, and
only depends on the wave period. In shallow water, it works the other way around, and the wave
speed is only dependent from the water depth.

w
c= T — Deep water ¢ = % shallow water ¢ = \/gh (3)
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The water particles move in orbital motions below the waves. The magnitude of these motions is
smaller deeper in the water column. In deep water, these motions are unaffected by the bottom. In
shallow water, the motions are affected.

deep water intermediate depth very shallow water
" * wave dir ection * wave direction * wave direction
L..T O D) -
B

r=—d
) L
& = —f haftom

hadtom

Figure 2-2 The orbital motion in deep water, intermediate-depth and very shallow water (Holthuijsen, 2007)

The linear wave theory gives the definition for the velocity of the water particles:

it — k) with B — wg S+ 2)] 4

Uy = 1 sin(w x) with i, = wa sinh(kh) “
) . sinh[k(h + 2)]

u, = U, cos(wt — kx) withi, = % Sinh(kh) ?

The pressure under waves is described by the following relation;

_ + p, sin(wt — kx) with p,, = cosh[k(h + 2)] )
p=—pgz T+ pysinw x) with py, = pga cosh(kh)
Thus the pressure gradient is under waves described as:
cosh[k(h + z
i= kaMcos(wt — kx) (7)

cosh(kh)

2.2.2 Non linear waves

In the previous section the wave components were considered to be harmonic and independent, and
could be described as linear harmonic waves. However, when the waves become too steep, or when
the water depth becomes too shallow, the linear wave theory cannot be applied any more. The
degree of nonlinearity of waves is often quantified with the Ursell number, which incorporates the
wave steepness and water depth. The lineair wave theory is applicable when the Ursell numbers is
smaller than 10. When the Ursell number is larger than 26, the cnoidal wave theory describes the
wave more accurately. Figure 2-3 gives the ranges of applicability of various wave theories.

steepness I  HI?
N (8)

Nyrseu =

(relative depth)3 - (h)
L

The description of nonlinear waves can be approximated by adding corrections to the (linear)
harmonic wave profile. This means, that extra harmonics are added to the basic harmonic (see Figure

7
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2-4). When waves become more non-linear, more harmonics can be added to approximate the wave
conditions. It should be noticed that nonlinear waves have steeper crests and longer troughs, the
waves are more peaked. The steepness of the crests is therefore larger than that of the basic
harmonic (the steepness of the basic harmonic can easily be approximated with the linear wave

theory).
0.1 deep-water H 0.142
H breaking criterion Uikl
— (Miche)
gr-{ 7 Stokes 5" order
shallow-water Stokes 3" order
0.01 1~  breaking criterion e A e
(solitary wave)
Stokes 2™ order
0.001
0.0001
linear wave theory
cnoidal (Airy)
waves
| | |

0.0001 0.001 0.01 01 d 10
gr’

Figure 2-3 The ranges of applicability of the various wave theories (Holthuijsen, 2007) (in this graph, d is the water depth)

The description of nonlinear waves can be approximated by adding corrections to the (linear)
harmonic wave profile. This means, that extra harmonics are added to the basic harmonic (see Figure
2-4). When waves become more non-linear, more harmonics can be added to approximate the wave
conditions. It should be noticed that nonlinear waves have steeper crests and longer troughs, the
waves are more peaked. The steepness of the crests is therefore larger than that of the basic
harmonic (the steepness of the basic harmonic can easily be approximated with the linear wave
theory).

second-order Stokes wave

time or space ——p=

Figure 2-4 The surface profile a second-order Stokes wave (Holthuijsen, 2007)

Although the linear wave theory in not perfectly applicable it is still prominently used in the field of
shore protections. Compared to the nonlinear theories, the linear wave theory is far more easy to use.
Thereby the linear theory gives most of the time an accurate approximation. LeMéhauté (1968)
showed that the linear wave theory predicts the orbital velocities quite well, even far outside the
validity limits of the linear wave theory.
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2.2.3 Breaker criterion

The maximum wave height is limited by two factors; the wave steepness and the water depth. When
waves become too steep, they break. The maximum value for the steepness (s=H/L) is approximately
5%. As mentioned in the previous section, nonlinear waves are more peaked than linear waves, and
therefore quite steep.

In shallow water the water depth influences the maximum wave height, this water depth can be
found with the breaker index (y=H/h). The values for this index have a range between 0.6 and 1.6
(found by Kaminsky and Kraus (1993)). An average value of 0.78 is often used.

2.3 Stability of the bed material

2.3.1  Forces on a single grain

To understand the phenomena of instability of bed material, the force scheme of a single grain is
discussed. The forces which influence the stability of individual stones are discussed in this paragraph.
First, the forces resulting from an uniform flow are discussed. Then, the acceleration term is taken
into account. Subsequently, the influence of turbulent eddies and the influence of gravity is discussed.

Uniform flow

When a flow passes a single stone, the fluid particles have to pass a larger distance to pass the stone
than the fluid particles under the stone. This causes a velocity difference between the top and the
bottom of the stone. This velocity difference results in a lift force.

1
F, =EC1Alqu|u| (9)

The surface of a stone has a certain roughness. When a flow passes a stone, a shear force results.
Besides this shear force, a small wake occurs behind the stone. The shear force and the influence of
this wake are represented by the drag force. The relative importance of the shear force and the small
wake can be determined using the particle Reynolds number (see equation 11). For small particle
Reynolds numbers (<3.5) the viscous stresses are large and so is the shear force. For large particle
Reynolds numbers (>500) the viscous stresses are small and the shear stress on the stone becomes
negligible, so the influence of the small wake dominated the drag force.

1
Fp= ECDpwulul (10)
u, .d
Re, = ; (11)

The resistant forces of the stone are its own weight and also a friction force. The force scheme is
presented in Figure 2-5.

v 4

—
_— o — —
-

Figure 2-5 forces on a grain in flow (Schiereck & Verhagen, Introduction to bed, bank and shore protection, 2012)
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Acceleration

The acceleration in a flow creates a pressure difference on a stone. This pressure difference results in
a net force. For accelerating flows the net force is in the same direction as the flow. For decelerating
flows the opposite happens, the net force due to the acceleration is in the opposite direction of the
flow. The magnitude of the acceleration force can be found with equation 12. In this equation, the
added mass of the particle is also taken in to account. This added mass represents a force which
occurs when a particle is accelerating through a flow.

F, = VDU+ Ve DU _ dv, (12)
a =PV TPYEm D T ar
Acce]glﬂon
u / \LI+/\U
—— > &
l\ Ax

P

A

Figure 2-6 pressure differences due to acceleration Dessens (2004)

The total force on a stone can be found with the Morison approach (Morison et al (1950)). In this
approach, the sum of the acceleration and velocity force is used to calculate the total force.

_ 1 Du, 13
Ftot_Fu+Fa_ECbApuxluxl‘}'CmpVE (13)

Parameters Cp, and C,, give the relative importance of the flow and acceleration respectively. The
effect of the accelerations is investigated by Dessens and Tromp. Dessens carried out research to
flows with a constant acceleration. Dessens states that the values of €}, and C,, depend on the
pivoting angle (the angle in which the stone particle is expected to move when the stone becomes
unstable). Tromp did research to the stability of stones under wave loading. It has to be noticed that
the relative influence of the acceleration term is smaller under wave loading than for flows with a

constant acceleration.

Pivoting angle Cy Cn | Cwm/Ch
Dean and Dalrymple [1991] )

- - 0.3-3.0 -
Dessens [2004] ) )

30 0.10 3.92 39.2
45° 0.14 5.55 39.6

Tromp [2004]
- 0.40-055 | 2.67-3.75 | 4.85-9.375

Figure 2-7 Values of C;, and C,,, found by Dean and Dalrymple (1991), Dessens (2004) and Tromp (2004) (From Steenstra
(2014))

If only the fluid velocity and acceleration are considered, one would say that an accelerating flow
leads to a decreasing stability of the bed material, and an decelerating flow leads to a more stable
bed. This is, because under accelerating flow the net force that results from the pressure difference is
in the same direction as the flow, which leads to an increased resulting force on the stone. For a
decelerating flow, the opposite occurs. However, it is very important to bear in mind that the
acceleration interacts with the turbulence near the bed. The turbulence does also influence the

10
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stability of the bed. Huijsmans (2006) has found in his research that the turbulence intensity
decreases for accelerating flows, and increases for decelerating flows. Huijsmans even made
observations where the stability increased for an increased acceleration.

Turbulence

Turbulence can be found as a fluctuation in the velocity of the flow. The resulting force on a stone will
also fluctuate due to these velocity fluctuations. The intensity of the turbulent fluctuations varies for
different situations (e.g. the turbulence intensity behind a cylindrical pier is much more intense than
the turbulence intensity over a horizontal bed loaded by uniform flow).

Turbulent wall pressures

The turbulent wall pressures are induced by the turbulent flow. The pressures result in a net force on
the stone. Hofland (2005) states that the turbulent wall pressures merely lead to an up or downward
movement of the stone, but are important since it can give the initial lift to the stone which result in
further instability.
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Figure 2-8 changes of integrated forces on a stone. The vectors represent the resulting forces (Hofland 2005)
Gravity

For the stability of a single stone its own weight is of importance, this force stabilizes the stone.
Thereby the weight has an effect on the friction between the individual stones. When stone material
is placed on a slope, gravity can be a force that contributes to the instability.

2.3.2  Stability relations

2.3.2.1 General form

A single stone becomes instable when the load on this stone exceeds its strength. Basically, this is also
the definition of the stability parameter. This dimensionless parameter gives the ratio between the
strength and load. Hofland (2005) proposes a general form for this parameter (see equation 14). This
form of the equation includes the velocity, the acceleration and the turbulence (the fluctuations in
the velocity and acceleration).

_(Cy@@+ )+ Cp@+add)

VPior = 2gd (14)

Multiple variants for the stability relation are derived in the last decennia. Some of them focus on the
incorporation of the effect of the turbulence (Jongeling et al. (2003), Hofland (2005), Hoan (2008)),
while other authors focused on the effect of the acceleration on stability (Dessens (2004), Tromp
(2004), Huijsmans (2006)). In this report a few of these parameters will be discussed. The most well-

11



Msc Thesis Theoretical background

known stability relations of Izbash and Shields (1936) are further explained. Subsequently some
relations are discussed to determine stability under wave loading (Sleath, Rance & Warren and
Tromp). Finally the relation of Steenstra is presented, which is the most recent parameter and
incorporates the effects of both turbulence and accelerating flows. Reference is made to Steenstra for
a comprehensive background on the different stability formulas.

2.3.2.2 Izbash

Izbash considers the forces on an individual grain. For this reason, the velocity near the grain must be
known. The forces on a single grain are depicted in Figure 2-5. Balancing the drag force, the shear
force and the lift force gives an expression for the critical velocity, see equation 15. Values for
coefficient K in the equation are found empirically for different turbulence situations (e.g. behind a
groin, a pier etc.) Notice that this stability relation is based on the flow near the stone, and does not

incorporate accelerations.

u? « (M) gd = Agd - u?=KAgd (15)

Pw

2.3.2.3 Shields

In contrary to the latter, where the stability of granular material is based on the forces on a single
stone, Shields (1936) considers an average shear stress over a bed surface. A relation is given
between the particle shear stress and the Reynolds number, see equation 16. This relation is found
for uniform flow. The stability curve is showed in Figure 2-9. Van Rijn (1984) replaced the particle
Reynolds number on the x-axis by a dimensionless particle diameter. It can be seen that for grains
larger than 7 mm the stability parameter has a constant value of ¥, = 0.056. Notice that Shields
stability relation is based on uniform flow and uses only the bed shear stress, it does not incorporate
accelerations or additional turbulence.

load . u?

Ko o (wd
- strength - (ps — pw)gd - Agd fRe) =1 (T) (16)
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Figure 2-9 critical shear stress according to Shields - van Rijn (1984)

2.3.2.4 Sleath

The stability of granular material under waves differs from the stability under uniform flow. However,
a similar approach is used as in Shields’ approach. The Shields curve is adapted for oscillatory flows by
Sleath (1978) (see Figure 2-10). For the smaller grain diameters a smaller Shields value is found. The
difference between Sleath’s modified curve and Shields original curve originates from the difference
in the turbulence intensity which is generated under waves.

12
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Figure 2-10 Modified shields curve for unsteady flow (Sleath, 1978)

Similar to uniform flow, oscillatory flow also generates friction near the bed. In contrast with uniform
flow, the equilibrium cannot be found using the Chezy equation, because no constant hydraulic
gradient can be considered. However, the waves that generate the oscillatory flow can be described
using the linear wave theory. From this theory the near bed velocity of the fluid particles can be
derived. Subsequently, this near bed velocity can be expressed in the shear stress analogous with
equation 22.

First the movement of the water particles under waves is described with the linear wave theory. The
oscillatory fluid particle velocity at the bed can be found with equation 17.

. _ wa 17)
U0 = 9% = Gnhkh
u = G, sinwt (18)

Similar to uniform flow, the oscillatory flow generates a shear stress near the bottom. This shear
stress can be expressed as:

t, = Epcfwﬁf, (19)
Equation 19 shows similarities with equation 22, for oscillatory flow the average value for the shear
stress is half the amount of the maximum shear stress (because the oscillatory shear stress is
sinusoidal). The friction factor ¢ under wave loading is not obtained in the same ways as for uniform
flow. The direction of the flow constantly changes, so the boundary layer cannot fully develop over
the water depth as is possible for uniform flow. This results in higher friction factors near the bed.

The expression for the friction factor under waves is as follows (Jonsson, 1966):

0.0604

226
2
log* ¢

Gw = (20)

Based on Jonsson (1966), an expression by Swart is given in which the friction factor is given as a
function of the orbital stroke a;, at the bed and the bottom roughness (CUR 2010).

a,.\—0-52
¢ = 0.237 (—") for a, > 0.636k, [0 Crymax = 0.3] (21)

k,

For the larger grain diameters a value a stability parameter of ¥ = 0.056 is found, the same value as
for uniform flow. The modified Shields curve found by Sleath (1978) is partly based on data by Rance
& Warren (1968).

13
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Intermezzo: shear stress under uniform flow

If a fluid flows over a bed, it will result in a friction between the bed and the fluid. This bed resistance
is expressed as the shear stress. For laminar flow, this resistance is linear related to the flow velocity.
In the field of study of this research is mostly dealt with turbulent flows. For turbulent flows, the
relation between the shear stress and velocity becomes quadratic:

T = crpu’ (22)

For uniform flow on a slope, an equilibrium exists between the bottom shear stress and the fluid
pressure on the slope. These two components can be coupled as follows:

_ _ 1
T=pghl = ¢;pi® —» U =—/pghl (23)

z
Now we can rewrite this into the Chezy equation:
- , g
u=CvVRI with: C = o (24)
f

Where the Chezy coefficient depends on the dimensionless friction coefficient. The Chezy value can
be determined with the help of the equivalent sand roughness relation of Nikuradse-Colebrook:

Jg . 12R 12R

c=Y7, ~ 18l (25)
x "k, %97,

In the field of this research the shear velocity is often used. In this parameter the shear stress is
expressed in the dimensions of a velocity. This is not a velocity which really exists. It can be expressed
as follows:

(26)

I
]

ey

u, =

T~

To summarize; the velocity of a fluid over a bed can be expressed in a shear stress. Using the Chezy
equation, an equilibrium can be found between the shear stress and the hydraulic gradient for
uniform flows. Finally the shear velocity is introduced, a shear stress expressed in the dimensions of a
velocity.

2.3.2.5 Rance and Warren

Rance and Warren (1968) carried out research to the stability of bed material under oscillatory flow.
The relation found in their experiments can be rewritten as follows (Schriereck & Fontijn, 1996):

P 2.56 - 02>
50 — \/T_p.(Ag)l.S

In contrast to the stability approach according to Sleath (1978), the approach based on the

(27)

experiments of Rance & Warren (1968) does not include a friction factor. For smaller stone diameters
in relatively deep water the difference between the two approaches is small. The difference increases
when the stone diameters are larger. Larger stone diameters give a larger friction coefficient, this
effect is not included in Rance and Warren'’s approach.
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For the experiments conducted by Schiereck et al (1994) small differences are computed between
Sleath (1978) and Rance & Warren (1968) for the smaller stone diameters. The agreement for regular
waves is quite good for a certain range of wave periods, but can deviate significantly outside that
range. Thus the two approaches are not always in agreement. For the larger grain diameters Rance &
Warren (1968) seem to underestimate the stone size for incipient motion.

2.3.2.6 Other stability relations

Several other stability relations can be found in literature. Mostly, these relations are based on the
same philosophy as equation 14. For more background of the stability of granular material under
wave loading, reference is made to Tromp (2004).

A sophisticated formula which incorporates the effects of the fluid velocity, acceleration and
turbulence is found by Steenstra (2014).

2.3.3  Classification of instability

For larger stone diameters a critical shields parameter of ¥, = 0.056 is found. This implies that there
is a critical threshold value for transport; but this does not exist in reality. The grain material on the
bed is irregular and smaller grains may move below the critical value. Breusers (1968) conducted an
experiment to incipient motion and found 7 stages of transport; from “occasional movement at some
locations” to “general transport of the grains”. A value of ¥. = 0.03 is considered safe for the
threshold of motion.

Under oscillatory flow it is harder to classify instability; the particles brought in motion during the first
half of the wave period are subsequently placed back during the second half of the wave period.
Therefore the particles will bounce back and forth, and structural erosion is less likely. However, when
the waves become irregular or non-linear (e.g. second order stokes waves), a net transport can be
observed (Wolters, Rudolph, Hofland, & Verheij, 2010).
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Figure 2-11 different transport stages (CUR, 2010)
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2.4 Design approaches for open filters

2.4.1 Two types of open filters

Two types of open filters can be distinguished; stable geometrically open filters and instable
geometrically open filters. The difference between these two types is that the hydraulic loading is
different at the base-filter interface. For stable open filters, the hydraulic loading at the interface is
reduced so that initiation of motion is not possible. For unstable open filters the hydraulic loading at
the interface is above the critical value of the base material. Thus transport of base material is
enabled under unstable open filters. The research described in this report focusses on stable
geometrically open filters. For unstable open filters under wave loading is referred to Wolters and van
Gent (2012).

2.4.2  Base-filter interface stability

During the 1980s and 1990s much research is carried out to determine criteria for initiation of motion
in open filters. Two different flow directions can be distinguished; perpendicular flow through the
filter and parallel flow though the filter. The stability is mostly expressed in a critical hydraulic
gradient in relation to the filter material diameter. In the research discussed in this report is focused
on the stability under parallel flow.

2.4.2.1 (de Graauw, van der Meulen, & van der Does de Bye, 1984)

De Graauw et al. (1984) used and extensive experimental dataset to find the design criteria for the
interface in open filters. In Figure 2-12 the results are presented. Interesting to see, is that for
constant ratios between the filter and base diameter, the critical hydraulic gradient decreases as the
diameter of the filter material increases. This phenomenon results from the lower pore velocities in
the finer filter material. In the pores of larger filter material the pore velocities are higher, and
therefore the critical hydraulic gradient has a lower value. From the data in this research also an
empirical relation for the critical hydraulic gradient is found, see equation 28. The critical shear
velocity can be found with the Shields approach, see section 2.3.2.3. It is interesting to note that for
cyclic flow the same critical hydraulic gradients were found. However, the thickness of a filter layer is
not taken into consideration in this research, which makes it inapplicable for practical purposes.
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Figure 2-12 critical hydraulic gradient with steady flow parallel to interface (de Graauw, van der Meulen, & van der Does de
Bye, 1984)
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5/3 ,1/3
l_ _[ 006 1 d15,flu2 28)
cr — 4/3 5/3 *cr
n;‘dls‘f 1000d50_,J
where

U = 1.3d%57 + 8.3 -1078d;32

It should be taken in mind that this formula is not derived under free surface waves. Studies (e.g. Van
Os, 1998) have shown that erosion may occur for gradients which are lower than critical gradient
calculated with de Graauw’s formula.

2.4.2.2 (Klein Breteler, den Adel, & Koenders, 1992)

This research was carried out to find the critical velocity for the base material inside the filter. The
critical filter velocity is defined as: “the maximum velocity in the filter at which the sediment motion is
such that the stability of the total structure is not yet in danger” (Bezuijen, Klein Breteler, & Bakker,
1987). A dry sand transport of 0.2 gr/s/m was considered to be critical. For the initiation of motion of
the base material, the following relation for the critical hydraulic gradient was derived for base
material diameters between 0.1 and 1 mm, see equation 29 :

1

a-m)

(29)

Ng (Dec\™
Uper = <_f (ﬂ> W -4y - dpso .g)o.s>
c \ v,

In equation 29, the parameters c and m are dimensionless parameters which are dependent of the
size of the base material. See Table 2-1 for the values that should be used.

Table 2-1 parameters in formula for critical filter velocity (Klein Breteler, den Adel, & Koenders, 1992)

dp50 [mm] c[-] m [-]
0.1 1.18 0.25
0.15 0.78 0.20
0.2 0.71 0.18
0.3 0.56 0.15
0.4 0.45 0.11
0.5 0.35 0.07
0.6 0.29 0.04
0.7 0.22 0

0.8 0.22 0

1.0 0.22 0

Additionally experiments were carried out for non-uniform flows parallel to the interface (Bezuijen,
Klein Breteler, & Bakker, 1987). Test were performed in a pulsating water tunnel with a oscillating
period of 2 s. Klein Breteler concluded that for periods of at least 2s the hydraulic critical hydraulic
gradients are similar to the values found by de Graauw et al.

2.4.3 Design methods open filters

Different design methods for open filter have been developed over the years. Some methods are used
for specific situations (e.g. Wérman (1989) developed a design method for bed protections around
cylindrical piers). Other methods can be applied in a wider range of situations (e.g. Hoffmans (2012),
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who states that his design method can also be applied for situations with additional turbulence. The
methods are discussed in this section.

The design philosophy behind the different methods is that all layers are evenly stable. This implies
that the base and filter become unstable at the same moment when the hydraulic loading exceeds
the critical conditions.

2.4.3.1 (Worman, 1989)

Worman (1989) did research to filter protections around bridge piers. The aim was to investigate the
use of one layer of riprap instead of the conventional multi-layered riprap design method (as a closed
filter). Woérman (1989) derived an analytical description related to the mean flow velocity, which
causes initiation of motion of the base material. Note that the situation which is researched by
Worman includes additional turbulence by the bridge pier. With the data of Woérman (1989) the
following formula is derived for the stability of open filters (CUR, 2010):

D Ar ne d
L —o016L L IB

. 30
df15 Ap 1 —ng dpgs (30)

Joustra (2013) and Van de Sande (2012) compared Wérmans formula against the Hoffmans’ formula.
Van de Sande showed that Wérman is too conservative under uniform flow. Furthermore Joustra
suggest that the formula of Wérman should be preferred above the formula of Hoffmans for flows
with a cylindrical pier. Thereby, Joustra suggest that the gradient (Or coefficient 0.16[-]) of the linear
formula of Wérman should be changed to a gradient in the range between 0.22[-] and 0.33[-].

2.4.3.2 Bakker & Konter (CUR, 161, Filters in de waterbouw, 1993)

This method is developed for a situation with a top layer, underneath a filter layer and also a base
layer. Physical experiments are used to derive the interface stability between the top layer and the
filter layer, see equation 31 (CUR, 161, Filters in de waterbouw, 1993). The applicability of the formula
is limited to flow conditions without additional turbulence.

dys 122 WAr R

- = (31)
deO ye2Cy WA, dsy

For the stability between the filter and the base material, another relation is derived (CUR, 161, Filters
in de waterbouw, 1993) (see equation 32). Note that this relation is not validated by physical
experiments.

dys 122 W4, R
dpso v e*Co Wrls dysg

(32)

And for Cy:

Co=1+18 ( d:o ) (1 ‘E) (33)

2.4.3.3 (Hoffmans G., 2012)

Since Hoffmans’ relation plays a major role in the research described in this report, Hoffmans relation
will be explained in more detail in chapter 3. Hoffmans formula is formulated as follows:
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D Ardysg W (1 =V
i —ad,Hln< ydpso Wer (L =¥ c,f)) (34)

dris Dpdpso ¥ep (1 =¥V, p)

2.4.3.4 (Vande Sande, 2012)

Van de Sande’s work is explained in more detail in chapter 3. This paragraph briefly outlines his
finding.

Van de Sande did research on the validation of Hoffmans formula for uniform flow parallel to the filter
structure. Van de Sande concluded that the formula proposed by Hoffmans is in general valid for
single layered geometrically open filter structures. Although, Some adjustments were proposed to the
formula;

e Touse dsgpinstead of dgysfor the relative filter thickness Hoffmans formula (equation 34)

e To use another value for the damping coefficient a,. The value proposed by Hoffmans is too
high.

The adjustment in Hoffmans’ formula lead to the new “van de Sande’s formula”, see equation 35.

Dy <Afdf50 Wer (1— VVc.f)) (35)

Dydpso Pep (1 —yV,p)
With a proposed load damp coefficient of a; s =~ 0.82.

2.5 Previous experimental research to open filters under wave loading

This research aims on the question whether the relatively recent Hoffmans formula can be validated
under wave loading. In the past. several experiments are already carried out to investigate the
behavior of an open filter under wave loading. This paragraph presents these recent studies.

2.5.1 Halter (1999)

The goal of Halters research was to gain more insight in the behavior of open filters under wave
loading. Halter carried out experimental research in a wave flume with regular, non-breaking waves.
The goal of Halter’s experimental research was to find the critical wave height for which the base
material becomes unstable. Halter concluded that:

e The critical hydraulic loading is higher for smaller filter material diameters.

e A thicker filter protects the bed better than a thinner filter; higher critical wave heights were
found for thicker filters.

e  For larger wave periods, a lower critical wave height was found.

e For large filter material diameters, it was observed that the critical wave height was lower
than for a situation without a filter. Halter claims that the roughness of these large stones
lead to additional turbulence inside the filter.

e Halter did not find a clear relation between the calculated velocities in the filter and incipient
motion of the filter material.

e The calculated critical gradients (corresponding to the critical hydraulic loading and
calculated using the linear wave theorem) are lower than the critical gradients calculated
with De Grauw’s formula (equation 28).

The critical wave conditions found by Halter are summarized in Appendix A.
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2.5.2 Jansens (2000)

Jansens research focusses on the relation between the hydraulic conditions upon the filter and the
pore velocities within a filter. Jansens used a Laser Doppler Flow Meter (LDFM) to measure the pore
velocities and velocity fluctuations. Jansens replicated the model setup and hydraulic conditions used
and found by Halter. Jansens did not use base material in his tests. However, Jansens used the critical
wave conditions and the same laboratory setup as Halter. Halter did use base material. So the
measurements by Jansens are corresponding to the conditions for which the base material would
start to become unstable. The main interest was to find the magnitude of the water movements
within the filter. Jansens had the following findings:

e The horizontal and vertical velocity in the pores is constant over the thickness of the filter.

e Jansens claims that the horizontal pore velocity is generated by the pressure gradients.

e The pore velocity seems dependent of the orientation and accessibility of the pore. The
fluctuations in the pore velocity seem independent of this orientation.

e The measured pore velocities which correspond with the critical hydraulic conditions of
Halter are large enough to generate bed instability.

e In the model tests, the measured pore velocities are in the order of 30%-40% of the
measured velocities above the filter.

e Jansens measured that the pore velocities, corresponding to Halters critical hydraulic
loading, all have the same magnitude. Between (0.03 and 0.05 m/s).

e Jansens shows that the pore velocity in the filter can be estimated with the following
relation:

1 6p R
——T-04=1, (36)
Pwg 6x
e measured critical pore velocities were between 0.03 and 0.06 m/s. The nominal diameter of

the base material was 100um.

2.5.3 Wolters & Van Gent (2012)

In this research experiments were conducted for granular open filters on a horizontal sand bed under
wave and combined wave and current loading. This research is an exploratory study for more
extended research effort on open filters. Also, the older dataset of Wolters et al. is used (2010).

The research focusses on base material transport. The transported base material was measured for a
different hydraulic loading, filter thickness and filter grading. See Appendix A for the test programme
and the measurements. The test duration varied between the tests, based on the observed base
material transport (1000-12000 waves). During the experiments no filter material transport was
observed.

For only wave loading it was observed that bed load transport and suspended load transport of the
base material could not be separated. Base material transport could only be realized once the filter
velocities were far above the critical velocity and once base material was also suspended in the water
column. For all tested filter configurations the base material transport for wave loading alone was
very low. Note that during all tests the filter material was stable.

During the tests for wave & current loading was observed that only a fraction of the generated wave
height could be realized, because of the interaction between waves and current. An increase of base
material transport was observed for increasing current velocities and increasing wave periods.
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Despite the hypothesis that combined wave and current action would contribute to an significant
increase of base material transport compared to only wave or current loading, this strong increase
was not observed.

The filter thickness was expected to have an influence on the hydraulic gradient, although this was
not found for the two thicknesses used in the experiments. For the tests with only a wave loading, a
larger transport is measured for a thicker filter. This is considered counterintuitive and is not
explained.

Wolters & van Gent (2012) conclude that the bed material transport depends on the loading
condition, where the transport can be described as function of the hydraulic gradient Lfﬁ

cr

5.8

-
T* =1.4-1076 (2—/> (37)

lCT

Wolters & van Gent also found a strong relationship between the KCy number and the
maximum hydraulic gradient iyg,. The KCf number is based on the velocity measured 25
mm above the filter (u,q,), the wave period, the porosity of the filter and the filter

thickness:
Uz, T,
nyly
iy, = 0.06-KC%® (39)

i

Thus, the base material transport can be described as a function of 22, where iy, can be

ler
described as a function of KCy. It should be noted that Wolters & van Gent propose that the latter
equation are based on trends which need further verification. Especially the possible influence of
variations in filter thickness, since it is expected that the filter thickness is expected to have an
influence on the hydraulic gradient.

2.6 Chapter review

In this chapter the differences between a wave loading and a uniform flow were discussed. It is
supposed that in particular the accelerations and decelerations of the flow under a wave loading
cause the differences in the loading regime on a filter. Sleath (1978) already showed how the
oscillatory flow influences the Shields curve.

The main variables that define the loading under waves are the wave height, wave length and the
water depth. These variables determine the orbital motion on the bed, thus above the filter. Possible
non-linearity of the waves will only have a small influence on the near bed orbital velocity, because
the nonlinearities are only large in the upper part of the water column (this will be evaluated in
chapter 4).

This chapter also presented different alternatives to use as a stability relation for granular material. It
was seen that the velocity, acceleration and turbulence intensity can be taken into account separately
in some of these stability relations. Hoffmans formula is based on the shear stress concept, which
makes the Shields approach an appropriate method to use for this research. Thereby, the Shields
approach can be used under wave loading as well, as was researched by Sleath (1978). Although,
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Sleath suggested a modification in the curve. For the determination of the shear stress under waves,
the Jonsson-Swart method is used in this research.

This chapter also presents previous research to open filters. Multiple relations and design formulae
exist at the moment, but an appropriate design method for an horizontal open filter under wave
loading is not available yet. It is supposed that Hoffmans formula can be used for this purpose.
However it is not known what the value for the load damp coefficient should be under wave loading.
Hoffmans equations is described in more detail in the following chapter. Thereby it should be noted
that most of the previous research focused on the hydraulic gradients within the filter material.
Hoffmans formula is based on the concept of damping of turbulence energy form the top of the filter.
Since the background of Hoffmans’ formula is highly relevant for this research, it will be discussed in
detail in chapter 3.
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Chapter 3

Hoffmans’ design formula for
open filters

This section gives a background about Hoffmans formula. Also previous research on the validation of
the formula is discussed. From there, the possibilities are evaluated to use a similar approach in this
research. Eventually, an alternative approach is presented which can be used for the validation under
wave loading. For a fully detailed background on Hoffmans design formula is referred to the book
“The Influence of Turbulence on Soil Erosion” by Hoffmans (2012).

31 Background of Hoffmans’ formula

3.1.1 Derivation

Basically, the Hoffmans formula is a strength-load equation. For a stable filter, the strength must be
larger than the load. In this case, the strength is represented by a relative strength between the base
and filter layer. The load is describes as the relative load between the top of the base and the top of
the filter. Both the strength and load will briefly be discussed.

Strength

As mentioned in chapter 2, the strength of a single grain can be described with the shear stress
concept. If the shear stress exceeds a critical value, the grain will start moving Hoffmans uses a
description of the relative strength of the base layer. This can be described as the critical shear stress
of the base, divided by the critical shear stress of the (much) stronger filter.

_Tep dbSOA_blluc,b

Tef deO Zlf 1l’c,f

up (40)
However, the critical shear stress of a grain may deviate due to the non-uniformity of the granular
material. A characteristic strength can be described, where the influence and uncertainty of the
critical stress is included. This characteristic strength can be defined according to the hypothesis of
Grass (1970), see equation 41.

23



Msc Thesis Hoffmans’ design formula for open filters

Tek =Tc —V TRMS,c (41)

Where tpys. represents the standard deviation of the instantaneous load. This parameter
incorporates the influence of the variation of the non-uniformities of the heterogeneity of the soil
(represented by V. ; in equation 42).

TRMS,c = Vc,ch (42)
dys
Vc,f ~1-— d_so (43)

Using the definition for the characteristic strength, the relative strength is expressed as folllows:

_ Tebk _ dbSOA_blpc,b 1—-yVep
Terk  Arsodp el —vyVey

Nek (44)

Load

Hoffmans defined a load equation based on the balance of forces, the Forchheimer equation, the
hypothesis of Boussinesq and a relation of the eddy viscosity (see Hoffmans (2012)). From this follows
a definition for the penetration of turbulence energy, see equation 45 (at the interface of the filter
and the bed, z=0). k; represents the load on the filter, k,represents the load on the base layer, k¢ is
the turbulence energy due to gravity (which is negligible in this context), L is the load damping
length and z is the layer thickness. Hoffmans has derived a definition for the relative load, see

equation 47.
z
kp(z) = kg5 + (kp — kg s)exp (L—> (45)
d
With for uniform flow: Ly = agds;s (46)
ks (2) ( z ) (47)
= ~ exp (—
Ui k, p L,

Now the relative load between the interface and the top of the filter can be described, see equation
48. Dy is the thickness of the filter. Combined with equation 46 the relative load can be expressed as:

mzexp<z>= exp< D ) (48)

Lq addfls

Hoffmans formula

Logically, for a stable filter the strength must be larger than the load. By combining the relative
strength (equation 40 ) and the relative load (equation 48) the formula of Hoffmans is found, see
equation 49. Based on experimental data of Klar (2005), Hoffmans derives for the load damp
coefficient a value of a; = 1.0. Thereupon, Hoffmans suggests to use a safety factor for practical
purposes and proposes to use a value of a; = 1.5.

D Ardso Wer (1= ¥V,
r zadln<ff50_6f( Vc,f)) (49)

dfs Apdpso ¥Pep (1 —yV,p)

Hoffmans also proposes a simplified version of his formula. Some basic assumptions are made in this

. d A y v o
simplification: L% ~ 125, L~1, -L~1, 2L~ 1, a, ~ 1.5. This gives:
d
dfis Ap Yep Yeb
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D d
f 150
——=12In|— (50)
dsso (dbso)

3.1.2 Theload damping

The load damping length is an important parameter in (the derivation of) Hoffmans formula.
Hoffmans mentions that the expression for the load damping length is different for wave loading than
for uniform flow. As explained above, for uniform flow the load damping coefficient can be found
according to equation 46. Hoffmans calibrated this parameter by applying uniform flow experiments
of Klar (2005). For the expression of the load damping under wave loading, Hoffmans and Verheij
(2013) have defined an expression based on the work of Bezuijen and Kohler (1996).

The theoretical derived values of the load damping length, and thereby the load damp coefficient a4
are explained in this subparagraph. The next paragraph elaborates on the validation research on
these parameters. The expressions for the load damping length are not validated for wave loading
yet, it is attempted to do so in this research.

3.1.2.1 Theoretical proposed value of the load damp parameter under uniform flow

Hoffmans used the experiments of Klar (2005) to calibrate the load damp coefficient. In Figure 3-1 the
experimental data is shown. It can be seen that the penetration of turbulent energy is decreasing the
further it penetrates the filter. Based on this experimental data, Hoffmans derives a value for the load
damp coefficient of a; = 1.0. Hoffmans adds a safety factor for his final proposal of the load damp
coefficient, this results in: ¢z = 1.5.

Interesting to point out, is that Klar (2005) observed that the penetration of turbulent energy
decreases significantly until 4 to 5 times dyg5o. However, deeper into the filter, the penetration of

turbulent energy decreases and is less effective.
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Figure 3-1 experimental data of Klar (Wenka and Kéhler 2007)

3.1.2.2 Hypothesis for the load damping length under wave loading

Damping load damping length L;represents the load penetration in granular filters. The load
penetration length was investigated by Bezuijen and Kéhler (1996) for wind and ship generated waves
in flexible revetment structures. An expression for the load damping length was formulated as in
equation 51 (de Groot et al. 1996). Bezuijen and Kohler investigated regular waves in their research.
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Ty

Ld,HypothisI = T (51)

L4This load damping length can directly be substituted in Hoffmans formula. The following derivation
can be found for the formula under wave loading by combining equations 46, 49 and 51 (Hoffmans &
Verheij, 2013):

Dy = &l (AfdeO Yo (1 VVc.f)) (52)
T Apdpso¥ep (1 —yV,p)

Now the wave period and the consolidation coefficient of the filter material are also part of the
equation. Hoffmans & Verheij state that the consolidation coefficient for filter material is

2
approximately: ¢, = 0.001 mT

Hypotheses

“The wave period has an influence on the load damping length L, ”
“The load damping length L, increases for a longer wave period.”
“The relation between the load damping length L; and the wave period is a root square function.”

“the load damping length under wave loading is described by the following expression:

L _ Cvau
d,Hypothesis1 — .

Hoffmans & Verheij (2013) assume that the consolidation coefficient of the filter material is related to
the filter diameter by the Kozeny-Carman equation:

¢, = K = dj;s (53)

In the correspondence between Hoffmans & Verheij (2013) some next steps in the derivation are still
under discussion. The correlation shown in equation 53 can be used to substitute the consolidation
coefficient in equation 51.

¢, T, Urys deys® T,
Ld:\/v pz\] f15 f15 Ip (54)

T T

Under uniform flow, it can be assumed that the dominant turbulent eddies have a period of Tp=0.5s.
Under the assumption that T, = 1s, it results that a5 = 27 (because for uniform flow equation 54
equals Ly = agdsys, with ag = 1.0). This finally results in:

2T,

14
Ld,Hypothysis nmn= df15 T (55)
0

Now the load damping length depends on the filter diameter. This makes sense, since it can be
expected that the damping of the load is dependent of the pores in the material, and thus the size of
the grading.
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The parameter T, has no physical meaning. It was introduced to compensate for the dimensions of

the replaced ¢, by dflsz. This may raise some doubts about physical validity of the hypothesis.

Hypothesis

“the load damping length under wave loading is described by the following expression:

2T,
- y
Ld,Hypothesis I — dfls ; To

Equation 52 suggest that the filter thickness needs to increase as the wave period increases. However,
it is known that for waves with a very large period (e.g. a tidal wave) the hydraulic conditions are
similar to uniform flow. If equation 52 would be used for these very long waves, the filter thickness
would become unrealistically large. Therefore the hypothesis is formulated that the range of
applicability of equation 52 is limited in a range of wave periods. It is expected that there is a
transition zone for the period dependency. Periods higher than this zone will not influence the
damping behavior any further, and the damping behavior is likely to be the same as under uniform
flow. However, it is not clear for which wave period this transition will happen.

It should also be clear that Bezuijen and Koéhler found the damping length for wind waves, ship
generated waves and ship induced water level depressions against a flexible revetment structure. This
is different than the situation considered in this research, where the damping length under waves is
considered. This brings up some doubt whether equation 51 is applicable. The performance of the
rewritten formula is still unproven. This research aims on finding values for the load damping length
under wave loading.

3.2 validation of Hoffmans formula

Hoffmans validated his proposed value of the load damp ceofficient with experimental data of
uniform flow and non-uniform flow. Thereafter, Van de Sande (2012) did additional experimental
research and validated the load damp coefficient under uniform flow more thoroughly. Additionally,
Joustra (2013) extended the dataset for non-uniform flow and carried out a validation study for
Hoffmans formula under flows with additional turbulence by a sill and a cylindrical pier. The validation
methods are discussed in this paragraph, thereby an overview of the results is given.

3.2.1 Hoffmans’ validation

Hoffmans carried out a validation study with the experimental data of Huijstee & Verheij (1991),
Woérman (1989) and Dixen (2008). The data is presented in Figure 3-2. On the y-axis the relative filter
thickness is shown. The x-axis gives the ratio between filter material diameter and base material
diameter. In this graph, both Hoffmans and Wormans equation are presented (see respectively
equation 30 and 50). Hoffmans included Wérmans method to show the differences, since Wérmans
method is one of the most conventional methods.

Theoretically, the regions that lie above the lines of the equation have a filter which is too thick (too
conservative), so this is economically and practically undesirable. The regions under the lines of the
equations have a relative filter thickness which is too thin, so the base will erode before the filter
does.

All shown data points in the graph represent a situation where the filter was not thick enough (thus
the base eroded under the filter. It is seen that all data points in the graph are under the line of
Hoffmans equation. Herewith, Hoffmans implies that his formula shows satisfying results. The
proposed load damp coefficient (of 1.5) was considered to be validated.
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The main difference between Hoffmans and Wormans equation is the difference between the linear
and logarithmic relation. Thereby Wérman’s equation is more conservative for ratio’s above
d
£50

RN 50. Under this ratio, Hoffmans’ relation gives more reliable results.
b50

geometrically
closed filters

T 10 ge

Dr /5o

Woérman's equation

ometrically open filters

0 100 200 300 400 500
dfso/dpsg —»>

X simultaneous erosion of filter base layer (Van Huijstee and Verheij 1991)
© no simultaneous erosion (Van Huijstee and Verheij 1991)
+ experimental data from Worman (1989)

X experimental data from Dixen et al. (2008)

Figure 3-2 DF/df50 versus the critical df50/db50. (Verheij, Hoffmans, Dorst, & van de Sande, 2012)

3.2.2 Vande Sande (2012)

Van de Sande’s research aimed on the validation of Hoffmans formula under uniform flow. Compared
to Hoffmans’ validation, Van de Sande used significantly more data (including his own dataset).
Thereby, he also made a suggestion which included the uncertainty and statistics of his found load
damp coefficient.

Van de Sande carried out experimental research. For his validation approach, three categories were
defined (see Figure 3-3):

e base material moves first
e filter material moves first
e base material and filter material move at the same time

The relation of Hoffmans is based on the philosophy of simultaneous instability of base and filter
material. Therefore, Hoffmans formula ideally gives outcomes in the yellow area of Figure 3-3. So
when a filter is used which is stable for the given hydraulic loading, Hoffmans formula (2012) then
gives the thickness of this filter for which the stability of base material is guaranteed. To classify
instability, Van de Sande weighted the transporter filter material and base material separately after
each test.

Experiments are be carried out with different layer thicknesses and different ratios between base and
filter material. This approach resulted in several data points. These points were grouped in the 3
categories.
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Filter material
moves first

Same time

0 50 100 150 200 250

diso/dyso

Figure 3-3 movement of filter material and base material (Verheij, Hoffmans, Dorst, & van de Sande, 2012)

Besides his own data, Van de Sande also used other datasets (Bakker (1960), Haverhoek (1968),
Wouters (1982), Konter et al.(1990), van Huijtee and Verheij (1991), van Velzen (2012)) which were
also grouped in the 3 categories. All data is presented in Figure 3-4. All data together was used to
calibrate the Hoffmans formula, for which he found a new value for the load damp coefficient. Van
the Sande concluded that the value proposed by Hoffmans was too conservative and a lower value
could be used.
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——van de Sande [2012], filter material eroded before base matenial (with test number)
—A——\an de Sande [2012], simultanious erosion (with test number)
—&—\an de Sande [2012], base material eroded before filter material (with test number)
= Bakker [1360], filter material eroded before base material
~— Bakker [1960], simultaneous erosion
—— Bakker [1960], base material eroded before fitter material
Haverhoek [1968], filter matenal eroded before base material
Hawerhoek [1968], simultanious erosion
—==— Wouters [1982], base material eroded before filter material
“— Konter et al. [1990], base material eroded before filter matenal
—+—van Huijstee and Verheij [1991], filter material eroded before base material
——van Huijstee and Verheij [1991], simultaneous erosion
——H—an Huijstee and Verheij [1391], base material eroded before filter material
—#—an Velzen [2011], test LO1 - LO7, no winnowing
—#——van Velzen [2011], test LO8, winnowing (ray 1 and 2)

Figure 3-4 Experimental data to validate Hoffmans' load damp coefficient (Van de Sande (2012))

Van de Sande found a load damp coefficient a; = 1.75, and a 90% confidence limit of a; = 0.98. It
was observed that the wide graded filter materials gave significantly higher values for the load damp
coefficient a4 than the not-wide graded material.
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Based on the experimental data, Van de Sande states that Hoffmans formula is valid under uniform
flow. Although, Van de Sande makes two proposals:

e Instead of using dgq;5 for the relative filter thickness, ds5q should be used for more accurate
results. So Hoffmans formula should be rewritten as equation 56. In this report, this
rewritten formula will be referred to as “the Van de Sande Formula”.

<Afdf50 Yo (1 - VVCJf)) (56)
Dpdpso Pep (1 —yV,p)

D

I
—— =ayln
dso  °

e The proposed alpha value of Hoffmans (1.5) is too high. The following values are suggested
(to be used together with the Van de Sande formula):

Table 3-1 proposed load damp parameters by Van de Sande (2012)

Deterministic approach Probabilistic approach
ay = 0.82 : safe upper limit Log-normal distribution
ag = 0.69 : 90% confidence limit u=-—0.86
o =0.38
E(ay) = 0.46
Var(ay) = 0.04

Van de Sande’s incentive to adjust Hoffmans formula was the found inconsistency for the load damp
coefficient between narrow and wide graded filter materials. For wide graded filters, d¢5, seems a
better representation that dy;5, which sounds logical. However, there is no clear physical explanation
why the load damping length gives more accurate results when dgs is used instead dj,5.It might be a
coincidence. However, it raises the question whether this will be repeated for the validation of the
formula under wave loading. Therefore, a hypothesis is defined.

Hypothesis

“Van the Sande’s formula gives a more accurate results for the load damp coefficient than
Hoffmans formula, also in the tests under wave loading.”

3.2.3 Joustra (2013)

Joustra’s research question was formulated as follows: “ To test the validity of the design formula of
Hoffmans (2012) for flows with sill-induced additional turbulence, and flows with a cylindrical pier and
to test the validity of the design formula of Wérman (1989) for flow velocities over 0.5 m/s and filter
layer thicknesses over 0.1 m at flows with cylindrical piers.”

Joustra also collected experimental data. The qualification of filter instability was as presented in
Table 3-3. The qualification of filter instability is classified similar to the classification of van Huijstee &
Verheij (1991). The classification is based on visual observations.
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Table 3-2 classification of base stability in Joustra’s research

Class Description Stable/Instable Remarks

F.1 No movement at all Stable

F.2 Shaking stones, a single stone rolls Stable

F.3 Some stones are rolling Instable Corresponds phase 3 defined by

Breusers (1977)

F.4 Movement at many locations Instable

For the classification of base material Joustra used a stereo photography technique. Using this
technique, Joustra was able to identify if the filter replaced by the moving base under the filter layer.
However, this technique could only be applied when the filter stones where stable. When the filter
stones were unstable, it was not possible to use this technique. See Table 3-3.

Table 3-3 classification of filter stability

Class Description Stable/instable
B.1 No filter settlement Stable

B.2 Minor or small degree of filter settlement Instable

B.3 Major or large degree of filter settlement Instable

Joustra results for uniform flow are in agreement with Van de Sande’s results. Furthermore, under
conditions with sill-additional turbulence, Joustra suggest a value for the load damp coefficients of 1.2
to 2.5. Under flows with a cylindrical pier a load damp coefficient of 2.4 to 3.7 is suggested.
Furthermore Joustra suggest that the formula of Worman should be preferred above the formula of
Hoffmans for flows with a cylindrical pier.

3.24 Overview of the load damp coefficients

The load damp coefficient is validated for different conditions. The proposed values for the load
damping coefficients are presented in Table 3-4.

Table 3-4 Suggested values for the load damp coefficients

Author Proposed a4 Loading situation
Hoffmans (2012) 1.5" Uniform and non-uniform flow
Van de Sande (2012)° 0.82 > (safe upper Uniform flow parallel to filter structure
limit)
Joustra (2013) 12<a;<25 Flow with sill additional turbulence
Joustra (2013) 25<a,;<3.7 Flow with cylindrical pier4
3.3 Validation method of Hoffmans formula under wave loading

Hoffmans suggest that his formula is applicable under uniform and non-uniform flow, thus also under
a wave loading. However, the validity of the formula under wave loading is not investigated yet. This

! Originally, Hoffmans derived a value of 1.0. Hoffmans multiplied this with a safety factor.

? Based on the Van de Sande formula

? Besides a safe upper limit, Van de Sande also provides statistical values for a; (see Table 3-1)

* For flows with cylindrical piers Joustra recommends Wérman'’s formula above Hoffmans’ formula
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research will aim on the validation on Hoffmans formula under wave loading. Thereby it will be
investigated what suggestions can be made for the load damp coefficients. Physical experiments will
be carried out to generate data. Thereby data from previous research can be used.

3.3.1 Approach for experiments

A new approach will be introduced to find the values of the load damp coefficients. In the approach of
Van de Sande and Joustra (now referred to as the “classical approach”), it was necessary to generate
instability of both the base and filter material. In the new approach, where an important assumption
is made, only instability of the base material is enough to find the load damp coefficient in the
Hoffmans formula. This new approach is introduced to enable experimental modeling in a small wave
flume.

3.3.1.1 Applicability of the classical approach

The waves in a wave flume are limited in their height and length. To generate high shear stresses on
the filter material, waves with a relative high amplitude need to be generated. There are 3 factors
which can be varied to influence the shear stress under waves; the wave height, the wave period and
the water depth. An increased wave height gives higher shear stresses. Due to the limited height of
the wave flume, the wave amplitudes are relative large to the water depth. Therefore the waves in
the flume are non-linear. As a consequence of this non-linearity, the wave peaks are quite steep.

For this reason, the maximum loading in a wave flume is limited. When it is attempted to perform the
same approach as Van de Sande and Joustra, it must be possible to generate filter instability.
However, with a limited maximum loading, only adjustments can be made in the filter material
(Chapter 4 elaborates on the options). Although, it will be very complicated to apply the classical
approach under wave loading. Only in a large flume (where high wave loadings can be generated) it
will be easier to apply the classical approach.

When filter instability is not generated, only data points in the red area of Figure 3-3 will be found.
Therefore it will be possible to suggest a lower limit for the load damp coefficient. However, for a
higher limit data with an instable filter is needed.

3.3.1.2 New approach

Although the load in the filter is not critical, this load is still damped out by the filter. For the load
damp parameter, it makes no difference what the magnitude of load on top of the filter is. The
relative load used to derive Hoffmans formula is nothing more than the relative decrease in the load
between the top of the filter and the filter-base interface (equation 47). For this reason, it is assumed
that the load on top of the filter does not have to be critical to find the load damping characteristics
of a filter. Therefore, in the new approach it is assumed that also the occurring shear stress upon a
filter can be used to derive a value for the load damp coefficient, instead of only the critical shear
stress.

Assumption

Besides the critical shear stress, also the occurring shear stress in the filter and the base material can
be used to find a value of the load damp coefficient.

N.B.: Hoffmans did not make this assumption for his formula. Therefore, theoretically, the method
in which this assumption is used differs from Hoffmans method. In this research, this assumption is
considered to be very plausible.
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To provide more insight which supports this assumption, a visualization is made in figure Figure 3-5.
Under the circumstances derived by Hoffmans, both the base and filter are loaded on their critical
point. Now, in the new approach, the filter is not loaded by its critical load. However the load will
damps out by the same mechanism as in Hoffmans derivation. Only now relative strength is different.
On the base, the load is still on the critical point. Only on top the filter, the load does not correspond
with the filters critical load, but a value under it’s critical load. Therefore the filter has to damp out a

smaller relative load.

T cf _ ch
TR
/Ks
z Filter thickness (z) Filter 'Kr=Kb exp (z/La)
Lx Tcb :Kb

Figure 3-5 visualization of the load damping through the filter

With this assumption the formula can be rewritten. We start with a definition for the relative
strength. Note that the shear stresses not represent the critical stresses any more.
Tp
MNe = — (57)
2
As in the original derivation of the formula, the relative strength is combined with the relative load
(equation 47). This gives:

T_f(l _VVc,f)> (58)

D)/ =1,"1
s = "(rb (1= V)

To find the load damp parameter, the equation van be rewritten to:

, Dy’
L. =
t (=) (59)
Tp (1 — yVC,b)

The latter assumption implies that L, = L, .

The parameters which are necessary to find the load damp parameter are presented in Table 3-5. For
the approximation of the shear stress, the Jonsson-Swart approximation can be used. To use this
approximation, the wave height, period and water depth are used. Thereby, the bottom roughness,
density of the fluid and gravitational acceleration are used. Relevant assumptions are found in
chapter 6.

Note that a shear stress on the base-filter interface also must be known. There are multiple ways to
define the shear stress on the base layer. In this research is chosen to visually qualify when the base
layer starts to become unstable. At this point, we know that the threshold for incipient motion is
exceeded. Therefore, it can be assumed that the shear stress is on its critical point. By using the
Sleath’s modified shields curve, the shields number for the start of movement can be found.
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Another method to define the shear stress on the base is by measuring the transported sediments
and link this to a Shields number. However, it is very complicated to accurately measure the
transported sediments in a wave flume. Thereby, the test time needs to be long enough to have
significant transport. Due to the complications, it is not chosen to use this method.

Table 3-5 used parameters to find the load damp parameter

Layer thickness measurements
Filter- and base material grading properties measurements
Shear stress on the filter Approximated with the Jonsson-Swart approach

(equation 20 and 21).

Shear stress on the base When start of transport is observed, 7., is
known from Sleath’s modified Shields curve.

Y =0.625 (from literature (Hoffmans 2012)).

3.3.2 Other datasets which can be used for the validation of Hoffmans’ formula

The data of Wolters & van Gent (2012) can be used in the analysis. Wolters & van Gent carried out
experiments with waves over an open filter and combined wave & current action. In the tests, the
filter material was stable. The transported sand was weighted after the tests. The experiments with
waves were carried out with irregular waves.

34 Discussion and necessity for further experimental research

Hoffmans suggest that his formula can be applied under uniform flow, non-uniform flows and also
under wave loading. However, previous research (Halter, 1999; Jansens, 2000; Wolters & van Gent
2012) does indicate that the stability of the interface is related to the hydraulic gradients within the
filter. Hoffmans formula does not include the hydraulic gradients in the equation, nor a term for the
pore velocities. The load in Hoffmans formula is solely based on the concept of damping of turbulence
energy from the top of the filter. For uniform flow, this concept seemed to be correctly applied, and
the Hoffmans formula was validated by van de Sande. For uniform flows, the pore velocities decrease
lower inside the filter (see van Os 1998). Under wave loading it is not known what the effects of the
penetration of turbulence energy is on the stability of the filter interface. It is known, that under
waves, the velocities in the filter are constant (see Jansens, 2000). Jansens claimed that the stability of
the interface depends on the pore velocities, which are generated by the hydraulic gradient.
However, a variation was seen in the measured velocities on the filter-base interface (the measured
pore velocities under the critical hydraulic loading ranged between 0.03 and 0.06 m/s). Also in more
recent research (Wolters & van Gent (2012)), the hydraulic gradients were considered to be directly
linked to transports under of base material.

It is not known how Hoffmans formula will perform under wave loading. Using the assumption
described with equation 59, experimental research can be carried out in a wave flume without
generating instability of the filter material. This allows to carry out experimental research in a
relatively small flume. Since experimental data in this field of study is scarce, additional research is
carried out. Data will be collected with variations in the filter thickness (as recommended by Wolters
& Van Gent (2012)), for different filter material diameters and under regular waves (to validate the
hypotheses). Especially tests where the filter thickness is varied is desired.

The experimental data of Wolters & Van Gent is obtained under irregular waves. However, this will
still be useful in the classical validation approach, which gives an insight in the lower limits for a stable
filter thickness.

34



Msc Thesis Hoffmans’ design formula for open filters

The experimental data of Halter will also be used in this research. This Data can be used with the new
validation approach, since the data is obtained under regular wave loading.

Under the plausibility that the assumption of equation 59 is correct (thus that L' = L), Hoffmans’
formula can be validated when the obtained values the load damping length (L,;') are aligned with the
hypotheses. Thus for a valid formula, Ly pypothesis1 = La OF La nypothesis i1 = La-

3.5 Chapter review

As explained in this chapter, Hoffmans formula is based on the philosophy that the relative strength
must be larger than the relative load. The relative load is related by a load damping length Ld. This
load damping length Ld is considered to be different under uniform flow tan under wave loading. For
uniform flow, the proposed equation is validated and performs well. Under wave loading, only
hypotheses are prevailing, but no validation study is carried out yet.

This research aims on the validation on Hoffmans formula under wave loading. Basically, the relation
of the load damping length and the wave loading need to be understood for the validation study.
Following on in this research, a more general form of the Hoffmans formula is used:

Ardrso Wer (1 - VVc.f))

Di=1Lg-In
ro <Abdb50 Yoo (L—yV,p)

For the load damping length L; are formed some hypotheses. Based the research of Bezuijen &
Kohler (1996) an expression for the load damping length L; under wave loading is suggested. Since
the research of Bezuijen & Kéhler was based on wave attack on a (flexible) revetment structure, itis
debatable whether this will also be a proper expression for the load damping length L, for a
horizontal filter structure under wave loading. Although, it is the most accurate expectation which can
be established with the current knowledge. The hypotheses will be verified or falsified with new
experimental data.

A new assumption is introduced, which makes it possible to use a new approach for the validation
study. This new approach makes it possible to do a validation study in a relatively small wave flume.
Using the assumption, it is not necessary to generate filter instability in the experiments. The stresses
on the filter are now calculated.

Besides the new validation approach, the classical validation can still be carried out. This will only give
insight in the lower limit of the load damp coefficient a .

Finally, it is suggested to involve the data of Wolters et al. (2010) in this research. Tests with a
horizontal open filter under irregular wave loading were carried out.
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Chapter 4

Physical model

The model tests are carried out in the wave flume of the Environmental Fluid laboratory at Delft
University of Technology. This wave flume has a length of 38m, an effective height of 0.9m and a
width of 0.8m. This chapter explains the setup of the physical model, the instruments and the
properties of the used materials. Also, the wave conditions are assessed and insight is given in the
shoaling and reflection which takes place. Finally, the scaling of the model is discussed.

Figure 4-1 the wave flume

4.1 Model layout

The test setup is inspired by the experiments by Wolters et al. (2010). A test section is built with a
sand layer under a filter layer. In front and behind the test section a slope is placed, the waves shoal
over this slope. The sand layer is not placed over the whole length of the structure. The wave can
develop over the first meters behind the slope before it travels over the sand base. Over the whole
horizontal length of the structure filter material is placed, so that the rough turbulent conditions over
the filter layer can develop.
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In the middle of the base layer, a transparent tray
replaces the sand over the whole width (0.8m) of
the flume. This tray is closed at the bottom and
edges, but the top side is open. During the model
tests, the (unstable) sand particles which travel
through the pores of the filter can sink down in this
tray. After the tests this tray can be taken out of the
flume. Thereby it is possible to visually qualify when
base material erosion takes place during the test.
Observations through the glass of the flume into the
transparent tray can be made. The observations are
recorded with a video camera. On top of the tray,
the filter is not interrupted. However, to prevent the

filter from falling down into the tray (which has an
open top), two filter slabs are used. These slabs are

Figure 4-2 fabricated filter slab.

made of the filter material, glued together with
epoxy resin. A metal wire mesh (with 1cm openings)
is used to strengthen the filter slab.

4.2 Instrumentation

During the tests, the wave heights are measured, the fluid velocity above the filter layer is measured
and video recordings are made. This sections discusses the instrumentation in the flume. This includes
the wave generator, the wave height instruments (wave gauges), the fluid velocity instruments (EMS)
and the video camera set up.

42,1 Wave generator

A wave paddle is installed which is computer driven and is capable of generating regular and irregular
waves, linear and second order stokes waves. Thereby the wave paddle automatically compensates
for the incoming wave reflections. Behind the wave paddle, inside the generator, a reservoir is filled
with water. This volume is also brought in motion when the paddle is generating waves. Under certain
conditions, it was noticed that this volume of water resonated. This resonance can be so intense, that
the wave generator is not able to continue and stops automatically. This resonance was observed for
4s periods, at a water depth from 0.3m to 0.5m and a wave height of 0.2m and higher. Based on this
finding it was chosen to use waves with lower periods for the experiments. The maximum wave
period used in the experiments was 3s.

4.2.2 Wave gauges

Two rows of wave gauges are placed in the flume. The first row of wave gauges is placed before the
test section, the second row is placed above the test section. Thus it is possible to measure the
incoming waves at the first row of gauges. The waves will shoal when they travel over the slope of the
laboratory setup, these shoaled waves are measured by the second row of wave gauges. The accuracy
and reading error of an individual wave gauge is £0.2cm. The wave gauges are calibrated every day
before a model test is carried out.
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The wave damper does not damp out the waves
completely. By placing the gauges in a row, it is
possible to measure the reflected wave. To
determine reflections for regular waves, it is
necessary to place two gauges at a distance of
0.25 times the wave length. Before the tests, this
distance is calculated with the linear wave theory,

and the wave gauges are placed in the correct
position. Figure 4-3 wave gauge

4.2.3  Velocity meter (EMS)

EMS stands for “Electromagnetic Flow Meter”. This device measures the fluid velocity in the x- and y-
direction. The accuracy and reading error is £0.02 m/s. Before each tests the offset is noted. It was
seen that the offset value was unstable for some after the flume was just filled. The EMS is placed at
least 4 hours in a filled flume before the tests are performed, so that the offset value was stable.

424 Camerasetup

Video recordings are made during the experiments. A video camera is placed near the transparent
tray. The tray is lightened with a LED which is pushed against the glass of the flume, such that the
reflections from the light are minimal.

Table 4-1 Left: setup of the camera. Right: a camera shot of the transparent tray.

4.3 Material properties

In Hoffmans relation, the ratio between the filter material and base material is an important
parameter. To be consistent with previous research, it is chosen to work in the same range. In

d
previous, the ratio % varied between 50 and 400.
b50

On the other hand, the ratio between the layer thickness and the filter diameter is also of importance.
For the filter diameter, there is a practically lower limit; if the diameter is chosen too small, it is not
Dy
dfis
filter layer is approximately 1cm or the value of dy5,. Thereby, there is also an upper limit of the filter

possible to realize a filter thickness with a small ratio of . The accuracy of the placement of the

diameter. For this research, it is desirable to work under wave conditions in which the filter layer is
close to instability. When the filter diameter is chosen too large, this is not possible any more.

With these limitations for the filter, it was desirable too chose the sand as fine as possible. This way

d . . . . . .
the 2% ratio was still in line with previous research. However, the sand may not be cohesive,
b50

therefore the particles must be larger than 60 um. Sand with a median diameter of 113 um was used

d
in the experiment. This results in ratios of % which vary between 50 and 220.
b50
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The density and gran size diameters are determined for this research. In appendix A a full background
information about the material properties is given.

4.3.1 Filter material

Three different filter materials were selected for the model tests; “Yellow Sun 8-11 mm” , “Yellow Sun
10-20 mm” and “Yellow Sun 20-40 mm”. The grain size distribution is found by using the weight of the
stones. The weight of a stone is related to the nominal diameter, and this nominal diameter is related
to the grain size diameter by a shape factor. It is assumed that this shape factor is a constant, a value
of 0.88 is used. However, current research at Delft University of Technology shows that this shape
factor is not as constant as always was assumed. As a result, an uncertainty is introduced in the found
grain size diameter of the filter materials. This uncertainty will be analyzed and taken into account in
chapter 6.

Table 4-2 Overview filter properties

Material

Yellow Sun 8-11 mm 5.39 6.63 8.59 9.02 5.83 1.59 2624
Yellow Sun 10-20 mm  10.88 13.71  17.02 17.76 12.06 1.56 2624
Yellow Sun 20-40 mm  21.09 25.02 29.04 29.55 22.03 1.37 2624
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10

1 10 100
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Figure 4-4 grain size distribution of the filter materials

4.3.2 Base material

The base material diameters are obtained by sieving the material. Multiple sieves with different mesh
sizes were used. The results are shown in Table 4-3 and Figure 4-5. For a more detailed background is
referred to appendix A.

Table 4-3 overview base material properties

Material

Base material 98 113 120 122 1.22 2630
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Figure 4-5 Sievedistribution of the base material

4.4 Test program

This research is focused on the validation of Hoffmans relation under wave loading. As explained in
chapter 3, it is expected that the wave period has an influence on the damping length. To investigate
this, tests with different wave periods will be carried out. Regular waves will be used.

The hydraulic loading is determined by 3 variables: the wave period, the wave height and the water
depth. During the tests, the hydraulic loading will be increased until the base layer becomes instable.
This increase in the hydraulic loading can be realized by a change in the same 3 parameters. However,
it is not desirable to change the value of the wave period for the purpose of increasing the hydraulic
loading, because it will be attempted to investigate the effect of the wave period on the load damping
of the filter. The water depth is also not ideal to change, because it is very hard to generate exactly
the same wave when the water level has changed. Therefore the most logical parameter to increase
the hydraulic loading is the wave height. Thus a test will be started with a low wave height, which will
be increased until instability of the base material is observed. The water level will not be changed and
the wave periods will only vary between 2, 2.5, and 3 seconds. A test is completed when the critical
wave height in combination with the 3 different wave periods is found.

Table 4-4 Test program

Test Test parameters Loading
Defmm] | dysolmm] | dpsolum] | 2L | &2py | helm] | T [m]
dfis dpso

1 20 6,6 113 3.71 58.4 0.4 3.0
2 20 6,6 113 3.71 58.4 0.4 2.0
2 20 6,6 113 3.71 58.4 0.4 2.5
2 20 6,6 113 3.71 58.4 0.4 3.0
3 30 13.7 113 2.76 121.2 0.4 2.0
3 30 13.7 113 2.76 121.2 0.4 2.5
3 30 13.7 113 2.76 121.2 0.4 3.0
4 60 13.7 113 5.51 121.2 0.4 2.0
4 60 13.7 113 5.51 121.2 0.4 2.5
4 60 13.7 113 5.51 121.2 0.4 3.0
5 90 13.7 113 8.27 121.2 0.4 2.0
5 90 13.7 113 8.27 121.2 0.4 2.5
5 90 13.7 113 8.27 121.2 0.4 3.0
6 90 25.0 113 4.26 221.2 0.4 2.0
6 90 25.0 113 4.26 221.2 0.4 2.5
6 90 25.0 113 4.26 221.2 0.4 3.0
7 150 25.0 113 7.11 221.2 0.4 2.0
7 150 25.0 113 7.11 221.2 0.4 2.5
7 150 25.0 113 7.11 221.2 0.4 3.0
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The filter layer thickness presented in the test program may deviate in the actual test. An attempt will
be made to create a filter with this thickness, but if the thickness is slightly different, that thickness
will be used.

Figure 4-6 gives an overview of all tests in a graph. For each point in the graph, the critical wave
height will be determined corresponding to a 2, 2.5 and a 3 second wave period.

Test program overview
10
9
8 X5
7 X7
6
u Xa
S 5
S~
S
o 4 X 6
X1,2
3 X3
2
1
O T T T T T 1
0 50 100 150 200 250 300
df50/db50
Figure 4-6 Overview of the tests
4.5 Wave behavior and side effects in the flume
4.5.1 Wave linearity
The wave height in the flume is limited. To 0.1 deep-water H
. H breaking criterion T =0.142
generate shear stress under waves, an orbital — (Miche) -
. . g7 "~ Stokes 5" order
motion needs to be present at the bed. So by its shallow-water Stokes 3% order
. 0.01 — breaking criterion e e e
own nature, the waves are in shallow water. For (solitary wave)
this reason the waves do not behave as linear
waves as in deep water, but may be described —
. . . d .
with nonlinear theories such as the 2" order
stokes theory. In Figure 4-7 is indicated how the
waves used in this research can be described. All 0.0001
. . linear wave theory
waves can be considered non-linear. To reduce enoldal e i)
. . . . waves
spin up time in the flume, the wave generator is
d .
set to generate 2" order waves at all times L !
. . 0.0001 0.001 0.01 0.1 d 1.0
(instead of linear waves). o

Figure 4-7 red area indicates the work area of this research

The non-linearity of the waves increase as the steepness over the relative depth increases. In figure X
two wave patterns in the flume above the filter are shown. The period and water depth is similar, but
the wave height is different. It is clear that the higher wave (which is steeper and thus has a larger
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Ursell number) has sharper peaks and longer thoughts. This is typical for nonlinear waves. Also the
orbital velocities under the sharp peak are higher.

wave linearity
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Figure 4-8 Two measured wave profiles in the flume. The red profile shows more nonlinearity than the black profile.

Although the linear wave theory in not perfectly applicable it is still prominently used in the field of
shore protections. Compared to the nonlinear theories, the linear wave theory is far more easy to use.
Thereby the linear theory gives most of the time an accurate approximation. Also Rance & Warren
(1968) and Jonsson (1966) used the linear wave theory as to find their stability relations for granular
material under wave loading. LeMéhauté (1968) showed that the linear wave theory predicts the
orbital velocities quite well, even far outside the validity range of the linear wave theory. Because
Jonsson’s approach will be used in the analysis of the results, and in particular the bed velocities are
of importance, these are analyzed in Figure 4-9(this analysis is inspired by Shiereck et al. (1994)). A set
of wave conditions with a period range of 2s to 3s and a height from 4cm to 14cm is used to generate
the data. The different wave conditions are categorized by their steepness. Again, the bed velocities
are predicted quite well. Therefore it seems legitimate to apply Jonsson’s method for the analysis of
the data.

Orbital velocity at the bed
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Figure 4-9 analysis of the orbital wave velocity in the flume near the bed

4.5.2  Shoaling & reflection in the flume

As a wave is generated by the wave paddle, it is influenced by the filter-setup and the wave damper.
The wave will shoal over the slope in front of the setup. To minimize the reflection, the slope is made
very gentle (i.e. 1 to 6). The shoaled wave will travel over the filter setup and consequently pas the
second slope. Over the second slope, the wave height will decrease again. Consequently the wave will
hit the wave damper where it loses most of its energy. However, the wave damper does not damp all
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energy and a part of the wave is reflected. The reflected wave will travel back over the filter and
finally it is completely damped out by the wave generator, which compensates for the incoming wave.
Figure X gives 2 profiled. The first profile is measured near the wave paddle, and the second profile
above the filter. The effect of the shoaling is clear by the increase in the wave height. Also, the effect
of the reflected wave can be seen by the curve in the profile of the wave above the filter (the curve
between the peak and through of the wave). The observed reflections for a various condition of
waves were in the range of 3% and 11%. In the analysis of the data, the total wave above the filter
will be used. So this is the wave which has shoaled including the reflection.

wave profiles
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Figure 4-10 wave profiles before and above the filter-setup

4,5.3 Mass flux and return currents

Nonlinear waves are asymmetric over the horizontal axis (skewed). Theoretically, the particles in the
peak of the waves have a higher velocity than in the trough. This implies that, when the particles
move through their orbits, their velocity is higher when moving in the direction of wave propagation.
Therefore the particles do not move in nice circular orbits anymore, but a net transport in the
direction of the wave propagation will take place, a mass flux (the stokes drift). However, the flume is
closed at the end, so this mass flux can only be compensated with a water level gradient and a return
current. This current influences the orbital velocities near the bed. This might be a reason for the
small deviation in the measured and computed velocities shown in Figure 4-9. Overall, the influence is
not very dominant, since the computed values are still quite good. Also, research in the past
(Schiereck et al 1994) as shown that the agreement of measured wave velocities and the calculated
values is remarkably good. Therefore the effect of the return currents are neglected in the analysis of
the data.

4,54  Wall friction

The roughness of the wall creates extra turbulence, this is unfavorable. For this reason, it is not
possible to directly draw conclusions from observation directly behind the wall.

4.6 Model scaling

Scaled model test are often applied in the field of coastal engineering. In many experiments, the tests
are a scaled representative of a full scale design. In this case, the hydraulic conditions in the scale
tests must be representative to the conditions in the full scale design. In this field of study, two scale
rules can be used; Reynolds scaling and Froude scaling. The philosophy behind the rules is that the
values of the Reynolds or Froude parameters are similar to the values on the full scale.

The Froude number gives the ratio between the flow velocity and the wave propagation speed.

Fr = (60)

v
Jor
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The Reynolds number gives the ratio between inertial forces an viscous forces. Thereby, the number
gives an indication of the degree of turbulence. Reynolds numbers above 2000 are considered to be
turbulent. In the formula for the Reynolds number (presented in equation 61), L is length scale.
U-L
Re =—— (61)
v

In this research, where Hoffmans formula will be validated, no full scale design is considered.
Hoffmans formula consist of dimensionless parameters and relative dimensions (see equation 34). For
this reason, it is assumed that the relation is insensitive for scaling. The physics behind the formula
should be independent of the size of the structure. Therefore, this seems a reasonable assumption.
The previous validation research (Van de Sande (2012) and Joustra (2013)) was also on full scale in a
laboratory setup. The ratio’s between the filter and base material are in the same range of the

previous validation research.
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Chapter 5

Results

In this chapter the results of the physical model tests are presented. It gives background information
about the lab results, but also the unexpected occurrences and how is dealt with the undesired
effects. In the first subchapter an overview of all results is given. The following subchapters describe
how the results were obtained and which inaccuracies are introduced from the lab processes. Finally,
a chapter review is given. Detailed background information of the individual test can be found in
appendix B.

5.1 Overview of the results

As described in chapter 4, a test program was introduced which is used for the experiments. In the
test program a certain layer thickness of the filter was proposed. During the construction of the test,
it was not always possible to exactly build a filter with the proposed thickness, therefore these values
slightly differ from the values in the test program. Obviously, the measured values in the test will be
used for the analysis of the data.

Furthermore, critical data for the analysis are the used materials, the water level and the wave for
which the bed material becomes unstable (called: the critical wave height.). Three different wave
periods were used during the experiments. For every wave period, the wave height was increased
step by step until erosion of the base material was observed trough the transparent tray. The wave
height for which this occurred is considered to be the critical wave height for bed erosion (Hj). After
observing the wave height for which the bed began to show instability, the waves were still increased
step by step. For a certain wave height it was possible to see the base particles moving through the
filter. The wave condition for which this started to occurred is referred to as the critical wave height
for winnowing (H.,,). Video recordings are made of every test to support the visual observations.
These critical wave heights are important for the analysis of the data. In the experiments it was
attempted to find the wave conditions which correspond with initiation of motion of the bed
material, therefore it was not necessary to carry the tests for a long duration. It was even desirable to
minimalize the test duration, because otherwise the test setup would suffer from the bed erosion.
The duration was approximately 5 minutes per test. This way, it was possible to find the critical wave
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conditions for 3 wave periods, by using the same test configuration. The overview of the results is
presented in Table 5-1.

Note that for the first test only waves with a 3 second period were used. For practical reasons, this
test was rebuild. It was considered that too much erosion had taken place whereby the base-filter
interface was influenced too much to continue testing with other wave conditions on the same set-
up. It can also be seen that the critical condition for the observation of bed material is <0.10m. The
initial wave height was 0.10m, and base erosion was already be seen for this wave height.

Table 5-1 Overview of the test results

Test Test parameters Loading conditions
De[mm] | dpsolmm] | dysolum] | 2L g [y | Aelml | T[s] | Heplml] Hylm]
dfis dpso

1 17 6,6 113 3.2 58.4 0.4 3.0 <0.10 | 0.16
2 17 6,6 113 3.2 58.4 0.4 2.0 0.12 0.15
2 17 6,6 113 3.2 58.4 0.4 2.5 0.09 0.15
2 17 6,6 113 3.2 58.4 0.4 3.0 <0.10 0.13
3 28 13.7 113 2.6 121.2 0.4 2.0 0.05 0.07
3 28 13.7 113 2.6 121.2 0.4 2.5 0.05 0.07
3 28 13.7 113 2.6 121.2 0.4 3.0 0.06 0.08
4 59 13.7 113 5.4 121.2 0.4 2.0 0.08 0.10
4 59 13.7 113 5.4 121.2 0.4 2.5 0.08 0.11
4 59 13.7 113 5.4 121.2 0.4 3.0 0.08 0.08
5 96 13.7 113 8.8 121.2 0.4 2.0 0.11 0.14
5 96 13.7 113 8.8 121.2 0.4 2.5 0.11 0.16
5 96 13.7 113 8.8 121.2 0.4 3.0 0.12 0.15
6 93 25.0 113 4.4 221.2 0.4 2.0 0.06 0.06
6 93 25.0 113 4.4 221.2 0.4 2.5 0.06 0.06
6 93 25.0 113 4.4 221.2 0.4 3.0 0.06 0.08
7 147 25.0 113 7.0 221.2 0.4 2.0 0.06 0.09
7 147 25.0 113 7.0 221.2 0.4 2.5 0.07 0.09
7 147 25.0 113 7.0 221.2 0.4 3.0 0.07 0.09
5.2 Classification of instability

The instability of the bed was visually qualified through the transparent tray. The trays were placed
over the entire width of the flume, to prevent that the visual observations would be influenced by
wall effects inside the flume. After a test, it was also observed that all compartments of the
transparent tray were filled equally with eroded base material. For this reason it is supposed that the
wall effect did not had an effect on the visual qualifications of instability.

A situation was qualified as “instable” when many base particles were seen moving into the tray.
“Many” is defined as a number which was not possible to count. Sometimes it was able to see very
few particles flow around and entering the tray. It was considered that this was not a sign of
instability, since these were probably the smallest particles in the grading. For this reason it was
chosen qualify the situation as instable when many particles were entering the tray. Although it was
not possible to quantify the transport, it was visually clear that the erosion increased for higher wave
conditions.

To verify the used criteria for the qualification of bed instability, a number of tests with a long
duration were carried out. These long durations tests were carried out at the end of the test series on
a model configuration, because significant erosion could take place. The purpose of these test was to

|II

check whether the critical wave condition was determined as “critical” righteous. When the wave
conditions was critical, significant erosion would occur in 20 hour. The long duration tests lasted for
20 hours. As expected, it was able to see significant erosion after the tests. Therefore it was

concluded that the wave conditions did righteous correspond with an instable base layer. The erosion
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was observed in two ways: the bed profile observed through the glass wall of the flume, and also by

the increased volume of bed material inside the tray before and after the test.

Figure 5-1 Erosion after a long duration test (test 2 T=2.0s H=0.12m)

The qualification of winnowing had a more subjective character that the qualification of base erosion.
The observations were made through the glass flume, where the wall effects of the flume might
influence the observations. When observations were made of base particles moving out of the top of
the filter, the qualification “winnowing” was made. Since the filter material was covered with very
fine dirt, the water in the flume was not completely clean (the dirt was clouding the water). This dirt
of the filter material hindered the observations for the qualification of winnowing. However, it was
always attempted to make this qualification as accurate as possible. Thereby, the dirt was finer than
the base material, and could be distinguished from the base material particles. Figure 5-2 shows a
snapshot of a test where winnowing was observed. In most test, the critical wave condition for which
winnowing occurred was higher than the critical wave condition for which bed material erosion
occurred (only in test 6 it was observed that winnowing and bed material erosion occurred for the
same critical wave condition).

Figure 5-2 winnowing trough the filter (test 6 Figure 5-3 Dirt from the filter clouding the water (test 4)
T=2.5s H=0.08m)

5.3 Unexpected phenomena

This paragraph elaborates on the unexpected occurrences during the model testing. These findings
may be useful when a similar experiment will be carried out in the future.

5.3.1 Scour holes

During the first test it was observed that a scour hole was developing next to the tray’s edges, as
shown in Figure 5-4. The development of this scour hole was undesirable, since it influenced the base
material’s stability. Additional turbulence may be present due to this scour hole.

51



Msc Thesis Results

Two processes may contribute to the development of the scour hole. First, the sediment transport is
limited to one direction. This means that particles moving into the tray, cannot move back to their
original location. Therefore a hole is formed near the edges of the tray. Secondly, additional
turbulence may be present near the edges of the tray. The stream lines of the flow are interrupted by
the tray’s edge, which causes extra turbulence behind the tray. This effect is undesired, because the
aim of this research is to focus on wave loading alone, and not a situation with additional turbulence.

Figure 5-4 scour hole next to the tray (test 1, after a long duration test of 20 hour)

The development of these sour holes cannot be avoided, because they are a result of the instability of
the base material. However, the undesirable effects can be limited. Two measures were taken; firstly,
the test duration was limited so that the scour hole development was limited (to approximately 5
minutes per tested wave conditions). Secondly, the edges or the tray were protected with a 3 cm
wide strip of sanding paper, to protect this area from erosion. The consequence of this strip of
sanding paper is also that a unstable base particle now has to move 3 cm to reach the transparent
tray where the instability is qualified. Therefore it was undesirable to make this strip very wide,
otherwise the base material transport could be measured, instead the start of erosion.

The strip of sanding paper is also seen on the drawing of the model setup in chapter 4.

5.4 Bacteria in the flume

In test 4, it was seen that the experimental model was polluted with a slimy substance. Based on an
expert’s opinion, it is likely that this substance is the result of a bacterial reaction between the water
and the wooden structure of the model setup. The flume was filled for 5 days when this substance
was seen. Figure 5-5 shows the pollution in the transparent tray.

Figure 5-5 bacteria in the flume (test 4)
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It was not known if this pollution would affect the experiments. However, no risk was taken and test 4
was repeated with a clean flume. For all following tests the flume was filled no longer than 2 days
before a test was rebuild again. This pollution was not seen in any further test.

5.5 Inaccuracies in the experiments

5.5.1 Qualification of instability

Although the best attempts were made to define the instability of the bed as accurate as possible, the
visual observations still are a source of subjectivity. As a consequence, this will lead to an inaccuracy
in the data analysis. In the analysis of this data, it is assumed that the point where the base starts to
erode corresponds with the critical shields number for initiation of motion. However, in reality the
erosion might have been slightly larger for one test than the other. Because the classification is visual,
this difference is unknown. By assuming that all those critical situation correspond with the critical
shields number, an uncertainty arises. The sensitivity of this assumption will be investigated in the
analysis of the data (chapter 6).

5.5.2  Thickness of the filter layer

Logically, a filter layer has not a perfect flat top. Therefore, the filter’s thickness is also not perfectly
equal on every location. The accuracy of the filter layer’s thickness depends on the filter material
diameter. When the filter material diameter is large, the deviations in the thickness will be larger than
for a small filter material diameter.

In the model tests the filter is measured at 20 locations. The average of these measurements is taken
as the filter diameter. Figure 5-6 shows how the measured deviations from this average value are
distributed. The deviation is expressed in terms of the filter diameter size (on the x-axis). The figure
shows that in the most extreme values for the measured deviations are equal to dgs,. However, 90%
of the measured deviations are in the order of 0.5 time dggq.
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Figure 5-6 distribution of the deviations in the measured filter layer thickness compared with the average value

5.6 Chapter review

It turned out that visual observations became an important tool to classify instability of the base
layer. Initially it was an idea to weigh the transported sand in the tray and compare that for different
tests. For several reasons it was decided not to weigh the transported sand after each test. To start
with, sand is transported into the tray when filling the flume. Thereby only small amounts of sand are
transported during the tests. Long tests with considerable transport are needed to draw conclusions
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from the transported amount of sand. Thereby it is extremely time consuming to remove the tray of
sand after a test, since the whole experiment has to be recovered due to the collateral damage of

removing the tray.

Video recordings are made of each test, thus the visual observations can be extensively reviewed. For
the purpose of qualifying instability of the base layer, the model tests do not have to run for a long
time. A few minutes was enough to make the video recordings and collect all data.

The development of the scour hole near the edges of the tray is considered as an inaccuracy in the
test. Therefore the development of this scour hole was limited as much as possible. Thereby, it cannot
completely be avoided that this scour occurs, since it was a result of the eroding base layer in the first
place. Thereby a test was rebuild when the scour hole had grown too large.
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Analysis

6.1 Classical validation approach

The same approach as Van de Sande (2012) and Joustra (2013) used can be applied in this research.
As already discussed in chapter 3, this approach will only give a lower limit for the load damp
parameter, since only data points are found with a stable filter layer. Still, this lower limit may provide
interesting insights. In Figure 6-1, this analysis is shown. Also the data of Halter (1999) and Wolters &
Van Gent (2012) is included in the figure. The y-axis shows the relative filter thickness, the x-axis
shows a major part of Hoffmans formula. According to Hoffmans formula, the two components on the
axis are related by the load damp coefficient .
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Figure 6-1 Classical validation approach (for shown data points are classified as “only base erosion”). The following
assumptions are made for the data of Wolters & Van Gent (ZOIZ):i—f ~ 1, and % =~ 1.
b cb
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All data points in this analysis represent a situation where the base material eroded first, without any
filter material erosion. Thus, the relative filter thickness was too thin for a stable open filer. Therefore,
the load damp coefficient a; has a value for which all the data-points are in the area under the line
drawn in Figure 6-1. From this analysis follows that the load damp parameter should at least have a
value of 1.95. This can be considered as the lower limit for the load damp coefficient ;. Besides this
lower limit, no other clues can be given for the load damp parameter. It cannot be told what the
actual value of the load damp parameter will be, this requires tests with simultaneous erosion or filter
erosion. Although, from this analysis can be concluded that, for a stable filter, the relative filter
thickness is larger under wave loading than under uniform flow.

It should be noted that this classical validation approach is doubtful to validate Hoffmans’ formula
under wave loading, since it is hypothesized that the load damping length L; depends on the wave
period. Using the classical validation approach, it is assumed that Ly = a4dy;5, which is proposed for
uniform flow. However, this classical validation approach does give insight in the stability of a filter
under wave loading compared with uniform flow. From the fact that the found values of the load
damp coefficient ay is higher under wave loading than uniform flow (for which a; = 1.00) follows
that a stable open filter has to be thicker under wave loading than for uniform flow. This is a valuable
insight which indicates the difference between the performance of an open filter under wave loading
and under uniform flow.

6.2 New approach (using the assumption that L;'=L,)

6.2.1 Overview of the results

Using the new validation approach (which is explained in paragraph 3.3.1.2), it is possible to find the
value load damp parameter, instead of a lower limit. For this analysis it is not necessary to have
experimental data with “only base erosion”, “simultaneous erosion” and “only filter erosion”. The
experimental data with only base erosion is sufficient. Although, in the new approach it is necessary

to define the load on the filter and the base layer.

The load of the filter layer is determined with the Jonsson/Swart approach. This approach gives the
bed shear stress on the bed under wave loading. Using this approach, it is necessary to define a
roughness coefficient for the bed. It is assumed that the roughness coefficient is twice the nominal
diameter of the filter material.

For the determination of the load on the base material, it is assumed that the critical shear stress is
exceeded when base transport is observed. During the tests the wave height was increased step by
step. For the wave condition for which the first base material transport was observed, it was assumed
that the loading on the base was critical. From the modified Shields curve under waves (Sleath, 1978),
the critical shields number is found. Using this Shields number, the shear stress is calculated. In this
research, it was assumed that the critical Shields parameter was 0.073 for the critical hydraulic
condition where base material erosion was observed.

As explained in chapter 3, the load damping lengths are calculated with the following equation:

L, = by’
¢ n 7 (1=yVey)
Tp (1 - yVC‘b)

Where was assumed that L;" = L, . Under uniform flow, the load damping length L, was related to
the load damp coefficient a as follows:

Ly = ad.deIS
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It is also investigated how the expression for the load damping length by van de Sande performs. Van
de Sande suggested to use dys, instead of dy;5 to calculate the load damping length.

Ly = ad,SdeO

The results of this analysis are shown in Table 6-1. Undoubtedly, the experimental data and the used
methods in the analysis contain errors or uncertainties. The effect of these errors and uncertainties
are discussed in the following paragraph.

Table 6-1 overview of the calculated values for the load damping length and the load damp coefficients per test

Test Defmm] | 2L g | 4oy T [s] Ly Aan ags
dfis dpso
1 17 3.2 58.4 3.0 0.006 1.162 0.945
2 17 3.2 58.4 2.0 0.005 1.015 0.826
2 17 3.2 58.4 2.5 0.006 1.201 0.977
2 17 3.2 58.4 3.0 0.006 1.162 0.945
3 28 26 1212 2.0 0013 | 1.184 | 0.940
3 28 2.6 121.2 2.5 0.013 1.215 0.964
3 28 2.6 121.2 3.0 0.012 1.109 0.880
4 59 5.4 121.2 2.0 0.021 1.891 1.501
4 59 5.4 121.2 2.5 0.021 1.927 1.530
4 59 5.4 121.2 3.0 0.021 1.974 1.567
5 96 8.8 121.2 2.0 0.029 2.642 2.097
5 96 8.8 121.2 2.5 0.029 2.686 2.132
5 96 8.8 121.2 3.0 0.029 2.636 2.092
6 93 4.4 221.2 2.0 0.033 1.585 1.383
6 93 4.4 221.2 2.5 0.034 1.617 1.411
6 93 4.4 221.2 3.0 0.035 1.657 1.446
7 147 7.0 221.2 2.0 0.053 2.505 2.186
7 147 7.0 221.2 2.5 0.050 2.359 2.058
7 147 7.0 221.2 3.0 0.051 2.413 2.106

6.2.2  Sensitivity analysis

There are two types of inaccuracies in the analysis: measurement errors and uncertainties in the
analysis of the data. For the analysis of the data, it is important to know what the influence of these
uncertainties are on the results. Therefore, a sensitivity analysis is carried out. An overview of the
sources of errors and uncertainties is given in Table 6-2. Background information about the
uncertainty of each parameter is given in appendix D. It should be noted that a substantiated attempt
is made to estimate these uncertainties as accurate as possible, but a source of subjectivity will
always remain in the determination of the error.

Table 6-2 Uncertainty of the parameters

water depth 0.02-d
wave period 0.001-T
wave height 0.02-H
density water 0.001-py,
Wn1S5 filter 0.01- W5
Wn50 filter 0.01 - W0
density filter material 0.01 - ps
density base material 0.001 - py,
thickness filter 0.5 - dgs
db15 0.05 - dpys
db50 0.05 - dyso
bottom roughness 0.25 -k,
gravitational acceleration 0
shape factor Fs 0.05-F.
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loading coefficient 0.05-Y
Shields stress critical base 0.20 - ¥,
Friction factor under waves ¢ (Jonsson-Swart) 0.5 ¢

In the analysis the parameters are used to calculate other values (e.g. the shear stress on the filter,
the load damping length L, etc.) Thus the parameters following from these calculations do also have
an error. The obtained load damping length from the experiments will be compared with the
hypotheses. Therefore it is necessary to have an insight in the error of the load damping length. Table
6-3 shows the calculated standard deviation for the load damping length. It is shown that the
standard deviation is in the range of 0.16-0.34 times the value of the obtained load damping length.

Table 6-3 standard deviation of L,

Dy[mm] dD_f [] dfso [ T [s] L, Standard deviation L'
f15 dpso
1 17 3.2 58.4 3.0 0.006 0.0017
2 17 3.2 58.4 2.0 0.005 0.0014
2 17 3.2 58.4 2.5 0.006 0.0018
2 17 3.2 58.4 3.0 0.006 0.0017
3 28 2.6 121.2 2.0 0.013 0.0044
3 28 2.6 121.2 2.5 0.013 0.0045
3 28 2.6 121.2 3.0 0.012 0.0040
4 59 5.4 121.2 2.0 0.021 0.0044
4 59 5.4 121.2 2.5 0.021 0.0045
4 59 5.4 121.2 3.0 0.021 0.0047
5 96 8.8 121.2 2.0 0.029 0.0048
5 96 8.8 121.2 2.5 0.029 0.0050
5 96 8.8 121.2 3.0 0.029 0.0048
6 93 4.4 221.2 2.0 0.033 0.0074
6 93 4.4 221.2 2.5 0.034 0.0077
6 93 4.4 221.2 3.0 0.035 0.0080
7 147 7.0 221.2 2.0 0.053 0.0105
7 147 7.0 221.2 2.5 0.050 0.0094
7 147 7.0 221.2 3.0 0.051 0.0098
Halter (1999)
0.12 3.3129 377.1118 1.03 0.0379 0.0091
0.12 3.3129 377.1118 1.33 0.0374 0.0089
0.12 3.3129 377.1118 1.9 0.0385 0.0093
0.12 3.3129 377.1118 2.41 0.0405 0.0100
0.12 6.2429 200.1207 1.03 0.0309 0.0050
0.12 6.2429 200.1207 1.33 0.0364 0.0066
0.12 6.2429 200.1207 1.9 0.0357 0.0064
0.12 6.2429 200.1207 2.41 0.0382 0.0071
0.06 3.1214 200.1207 1.03 0.0176 0.0043
0.06 3.1214 200.1207 1.33 0.0181 0.0044
0.06 3.1214 200.1207 1.9 0.0195 0.0049
0.06 3.1214 200.1207 2.41 0.0207 0.0053

Additionally to the calculated errors presented in Table 6-3, it is also investigated which parameters
have a large influence on the magnitude of the error of L,". By adjusting every parameter individually,
insight was obtained in the influence in the calculated value for the load damping length. This way,
uncertainty of an individual parameter could be expressed in the influence on the obtained value for
the load damping length. An example of one of these calculations is shown in Figure 6-2. This is an
example based on test 4. An overview of this analysis on all test can be found in the appendix. It was
found that the uncertainty in the layer thickness and the uncertainty of in the friction factor (found
with Jonsson-Swart’s method) have most influence on the calculated error of L;'.
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|

W water depth

B wave period

Ewave height

M density of the filter material

Edensity of the base material

M 15th percentile of the measured weigth grading of the filter

material
m 50th percentile of the measured weight grading of the filter

material
@ 15th percentile of the measured base material diamter

O50th percentile of the measured base material diameter

Parameters

Efilter layer thickness
M shape factor / conversion factor
M Jonsson-Swart's method to calculate the shear stress on the

filter material
Oassumed shear stress of the base material at the critical wave

condition during an experiment
loading coefficient

Oroughness coefficient of the filter material

0 10 20 30 40 50
Influence on the calculated value for Ld [%]

Figure 6-2 Influence of the individual uncertainties on the obtained value for the load damping length (based on test 4)

In the analysis shown above only gives a first insight in the influence of the individual uncertainties.
No insight is gained how several individual uncertainties can magnify or eliminate each other when
they are combined. For a more detailed insight, it is advised to carry out a FORM analysis. This is a
more thorough approach which gives more insight in the individual influenced. For this research, it
was considered that the rough indication presented above was sufficient.

6.2.3  Validity of the original Hoffmans formula under wave loading

The original Hoffmans formula, as presented in Hoffmans (2012) is formulated as follows:

Dr _ o (AfdeO Yo (1- VVc,f))
Apdpso Pep (1 —yV,p)

As shown in Table 6-1, the range in @, y is quite wide. The values range from 1.0 to 2.7. Theoretically,
the value of the load damp coefficient is a constant. Therefore it is concluded that the latter
expression of the Hoffmans formula is not valid and should not be used under wave loading.

This conclusion is not unexpected, since this definition of the Hoffmans formula was derived using
equation 46 (which is an assumption for uniform flow).

6.2.4  Validity of the van de Sande formula under wave loading

The Van de Sande Formula is formulated as follows:

F o~ ayn (AfdeO Wer (1- VVc,f))
dfso ’ Apdpso Pep (1 —yV,p)
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Van de Sande showed that use of this expression gives improved results compared to the expression
proposed by Hoffmans. This improvement was seen for very wide graded filters in particular. In this
research, the filter grading was not very wide, and values for a; s show no significant improvement
compared to a4 4. The value for a4 ¢ ranges between 0.8 and 2.2. Therefore it is concluded that the
Van de Sande formula is also not a valid under wave loading. This is not unexpected, since this
formula was suggested for uniform flows.

6.2.5 Testing of the hypotheses of Hoffmans and Verheij (2013)

As was already suggested in chapter 3, it is more convenient to formulate the Hoffmans formula
slightly different, where the layer thickness is a function of the load damp parameter. This is a more
general form for the Hoffmans formula, since it is hypothesized that the load damp parameter is
dependent on the type of loading. For wave loading, two hypotheses were formed.

Ardrso Wer (1= VVc.f))

Di=1Lg-In
ro <Abdb50 Yoo (L—yV,p)

The first hypothesis for the load damping length under wave loading

Hoffmans (2012) formed a hypothesis based on the research of Bezuijen and Kohler (1996). It is
formulated as follows:

¢y Ty

Ld . =
,H th 1
ypothesis T

Note that this hypothesis suggests that the load damping length under wave loading is not dependent
of the filter material diameter. Although, the damping length does depend on the consolidation
coefficient of the filter material. It is assumed that this consolidation coefficient has a constant value
of 0.001 for filter material.

The hypothetical load damping length is compared with the load damping length which were based
on the experimental results. The results are presented in Figure 6-3. It is shown that the range of the
calculated values is much higher than the hypothetical values. Hypothesis | does not give reliable
results. Thereby, the load damping parameter does not seem to depend on only the wave period.

For the purpose of the readability of the graph, the error bars are left out of the graph. The same
graph including the error bars can be found in appendix E.
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Figure 6-3 Hypothetical values (obtained by hypothesis I) for Ld and the Ld values obtained in the experiments

The second Hypothesis for the load damping length under wave loading

Also a second hypothesis was formulated by Hoffmans & Verheij (2013):

2T,

Ld,Hypothesis n= dfls
Ty

The results are presented in Figure 6-4. The hypothesized values now give a better approximation for
the load damping length. Looking at the data of test 1 & 2, the hypothesized values are conservative,
while the hypothesized values are too low for test 7.

Figure 6-4 contains a large amount of data points. In Appendix D the figure is separated for different
filter size diameters. This might give a clearer overview.

Based on the hypotheses, the load damping length is expected to be dependent of the wave period.
Larger wave periods would lead to higher load damp parameters. This tendency is not seen in the
load damp parameters which are found in the experiments. It is supposed that the inaccuracies in the
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experimentally found values for L; are too large to draw conclusions about the wave dependency. For
further research it is suggested to carry out experiments with a wide range of wave periods, so that
the inaccuracies are less dominant over the influence of the wave length, or to find a method to
reduce the uncertainties in the experiments.

For the purpose of the readability of the graph, the error bars are left out of the graph. The same
graph including the error bars can be found in appendix E.

experimentally obtained values for Ld vs. Hypothysis Il
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Figure 6-4 Hypothetical values (obtained by hypothesis I1) for Ld and the Ld values obtained in the experiments

On firsts sight, hypothesis Il for the load damping length seems to perform better than hypothesis II.
However, the obtained values with hypothesis Il do not seem to be correct, large differences are seen
between the experimentally obtained values and the hypothesized values. It is unlikely that the
inaccuracies are the only reason behind the differences between the hypothetical values for the load
damp parameter and the experimentally found values. It seems that the layer thickness itself also
influences the value for the load damping length. This finding was not expected. This finding implies
that the damping efficiency of the filter decreases when the filter thickness increases. Thus a thicker
filter is still able to damp out a larger loading, but the efficiency of the damping process decreases.
Since it was expected that the damping of the filter material was related to the material properties
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and the wave loading, it is remarkable that the layer thickness also seems to have influence on the
damping efficiency.

Note that the difference in Halter’s data (wheredf15=36.2mm and Df=120mm) and the hypothetical
values corresponding to this data is very large.

Under the assumption that L;'=L, it can be concluded that hypothesis Il is falsified. The hypothesis
does not describe the values for L; accurately, large deviations are seen. Thereby, the L;seems to be
influenced by the layer thickness itself. This finding is counterintuitive, and implied that the concept
of the damping of turbulence energy is not the only forcing in an horizontal granular open filter under
wave loading.

6.3 Chapter review

The research question was whether the Hoffmans formula can be applied under wave loading.
Experiments were carried out where the critical hydraulic conditions for wave loading were found for
different layer thicknesses and filter materials. For the analysis of the data a method was used which
assumed that the Hoffmans formula was valid, and the values for the load damp coefficient ¢, and
load damping length L; were traced back.

The Hoffmans formula could be considered valid if the found values for a; would be constant or L,
would be aligned with the hypotheses.

The analysis of the results showed that a,zwas not constant. Not for the Hoffmans formula, nor for
the Van de Sande formula. The version of the Hoffmans with o, is deriver for uniform flow. It is
concluded that the formula’s for uniform flow cannot be applied for wave loading.

Two hypotheses were stated for the value of the load damping length L,. However, the calculated
values were not aligned with the hypotheses. The value of L; may be a function of the filter material
and the wave period, as suggested in one of the hypotheses, but it appears that this value also
depends on the filter thickness.

It is concluded that, under the assumption that L,'=L,, Hoffmans formula cannot be validated for
wave loading. None of the hypotheses for the load damp parameters seem to give reliable results or
describe the trends of the value of the load damping length correctly.
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Chapter 7

Discussion

It is concluded that for a horizontal formula under wave loading, using the assumption that L;'=L,,
the Hoffmans formula could not be verified. This chapter discusses this finding, where it is attempted
to find an explanation why the Hoffmans formula was not validated. Feedback is given on the
assumption made in this research, the hypotheses and on the philosophy behind Hoffmans formula.

741 Assumption L, =L,

Compared to previous validation studies of Hoffmans formula (Joustra (2013), Van de Sande (2012)),
no filter material instability was generated in this research. Initially, it was attempted to apply the
same methodology as Joustra and van de Sande. However, the flume was not large enough to
generate instability of the chosen filter material. However, it was possible to generate base material
instability. Using the assumption that the damping length can also be found under conditions for
which the filter material is stable (see paragraph 3.3.1.2), the hypotheses were tested. Although this
assumption is considered to be very plausible, it is not proven yet.

The essence of the assumption entails that the use of Hoffmans formula is not limited to the critical
shields values for the filter and base material, but that also Shields values under or above the critical
value can be used. The damping efficiency of the filter material, characterized by L, is considered to
be independent of the magnitude of the load.

This assumption is considered to be very plausible, but not proven. The conclusions in this research
are made under the condition that this assumption is valid. Therefore, it will be necessary to carry out
further research to this assumption.

The verification of this assumption will also have value for design purposes. For example, it can be
estimated how much erosion will take place under an unstable open filter, since it is possible to relate
Shields values to entrainment rates (Paintal, 1971). It is proposed to validate this assumption for
uniform flow, for which the Hoffmans formula is already successfully validated (Van de Sande (2012)).
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7.2 Source term in Hoffmans formula

In the derivation of his formula, Hoffmans used a definition to describe the damping of turbulence
energy (see below). This definition incorporates the “local turbulence energy in the filter layer (k},)”
and a “source term ( kg ;)"

zZ
ke (2) = kps + (K — kg )exp (E)

Hoffmans (2015) states that the source term is related to the hydraulic gradient. The measurements
of Klar (2005) indicate that for uniform flow the hydraulic gradients (and thus the pore velocities) are
negligible. For this reason, Hoffmans also states that the source term under uniform flow is negligible.
Using this assumption, the original Hoffmans formula is found (as presented in chapter 3, equation
49).

For the experiments in this research the same assumption was made. However, values for the load
damping length L; were obtained which seemed to be dependent of the filter thickness. This might
have been the result of the (potentially incorrect) assumption that the source term was negligible
under wave loading. Since the hydraulic gradients under waves are larger than under uniform flow,
this source term kf; may have had a contribution to the instability of base material under wave

loading.
This implies that two mechanisms influence the stability of the filter interface:

e The penetration of turbulence energy from the top of the filter
e The hydraulic gradient, which generates pore velocities inside the filter and influences the
source term kg

Suppose that this source term was not negligible under wave loading. This would have influence on
the obtained values of the load damping length. It is not known what the exact value of the source
term k; ; might have been in the tests under wave loading. However, an insight can be given about
the effect on the obtained values of the load damping length L.

Hoffmans (2015) shows how the load damping length is influenced when the source term is not

negligible:
VA
kf.Without souce term(Z) = kyp - exp <E) (62)
Z
kf,with source term(Z) = kf,s + (kp — kf,s) T exp L_* (63)
d
Then:
dk i (2) k z
f,without souce term b
=2. — 64
dZ Ld exp (Ld) ( )
dkf,with source term(z) — (kb + kf,s) Cex i (65)
dz L :
For z=0 yields:
kf,without souce term(o) = kb (66)
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kf,with source term(o) = kb (67)

dkf,without souce term(o) _ E
dZ Ld

(68)

dkf,with source term(o) _ (kh + kf,s)
= (69)
dz Ld

To compare Ld againSt Lti ’ kf,withoutsouceterm(o) must equal kf,withsourceterm(o) and

dkf,without souce term(o)

dkf,with source term(o)
dz ’

dz

must equal

Thus:

ﬁ _ (kp + kfs) (70)
L L,

This results in the following comparison between L and Lj:

. ks
= Lgl1- X, (71)

For uniform flow k¢ < kj, so that Ly = Lg. Suppose that under wave loading the source term k¢ is

not negligible, then Ly < Ly. This implies that the correct values for the load damping length -which
would be found if the source term would be incorporated in the analysis- is smaller than the values
obtained in this research.

When the source term k¢ ¢ (which is somehow related to a hydraulic gradient) exceeds the critical

conditions for the base material erosion, a thicker filter will not be very effective.

In chapter 6 was concluded that the obtained load damping lengths were influenced by the layer
thickness. This might be an artifact resulting from the neglected source term! Further research is
necessary to validate this statement.

It is recommended to evaluate the latter insight for uniform flow. The source term ks ; is in some way
related to the hydraulic gradient (or the filter velocity). The obtained results for the values of the load
damp coefficient may be redefined (more accurate results or new insights may be found).

7.3 Feedback on the validity of Hoffmans formula under wave loading and the
hypotheses (feedback on Bezuijen and Kohler)

The concept that only the penetration of turbulence energy influences the stability of the filter
interface seems not applicable for wave loading. Therefore, the obtained values for the load damping
length L, are not correct. When the hydraulic gradient is included in Hoffmans formula (which is
related to the source term kg), other values for the load damping length Lywould be found.
Equation 71 shows that a smaller value for the load damping length would be found when the source
term is incorporated in Hoffmans formula. Therefore, it is uncertain that the hypotheses were tested
correctly, since other (smaller) values for L had to be used.

Thus, if the source term k¢ would be incorporated in the analysis, other values for the load damping
length Lywould be found. Accordingly, it might be questioned how this influences the validity of the
hypotheses. Possible, when the source term k ; would be incorporated in the analysis, it is found that
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the hypotheses give a better approximation of the value for the load damping length than is now
presented in this research. Some speculations can be made about this scenario. When the source
term k; ; would be incorporated in the analysis, the obtained values for the load damping length can

k
only become lower, since Ly = Ly (l—f). However, the hypothesized values for the load
b

damping length under wave loading (which are based on Bezuijen and Kéhler), did not give an
underestimation for the load damping length. Thus it is not plausible that the hypotheses give more
accurate results when the source term kg is incorporated. In other words, when incorporating the
source term kg, the values found for Lywill be lower that the values found in this report. The
hypothetical values for the load damp coefficient give an overestimation for most of the tests.

Although, it is advised to evaluate the hypotheses again against the correct values for the L;. As
explained in paragraph 7.2, it is possible that the influence of the filter thickness on the value of the
load damping length Lyis an artifact resulting from the neglected source term k. It would be

valuable if this statement could be proven.

Nonetheless, some doubts are placed to the hypotheses. For hypothesis I, the assumed value for the
consolidation coefficient of filter material (c, = 0.001) can be more accurate.

¢y Ty

Ly =
,H th 1
ypothesis p

Some doubts are also present about the second hypothesis for the load damping length L;. The
parameter T, has no physical meaning and was introduced for the missing dimensions. A value of
T, = 1s was assumed . A physical explanation for this parameter would be necessary to completely
understand the hypothesis.

2T,
L s = dps |[—2
d,Hypothysis 11 — Y“f15 T
0

7.4 Comparison of the data with Jansens (2000)

The pore velocity is related to the filter velocity. The velocity inside a filter is forced by the hydraulic
gradient. Jansens (2000) did measured the pore velocity under wave loading. Since Hoffmans states
that the source term k¢ is related to the hydraulic gradient, the pore velocities in this research are

estimated according to the relation found by Jansens.

Jansens found that the pore velocity was constant over the thickness of the filter. Jansens found in his
experiments that the pore velocities inside the filter had a range between 0.03 m/s and 0.06 m/s for
the critical hydraulic conditions. The base material which was used to determine the critical hydraulic
conditions (by Halter (1999)) had a nominal diameter of 100um, thus was similar to the base material
used in this research. Jansens found the following relation between the average pore velocities and
the hydraulic conditions:

— = T-04=1, (72)

So the pore velocities are related to the wave period and the hydraulic gradients. This relation can be
used to estimate the pore velocities in this research. The gradients on the filter interface are
calculated using the linear wave theory (which was also done by Jansens in his research). The results
are shown in Table 7-1.
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The pore velocities are in the same range as in Jansens research. The estimated pore velocities in this
research range between 0.03 and 0.07 m/s. This finding indicates that the experimental method to
determine instability in this research (visual observations) correspond quite well with the results from
Halter’s (1999) research (Jansens copied Halters experimental set-up). Halter did not use a visual
method to classify base material instability, but measured the scour holes under the filter to
determine the critical wave conditions.

Table 7-1 estimated pore velocities for the critical hydraulic conditions. The pore velocity is estimated with equation 73

Test Df [mm] dD—f [-1 ? [-] T [S] deO [mm] imax,calculated [_] 1/Ip,estimated [m/s]
f15 b50
1 17 3.2 58.4 3.0 6.63 0.048 0.058
2 17 3.2 58.4 2.0 6.63 0.079 0.063
2 17 3.2 58.4 2.5 6.63 0.050 0.050
2 17 3.2 58.4 3.0 6.63 0.048 0.058
3 28 2.6 121.2 2.0 13.70 0.032 0.026
3 28 2.6 121.2 2.5 13.70 0.028 0.028
3 28 2.6 121.2 3.0 13.70 0.029 0.035
4 59 5.4 121.2 2.0 13.70 0.050 0.040
4 59 5.4 121.2 2.5 13.70 0.044 0.044
4 59 5.4 121.2 3.0 13.70 0.038 0.045
5 96 8.8 121.2 2.0 13.70 0.067 0.053
5 96 8.8 121.2 2.5 13.70 0.058 0.058
5 96 8.8 121.2 3.0 13.70 0.056 0.067
6 93 4.4 221.2 2.0 24.08 0.036 0.029
6 93 4.4 221.2 2.5 24.08 0.032 0.032
6 93 4.4 221.2 3.0 24.08 0.028 0.034
7 147 7.0 221.2 2.0 24.08 0.034 0.027
7 147 7.0 221.2 2.5 24.08 0.036 0.036
7 147 7.0 221.2 3.0 24.08 0.032 0.038

Thus, the estimated pore velocities are in the range for which erosion of the base material occurs.
Assumed that the source term kg ¢ is related to the pore velocities, it is plausible that this term was

not negligible in the model tests.

As seen in the results of the tests, the critical hydraulic loading was larger for a thicker filter. Thus, a
thicker filter did offer more protection to the bed. It is speculated that this can be explained by the

k
ratio f, which was not constant over the test. For a thinner filter, the influence of the penetration

b
of turbulence energy bed is larger than for a thicker filter. Thus, when comparing a thin and a thick

filter under the critical hydraulic wave conditions for which the base material is unstable, it is
plausible that the source term k¢ s is smaller for the thin filter (since the influence of the penetrated
turbulence energy is larger). For a thick filter the influence of the penetration of the turbulence
energy becomes negligible, and the instability is fully assigned to the influence of the source term k¢ ;.
Test 3, 4 and 5 show increased estimated pore velocities for thicker filters, and support the latter
speculation. Enlarging the filter thickness will not be effective to protect a bed more efficiently in the
scenario that the source term kg s is dominant over the influence of the penetrated turbulence

energy.

7.5 Comparison of the data with Wolters & Van Gent (2012)

In comparison to Hoffmans, Wolters & Van Gent consider that the stability of an open filter can be
described by only the hydraulic gradient. Wolters & Van Gent have empirically found a relation
between the gradients and transport under a filter for irregular wave loading.

For practical purposes it is interesting to compare the experimental results with Wolters & Van Gent’s
approach.
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Wolters & van Gent claim that the base material transport can be described as a function of the

i20%

hydraulic gradient =. Furthermore, the hydraulic gradient can be described using the modified

icr
Keulegan-Carpenter number KC;. These relations where found under irregular waves. For wave
loading, dimensionless transport rates were found in the range 0.0019-0.007 (which related in
Wolters & Van Gent’s test to 0.033-0.161 g/m/s).

Uyo, T,
KC = 2% 'm (73)
ng Dy
iy, = 0.06-KC%® (74)
l29 58
T*=1.4-10"° (—) (75)
lCT

Since this research focused on the start of instability, it is expected that the transport rate is very
small for the critical wave condition. Using Wolters & Van Gent’s relations, the transport rates are
estimated and presented in Table 7-2. Since regular waves were used in this research, the maximum
values for the near bed velocities (4., Which is calculated with the linear wave theorem) were used
instead of the 2% upper limit (u,q,) used by Wolters & Van Gent. A porosity of 0.4 [-] is assumed for
the used filter materials. The i, is calculated with de Graauw (1983), (see chapter 2, equation 28).

Table 7-2 Transport rates using Wolters and Van Gent's (2012) formula (with the use of the relation between KCandi,,.

Dylmm] Drp | g

1 17 3.2 58.4 3.0 105.46 0.221 0.050 0.00755
2 17 3.2 58.4 2.0 79.42 0.204 0.050 0.00477
2 17 3.2 58.4 2.5 77.59 0.203 0.050 0.00459
2 17 3.2 58.4 3.0 105.46 0.221 0.050 0.00755
3 28 2.6 121.2 2.0 20.09 0.139 0.040 0.00167
3 28 2.6 121.2 2.5 26.17 0.150 0.040 0.00257
3 28 2.6 121.2 3.0 38.42 0.167 0.040 0.00479
4 59 5.4 121.2 2.0 15.26 0.129 0.031 0.00515
4 59 5.4 121.2 2.5 19.87 0.139 0.031 0.00791
4 59 5.4 121.2 3.0 24.31 0.147 0.031 0.01097
5 96 8.8 121.2 2.0 12.89 0.123 0.028 0.00666
5 96 8.8 121.2 2.5 16.79 0.132 0.028 0.01023
5 96 8.8 121.2 3.0 22.41 0.143 0.028 0.01634
6 93 4.4 221.2 2.0 7.26 0.105 0.034 0.00081
6 93 4.4 221.2 2.5 9.46 0.113 0.034 0.00124
6 93 4.4 221.2 3.0 11.57 0.119 0.034 0.00173
7 147 7.0 221.2 2.0 4.59 0.092 0.033 0.00049
7 147 7.0 221.2 2.5 6.98 0.103 0.033 0.00097
7 147 7.0 221.2 3.0 8.54 0.109 0.033 0.00134

The obtained dimensionless transport rates fall in the same range as in Wolters & Van Gent’s
research. This is counterintuitive, the values where expected to be lower. Wolters & Van Gent clearly
measured transports for the base material (W} tosts woiters & van Gent > Wh criticar ) While the
experiments in this research were focused on incipient motion of the base material

(I‘Ub,tests Hollander ~ lpb,critical)'

Thus Wolters & Van Gent do not give plausible results for the experiments in this research. The
reason for this may lie in the different loading conditions. In this research regular waves were used.
Every time a wave travels over the filter, The filter is loaded by the same maximum gradient. Thus for
every wave passing by, the base material is instable. Wolters & Van Gent used irregular waves in their
research. Thus in Wolters and Van Gent’s experiments, the maximum hydraulic gradient
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(in0,) may be the results of only a few waves in the whole spectrum. Therefore, it is possible, that
most of the transports only occurred under a few waves.

Thereby, the proposed formula of KCy is doubtful. The gradients which result from this formula are
too large under regular waves. Suppose the filter layer does not have any influence on the wave
properties, then the gradients on the interface can be estimated according to the linear wave
theorem (see the results in Table 7-3). Obviously, It is not plausible that the filter layer does not
influence the wave properties, the gradient is probably reduced inside the filter. However, the
calculated gradients on the interface using Wolters & Van Gent’s relation (with KC¢) give higher
gradients than calculated with the linear wave theorem! This is counterintuitive. It is recommended to
validate equation 73 for regular wave loading.

Based on the latter finding, It is supposed that the gradients calculated with the linear wave theorem
give more reliable results when used to calculate the transports (using equation 75). The obtained
values are shown in Table 7-3. The calculated dimensionless transport rates are much smaller than in
Wolters & Van Gent’s research. This is a plausible result since it is expected that the transport rates
would be smaller for the experiments in this research, since in this research only incipient motion was
generated (¥, = ¥ criticar)-

Table 7-3 Transport rates using Wolters and Van Gent's (2012) formula (where i,,,,is calculated using the linear wave
theorem)

Test ‘ Dy [mm] T s] KCf[_] i29, Lnax ler T;max

1 17 3.0 105.46 0.221 0.048 0.050 1.115E-06
2 17 2.0 79.42 0.204 0.079 0.050 1.903E-05
2 17 2.5 77.59 0.203 0.050 0.050 1.415E-06
2 17 3.0 105.46 0.221 0.048 0.050 1.115E-06
3 28 2.0 20.09 0.139 0.032 0.040 3.642E-07
3 28 2.5 26.17 0.150 0.028 0.040 1.468E-07
3 28 3.0 38.42 0.167 0.029 0.040 1.830E-07
4 59 2.0 15.26 0.129 0.050 0.031 2.237E-05
4 59 2.5 19.87 0.139 0.044 0.031 9.595E-06
4 59 3.0 24.31 0.147 0.038 0.031 4.301E-06
5 96 2.0 12.89 0.123 0.067 0.028 1.921E-04
5 96 2.5 16.79 0.132 0.058 0.028 8.899E-05
5 96 3.0 22.41 0.143 0.056 0.028 6.901E-05
6 93 2.0 7.26 0.105 0.036 0.034 1.799E-06
6 93 2.5 9.46 0.113 0.032 0.034 8.281E-07
6 93 3.0 11.57 0.119 0.028 0.034 3.863E-07
7 147 2.0 4.59 0.092 0.034 0.033 1.612E-06
7 147 2.5 6.98 0.103 0.036 0.033 2.040E-06
7 147 3.0 8.54 0.109 0.032 0.033 1.017E-06
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Chapter 8

Conclusions & recommendations

8.1 Conclusions

In the introduction of this report the research question is formulated along with three sub questions.
First the sub questions will be answered, followed by the answer to the main research question.

To validate Hoffmans formula, experiments were carried out with a horizontal open filter structure.
For the analysis of the results, Hoffmans formula was used to find the values for the load damp length
of the filter. Hoffmans formula can be considered valid, if the experimentally obtained load damping
lengths would be aligned with the load damp coefficient a, in original Hoffmans formula or with the
hypotheses for the damping length under wave loading.

The first sub question: “What can be said about the value for the load damp coefficient under wave
loading?”

For uniform flow, Hoffmans used the following expression in the derivation of his formula:
Ly = addfls

Under wave loading, it is suggested to use another expression for the load damping length. Thus in
fact, the load damp coefficient a,is only relevant for uniform flow. The parameter ayis therefore not
useful for wave loading.

This finding is supported by the analysis, which shows that no constant value of a, is found under
wave loading. The calculated values range from 1 to 2.7. The fact that the values for o, are quite high
does indicate that a stable filter under wave loading needs to be thicker than for uniform flow.
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The second sub question: “Is it possible to verify or falsify the hypotheses for the load damping
length?”

For the load damping length under wave loading two hypothesis were formed. The first was formed
by Hoffmans (2012), and the second was formed by Hoffmans & Verheij (2013). Both hypotheses
were based on Bezuijen and Kohler (1996).

¢y Ty

L L=
d,Hypothesis | T

The value for the load damping length was calculated from the experiments and compared with the
hypothetical values. The hypothetical values for the load damp parameter did not correspond
correctly with the values found in the experiments. The experimentally obtained values of the load
damping length gave a strong indication that the value depends on the layer thickness. The relation of
the load damping length is not described in the Hoffmans formula, nor in the formulated hypothesis.
Thus, under the assumption that L; = L, it is concluded that the hypothesis that the load damping
length is a function of only \/Tp isincorrect.

The second hypothesis was stated as follows:

2T,

Ld,Hypothesis = dflS T
0

This hypothesis did also not predict the obtained values for the load damp parameter accurately and
does also not incorporate the effect of the filter layer thickness. Therefore, under the assumption that

Ly = Ly, itis concluded that the hypothesis is only a function of dsys and /T, is also incorrect.

The third sub question: “What is the difference between an oscillating flow and an uniform flow
regarding the stability of an open filter?”

It is supposed that the stability of an open filter is influenced by the pore velocity, and the penetration
of turbulence energy from the top of the filter. For wave loading, the flow on top of the filter is
oscillating, therefore the turbulence intensity will be different than for uniform flow. The velocity of
the fluid through the filter (pore velocity) is forced by the hydraulic gradient. For waves, the hydraulic
gradient depends on the water depth, wave height and wave period. Compared to uniform flow, the
hydraulic gradients under waves can be quite high.

The main question of this research was formulated as:
“Is the design formula of Hoffmans (2012) valid under wave loading for horizontal filter structures?”

The results showed that no constant value for azwas found under wave loading. Thus it can be
concluded (under the assumption that L;' = L;) that the original formulation of Hoffmans formula,
as validated for uniform flow, is not applicable under wave loading.

The two hypothesis for the load damping length under waves in combination with Hoffmans were
also tested. Based on the experiments carried out in this research, it was not possible to validate the
relation between the wave period and the damping length, since the uncertainties were too large.
However, it was seen that the obtained values of the load damping length L, were influenced by the
filter thickness. This finding is counterintuitive and indicate that the hydraulic gradient should be
incorporated in Hoffmans formula (which might be possible via the source term kf ). It is concluded
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that (under the assumption that L," = L) the hypotheses are not applicable in combination with the
Hoffmans formula when the source term k¢ s is neglected.

Thus, the philosophy of Hoffmans formula is not rejected. A valid form of the formula may be found
when the source term kg ; is incorporated. Until more insight is acquired about the influence of the

source term k¢ ¢, speculations are prevailing.
This leads to recommendations for further research.

8.2 Recommendations

First of all, it is recommended to verify the assumption that L; = L;, which was important in this
research. The essence of the assumption entails that the use of Hoffmans formula is not limited to the
critical shields values for the filter and base material, but that also Shields values under or above the
critical value can be used. The damping efficiency of the filter material, characterized by L, is
considered to be independent of the magnitude of the load. This assumption is considered to be very
plausible, but not proven. The conclusions in this research are made under the condition that this
assumption is valid. Therefore, it will be necessary to carry out further research to this assumption.
The verification of this assumption will also have value for design purposes. For example, it can be
estimated how much erosion will take place under an unstable open filter, since it is possible to relate
Shields values to entrainment rates. It is proposed to validate this assumption for uniform flow,
because the Hoffmans formula is successfully validated (Van de Sande (2012)) for this type of loading.

Secondly, it is recommended to carry out more research on the source term kg ; . It is plausible that
two processes (both the damping of turbulence energy under wave loading as the hydraulic gradients)
generate the instability of the filter interface. The turbulence energy which penetrates from the top of
the filter is decreasing inside the filter, thus for very thick filters this loading will become negligible
compared with the hydraulic gradients. Therefore, it is expected, above a certain filter thickness,
instability will only be generated by the hydraulic gradient. It is recommended to carry out model
research where the filter thickness is increased step by step. Thereby the gradients on the interface
must be measured. It is hypothesized that for above a certain filter thickness the critical hydraulic
gradient is constant, and under this thickness the gradient is lower than this constant value (since the
penetration of turbulence energy will affect the instability). It is recommended to carry out this
research under regular waves.

Hoffmans claims that the source term k¢ depends on the hydraulic gradient. However, it is not
known how these two are exactly related. For a design purposes, it is important to know the value of

k
the source term kfs or the ratio %, otherwise the Hoffmans formula cannot be used for design
” b

purposes. It is recommended to carry out research to the relation between the source term and the
hydraulic gradients.

It is also recommended to evaluate the influence of the gradient under uniform flow. Theoretically,
the source term kg ; increases for a larger hydraulic gradient. This can also be evaluated for uniform
flow. It is recommended to measure the hydraulic gradients on the interface, and carry out tests
where the hydraulic gradient is varied. If it turns out that the hydraulic gradient also plays a role
under uniform flow, the load damp coefficients under uniform flow can be evaluated again. This
might lead to new insights.

The influence of the wave period is still unknown. It is assumed that for very long waves, the loading
conditions will be similar to uniform flow. It is suggested to investigate the effect of the wave period
on the stability of an open filter in more detail. It is suggested to use a wider range of wave periods
than applied in this research.
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In this research is suggested that the gradients calculated with the formula of Wolter & Van Gent
(2012) do not give plausible results under regular wave loading. It is recommended to do more
validation research to the formula of KC; under regular wave loading.
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Appendix A

A Background information of
previous experimental research

This appendix shows more background information of relevant previous research to granular open
filters. Background data of Halter (1999), Jansens (2000) and Wolters & Van Gent (2012) is presented.

A1 Halter (1999)

Halter carried out research to find the critical wave condition for which incipient motion of the base
material occurs. His results are presented in table Al.

Table A1 Critical hydraulic conditions for which the base material erodes (Halter, 1999)

dikte filterlaag Dsor golfperiode T | golfhoogte H [Icm hl.;m i
[em] [em] [s] [em] __[mis]
12 3,75 1,03 82 0,08
12 3,75 1,33 6,7 0,09
12 3,75 1,9 6 0,11
12 3,75 2,41 56 0,14
12 1,99 1,03 16,7 0,16
12 1,99 1,33 89 0,14
12 1,89 1.9 88 0,17
12 1,99 2,41 7.9 0,19
6 1,99 1,03 12 0,12
6 1,99 1,33 9 0,13
6 1,99 1,9 7.3 0,13
6 1,89 241 6.7 0,17
0 - 1,03 11,7 0,09
0 - 1,33 7 0,00
0 - 1,9 6.3 0,10
0 - 241 5.1 0,12
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Table A2 Properties of the used materials in the experimental research of Halter

i e basismateriaal | filtermateriaal A |filtermateriaal B
soort materiaal lzand -~~~ |stenen =~ |Stenen.
nominale diameter | 100 ym 3,75cm 1,99 cm

wijdte (Das/ D1s) 1,54 1,25 1,28

dichtheid 2650 kg/m” 2550 kg/m® 2540 kg/m°
porositeit +0,4 0,42 0,39

vormfactor (I/t) n.v.t. 25 2,5

To use Halter’s data in this research, information was needed for the water depth above the filter, the
value of dg;sand the conversion factor between dgso anddyfso. The used values are presented in
table A3.

Table A3 Other relevant parameters which are used to interpret Halters data. (shape factors and ratio's are plausible
assumptions)

Parameter Used value in this research

Water depth above filter 38 cm
Shape factor Fs 0.88 [-]
Ratio df15 and df50 0.85 [-]

A2.]Jansens (2000)

Jansens (2000) found a relationship to estimate the measured pore velocities inside the filter. This
relationship was formulated as follows:

Jansens compared the calculated pore velocities against the measured pore velocities. See table A4.
In the calculations of the pore velocity, Jansens used the orbital velocity which was measured during
the experiments of Halter (1999). Jansens states that Halter made a mistake for loading situation A.
Using the correct orbital velocity, Jansens calculates a pore velocity of 0.046 m/s. Thus the calculated
velocities are in the same order as the measured velocities. Figure Al shows the ratio between the
orbital velocity and the pore velocity for Jansens experiments.

Table A4 Measured and calculated pore velocities by Jansens (2000)

Loading situation _i*T factor | calculated velocity| measured velocity
A 0.144 0.4 0.058 0.04-0.08
B 0.106 0.4 0.042 0.03-0.05
C 0.114 0.4 0.046 0.03-0.06
D 0.121 0.4 0.048 0.03-0.05
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Verhoudingsgetallen, H=varlabel, T=1,90 s, 3*Dn50 in filterlaag

0.9 IR S —
® a0, |
O’B Y — ry S ’ Uhlf Dh _
AUl O i
07 - — —
o) A S
- A
3 06 z
£ A A A A A
505 A s
&
- ® o
3 04- . L Ty S
5 . ® .
> 03 * — - »
02 -
*
0,1 +— P
" .
LA T S T S O G
1]
1 3 5 7 9 1 13 15 17

golfhoogte H [cm]

Figure Al Ratios between velocities (Jansens, 2000)

A3. Wolters & van Gent (2012)

The test program of Wolters & Van Gent’s research is presented in table A5. Wolter & Van Gent found
a relation between the transport rate of base material and the hydraulic gradient. Thereby, the
maximal value (2% upper limit) for the hydraulic gradient was related to the KCr number. The
relations are presented in figure A2. Note that Wolters & van Gent used irregular waves in their
experiments.

Table A5 Test program and observed base material transport (Wolters & van Gent, 2012)

Table 2. Test programme.
Test Loading Test parameters Loading conditions Measured
Dy dy he H. T, S u, e [T T ™
(mm) (m}_ (m} {m} (s} ) (hrs) (mis) (gim/s} [
™ cument 22 0.055 04 - - - 1.25 B4z 1,00 0,082 0.0028
To2 current + waves 22 0.055 04 0,08 1.28 0,009 0,63 0.50 062 - -
TO3 current + waves 22 0.055 0.4 0.11 25 0.011 0.13 6,00 035 0,008 0.0004
TD4 current + waves 22 0.055 0.4 0,15 am 0.011 0,13 6,00 0,71 0,007 0.0002
TOS current + waves 22 0.055 0.4 0,12 200 0.008 0.63 6,00 1.03 0,031 0.0014
TO8 current + waves 22 0.055 0.4 0.12 5.08 0,003 0.63 6,00 082 0,043 0.002
TO7 current + waves 22 0.055 0.4 0,14 5,60 0,003 0.63 6,00 1.14 0,082 0.0028
ToE current 22 0.055 0.4 - - - 1,08 6,00 1.02 0,052 0.0024
TO9 current + waves 22 0.055 0.4 0,10 .07 0,002 1,08 4,18 143 0.202 0.0084
TIiD current 22 0.055 0.4 - - - 0.63 6,00 0,60 0.00& 0.0002
T current 22 0.055 04 - - - 1.08 6,00 0,81 - -
T12 current + waves 22 0.055 0.4 0,10 5.08 0,002 1,08 2,00 1.20 0,331 0.0153
Reference tests (without filker)
Ti3 current - - 0,455 - - - 0,55 0,50 0,85 12,265 0.5684
Ti4 current + waves - - 0455 0,13 5.10 0,003 0.55 0,50 1,13 33,553 1.5550
Wave tests (Wolters et al. 2010)
TOS waves a0 0.1 04 0,10 208 0,015 - ] 0,28 0,102 0.0047
TOE waves a0 o1 04 0,14 252 0,014 ] 0,38 0,072 0,0037
TO7 waves a0 0.1 04 0,17 541 0,004 - 2 0,88 0,181 0.0075
ToE Waves a0 0,055 04 0,14 252 0,014 - ] 043 0,082 0.0022
TOG Waves a0 0,055 04 0,14 1,80 0,027 - ] 0,32 0,082 0,0029
TIiD Waves a0 0,055 04 0,16 5.10 0,004 - 2 0,88 0.062 0.0031
T Waves 20 0,055 04 0,14 252 0,014 ] 0.41 0,038 0.001&
Ti2 Waves 20 0,055 04 0,14 1.81 0,027 - ] 0,32 0,032 0,0015
T3 waves 20 0,055 0.4 0,18 5.10 0,004 - 2 0,88 040 00019
0,020 035
® Waves, D;g¢=20mm, d;= 55mm
Current & Waves, Dnsor = 22mm, dy= 55mm 0,3
0,016 | & Current, D5y ¢ = 22mm, d;= 55mm
025
< 0,012 1 (1 )
e T*=1410": 2% = 02 i, 2, = 0.06-KC,**
+ i ) = ® h2% — Y- f
] &
2 0,008 015 1
s
= 0,1 ——— ® Waves, Dpgps= 20mm, di= 55mm —
0,004 Waves & Current, Dpso s = 22mm, di= 55mm
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[ ] ® Waves, Dysp¢ = 30mm, di= 100mm
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Figure A2 Relation between dimensionless transport rate and hydraulic gradient (left), relation between maximal hydraulic
gradient and KCf number (right)
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Appendix B

B Material properties

B1. Filter materials

Three different filter materials were selected for the model tests; “Yellow Sun 8-11 mm” , “Yellow Sun
10-20 mm” and “Yellow Sun 20-40 mm”. For this research, the density and the grading of the
materials must be known. The density is determined by weighing a sample of the material.
Subsequently the volume of the material is determined by placing the sample in a measuring beaker.
When a measuring beaker filled with water is used, the volume of the filter material sample is easily
found. This test is repeated several times and the average off all test is used as representative density.
A value of 2624 kg/m3 was found.

Figure B1 Filter materials. Left: Yellow Sun 8-11. Middle: Yellow Sun 10-20. Right: Yellow Sun 20-40

Weight distribution of the filter materials

Several properties can be determined from the grain size distribution of the material, such as the
nominal diameter and the grading width. To find the grain size distribution, a batch of the filter
material is taken to create a sieve curve (in this research the batch counted between 110 and 350
stones). Every stone is individually weighed. This results in the weight distribution.
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Weight distribution

100
90
80
70
60
50
40
30
20
10

Yellow Sun 8-11

Yellow Sun 10-20

Yellow Sun 20-40

cumulative fraction [%)]

gram

Figure B2 Weight distribution of the filter materials

Grain size distribution of the filter materials

Two methods are possible to obtain the grain size distribution of granular materials. One way is by
making a sieve curve. Multiple sieves with a different mesh size can be used to find the distribution of
the material. The smaller the difference between the mesh size of the different sieves, the more
accurately the distribution will be. During this research, the amount of sieves was limited, therefore it
was chosen to determine the grain size distribution with another method. In this research, the weight
distribution is used to find the grain size distribution.

The weight of a stone is related to the nominal diameter, see equation 76. Subsequently, the nominal
diameter is related to the grain size diameter by equation 77. F; is a shape factor, which determines
how the nominal diameter is related to the grain size diameter. Mostly, this value has a range from
0,7 to 0,9. A value of 0,88 is used in this research (CUR, 233, Interface stability of granular filter
structures, 2010). It should be noted that this used value is seen as a constant. However, recent
research shows that the value for F;is not a very reliable value (Witteveen, 2015), and may deviate.
Therefore, the choice of this method to determine the grain size distribution introduces an error
which will be evaluated in the analysis of the results.

3 (W
s = (;) (76)
dnso = F; * dsy (77)

The found grain size distribution is presented in figure B3. An overview of the filter material

I . . dgs . S . .
properties is presented in table 9-1. The ratlod—ssglves an indication of the width of the material
15

grading, a value below 1.5 means that the grading is narrow, and above 1.5 that the grading is wide
(Schiereck & Verhagen, Introduction to bed, bank and shore protection, 2012). As shown in table 9-1,
it can be seen that the grading is wide, but not very wide.
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Grain size distribution
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Figure B3 Grain size distribution of the filter materials

Table B1 Overview filter properties

Material d 50 [mm] dgs Pr [kg/m’]
Yellow Sun 8-11 mm 5.39 6.63 8.59 9.02 5.83 1.59 2624
Yellow Sun 10-20 mm 10.88 13.71 17.02 17.76 12.06 1.56 2624
Yellow Sun 20-40 mm 21.09 25.02 29.04 29.55 22.03 1.37 2624

B2. Base material

The density of the base material is determined similar to the filter material, which gives a value of
2630 kg/mg. The grading is determined using the method with the different sieves. A series of six
sieves is used to find the grain size distribution of the base material. The size of the sieve mesh is
directly a measure for the sand grains which fall through the mesh. The analysis results in the sieve
distribution presented in figure 9-5. An overview of the base material properties is presented in table
9.2.

Base material
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Figure B4 Grain size distribution of the base material

Table B2 Overview base material properties

dys[um]  ds dgs [um] dgy [um]

py [kg/m’]

Base material

[um]
113 120 122

2630
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Appendix C

C Experimental results

C1 Overview

In the test overview all parameters of importance are presented. These are: the thickness of the filter
layer, the diameter of the filter and base material, the water depth above the filter and the critical
wave conditions for that set-up. The critical wave condition is defined as the condition for which the
base material is instable and moved into the transparent tray. The wave height was increased in steps
of 2 cm until instability of the bed was observed. Obviously, all wave heights above the critical height
(H.p) also generated bed instability. Also, the wave conditions is given for which winnowing of
particles through the filter was observed (H, ). For all test video recordings are made of the
transparent tray. On these videos the bed instability can be reviewed.
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Test Test parameters Loading conditions
Dy[mm]| dysolmm] | dysolum] | 221 | %se | helm] | T [m] | Heplm] | Hy[m]
dfis dpso
1 17 6,6 113 3.2 58.4 0.4 3.0 <0.10 0.16
2 17 6,6 113 3.2 58.4 0.4 2.0 0.12 0.15
2 17 6,6 113 3.2 58.4 0.4 2.5 0.09 0.15
2 17 6,6 113 3.2 58.4 0.4 3.0 <0.10 0.13
3 28 13.7 113 2.6 121.2 0.4 2.0 0.05 0.07
3 28 13.7 113 2.6 121.2 0.4 2.5 0.05 0.07
3 28 13.7 113 2.6 121.2 0.4 3.0 0.06 0.08
4 59 13.7 113 5.4 121.2 0.4 2.0 0.08 0.10
4 59 13.7 113 5.4 121.2 0.4 2.5 0.08 0.11
4 59 13.7 113 5.4 121.2 0.4 3.0 0.08 0.08
5 96 13.7 113 8.8 121.2 0.4 2.0 0.11 0.14
5 96 13.7 113 8.8 121.2 0.4 2.5 0.11 0.16
5 96 13.7 113 8.8 121.2 0.4 3.0 0.12 0.15
6 93 25.0 113 4.4 221.2 0.4 2.0 0.06 0.06
6 93 25.0 113 4.4 221.2 0.4 2.5 0.06 0.06
6 93 25.0 113 4.4 221.2 0.4 3.0 0.06 0.08
7 147 25.0 113 7.0 221.2 0.4 2.0 0.06 0.09
7 147 25.0 113 7.0 221.2 0.4 2.5 0.07 0.09
7 147 25.0 113 7.0 221.2 0.4 3.0 0.07 0.09

Table C1 Test overview
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Test 1

Parameter Value Unit
Base material dj5q (113 (fine sand) um
Filter material drsq 6.6 (Yellow Sun 8-11)  |mm
Dy 17 mm
Dy /dys 3.2

drso/dpso 58.4

Depth above filter 0.4 m
T 3 S
H, p, <0.10 m
H,, 0.16 m

Only waves with a period of 3 seconds were tested in the first test. While filling the flume, it was
observed that the base material eroded. The transparent trays were already filled with water during
the test setup (thus before the flume was filled), to prevent the erosion during the filling of the flume
as much as possible. Thereby the flume was filled very slowly.

Movement of the filter material was not observed during the tests. Only some rocking of filter stones
was observed at several locations, but this cannot be classified as filter instability.

Around the tray some interesting observations were made. It was possible to see the base material
erode under the filter. The sand particles sink down slowly in the tray. It seemed that scour holes
were formed under the filter, near the edges of the tray. During the tests, these scour holes seem to
enhance the instability of the base material; sand was stirred up in the pore under the filter layer and
moved into the tray. The base layer was classified as unstable when it was able to see sand particles
moving into the tray, at both sides of the flume.

Two processes may contribute to the development of the scour hole. First, the sediment transport is
limited to one direction. This means that particle moving into the tray, cannot move back to their
original location. Therefore a hole is formed near the edges of the tray. Secondly, additional
turbulence may be present near the edges of the tray. The oscillatory flow through the tray is
interrupted by the tray’s edge, which causes extra turbulence behind the tray. This effect is undesired,
because the aim of this research is to focus on wave loading alone, and not a situation with additional
turbulence. Unfortunately, it is not possible to quantify the contribution to the instability of each of
these two processes. In further tests, measures are taken to minimize the effect of additional
turbulence.

Beside the observations in the tray, it was also possible to observe entrainment of sediment in the
flume. However, it can be hard to distinguish base material entrainment from the dirt of the filter
material. Even after washing the filter material, some very fine dirt is present in the water column.

The tests were started with a wave height of approximately 10 cm. During the analysis of the video
data after the tests, it was seen that the bed was already instable for this wave height. Therefore it is
concluded that the critical wave height to generate bed instability must be lower or equal to 10 cm.

A wave height of 12 cm was considered to generate bed instability. To be certain that this observation
was correct, and check the credibility of the visual observations in general, a test was carried out with
a long duration (20 hours). After the test fluctuations in the bed had formed. However, it should be
noted that the visual observation were made through the window and might therefore be subjected
to wall effects of the glass. However, the scour holes next to the tray have also grown extensively. A

91



Msc Thesis C Experimental results

large amount of sand was found in the trays over the whole length of the flume. Therefore it seems
acceptable to qualify this test as “instable bed”.

Figure C1 Results after the 20-hour test. Left: ripple formation at the interface. Right: scour holes near the tray's edges.

92



Msc Thesis

C Experimental results

Test 2

Parameter Value Unit
Base material (dsg) 113 (fine sand) pum
Filter material (dso) | 6.6 (Yellow Sun 8-11) | mm
Dy 17 mm
D¢ /dys 3.2 -
drso/dpso 58.4 -
Depth above filter 0.4 m
T 2 S
H. 0.12 m
H, 0.15 m
T 2.5 S
H.p 0.09 m
H, 0.15 m
T 3.0 s
H., <0.10 m
H, 0.16 m

In the second test it was attempted to reduce the undesired effects seen in test 1. Thereby tests with
several wave periods were carried out. To prevent scour holes near the edges of the tray, measures
were taken. The edges of the tray were protected with a 3 cm strip of sand paper. Thereby the time of
each test was minimized to several minutes, to prevent the development of a scour hole. It was
observed that the scour hole was not formed as quick as in the earlier test. It seemed that
inaccuracies in the set-up of the test (i.e. little openings under the glued filter near the tray) seem to
enhance the development of the scour hole. At one side of the tray, the filter was placed perfectly
upon the sand layer, where at the other side still very little pores could be seen. During the tests, the
development of the scour hole on the irregular edge seemed to be much stronger, indicating that the
inaccuracy of the set-up contributes to the development of the scour hole.

Again, the base material was classified as unstable when erosion was observed at both sides of the
tray, at both sides of the flume. This time also a 20 hour test was carried out, but now with a wave
condition which was considered to be just instable. The idea was to confirm whether the base was
unstable. After 20 hours with a 2 second wave of 0.12 meter, it was observed that the scour holes had
further developed. The development was not as much as in the previous 20 hour test (where T=3.0s
and H=0.12m). However, it was not observed that bed forms were developed.

Figure C2 Scour holes after the 20 hour test (T=2.0s H=0.12m)
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Figure C3 Interface after the 20 hour test
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Test 3

Parameter Value unit
Base material (dsg) 113 (fine sand) pum
Filter material (dso) | 13.7 (Yellow Sun 10-20) mm
Dy 28 mm
D¢ /dys 2.6 -
dfso/dpso 121.2 -
Depth above filter 0.4 m
T 2 S
H. 0.05 m
H, 0.07 m
T 2.5 S
H.p 0.05 m
H, 0.07 m
T 3.0 s
H, 0.06 m
H, 0.08 m

A larger filter diameter was tested in test 3. Again the edges of the tray were protected with sand
paper. For the higher wave conditions, entrainment of sand particles through the filter was clearly
observed. The filter material itself was stable during all tests. No movement was observed at all.

Again, it was attempted to classify instability trough observations in the transparent tray. However,
some observations are considered to be doubtful because the observed transport was extremely
small. For these conditions, also no entrainment through the layer was observed. Therefore, these
hydraulic conditions will be classified as “doubtful instability”.

No 20h test is carried out, because it is avoided to distort the sand layer too much. The filter layer will
be enlarged for the following test, thus it is undesirable to distort the sand layer any further.
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Parameter Value unit
Base material (dsg) 113 (fine sand) pum
Filter material (dsq) 13.7 (Yellow Sun 10-20) | mm
Dy 57 mm
D¢ /dys 5.2 -
drso/dpso 121.2 -
Depth above filter 0.4 m

T 2 S
H. 0.11 m
H, - m
T 25 S
H.p 0.10 m
H, - m
T 3.0 s
H.p 0.08 m
H, - m

The same filter material is used as in test 3, but now the filter is twice as thick. After placement of the
stones, a lot of dirt was stirred up by the waves in the flume. It was attempted to remove this dirt
before the experiment was carried out. A low wave condition (T=2s, H=04 cm) was generated for an
hour to transport this dirt to the end of the flume. However, it is not possible to transport all dirt from
the stones to the end of the flume. During the model test, it seemed that some dirt was still entrained
in the water column. The presence of the dirt complicates the qualification of entrained sand in the
water column.

Figure C4 Dirt of the stones above the filter layer

Another unexpected element in this test was the presence of dirt in the transparent tray. When the
flume was emptied, water had still been standing in the transparent tray, since it is water tight. A
slimy substance had developed in the tray, which is probably a reaction of the wood and water in the
flume. The presence of this dirt complicates the visual observations in the tray. After the test, it was
carefully examined if the slimy substance was also present in or under the filter or in the sand bed. No
detections were made of affections in the sand or filter layer.
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Figure C6 Dirt in the tray Figure C7 Examination of dirt elsewhere in the
model

Despite the dirt in the tray, test were carried out. It is observed that the critical wave heights were
larger than in test 3. After the test it was decided to repeat the experiments with a cleaned tray. Also
a large part of the sand layer was rebuild for this repeated test, to be sure that the slimy substance
would not be present anywhere in the test. See test 5 for the results.
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Test 4 (repeated)

Parameter Value unit
Base material (dsg) 113 (fine sand) pum
Filter material (dso) | 13.7 (Yellow Sun 10-20) mm
Dy 59 mm
D¢ /dys 5.4 -
dfso/dpso 121.2 -
Depth above filter 0.4 m
T 2 S
H. 0.08 m
H,, 0.10 m
T 2.5 S
H.p 0.08 m
H, 0.11 m
T 3.0 s
H, 0.08 m
H,, 0.08 m

After test 4, the transparent tray was removed and cleaned. The sand layer pas partly replaced (at
both ends of the tray) to remove the slimy substance completely. Although, during this process of
rebuilding, no dirt was detected in the sand layer. The replacement of the sand was considered as a
precautionary measure, to prevent any possible negative effect from the slimy substance.

During the testing, the results are quite similar as in test 4. However, for the 3 second wave it was

noticed that instability was observed for a 8cm wave height. This was not clearly seen in test 4. This

difference probably lies in the fact that the visual observations were hindered by the dirt in test 4.
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Test 5

Parameter Value unit
Base material (dsg) 113 (fine sand) pum
Filter material (dso) | 13.7 (Yellow Sun 10-20) mm
Dy 96 mm
D¢ /dys 8.8 -
dfso/dpso 121.2 -
Depth above filter 0.4 m
T 2 S
H. 0.11 m
H, 0.14 m
T 2.5 S
H.p 0.11 m
H, 0.16 m
T 3 S
H., 0.12 m
H, 0.15 m

Test 5 was executed with the same filter material as in test 4, only with a thicker filter layer. It is
observed that the protective efficacy of the filter layer has increased compared to the previous test.
Higher wave conditions were needed to generate bed instability.

To remove the dirt from the filter material a small current in combination with very low wave action
(H=3cm) was generated in the flume for several minutes. The dirt from the stones was transported in
the direction of the wave damper. No transport in the tray was seen during the cleaning of the flume.
A 20 hour test was carried out with the following wave conditions: H=0.14 and T=2s. After the test it
was clear that the base layer was instable, because the amount of sand in the tray was clearly larger
after the test than before. Although, the bed forms had not clearly changed during the test, while
winnowing was observed during the test. Probably the amount of sand transported by winnowing is
very small compared with the transport at the interface.
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Test 6

Parameter Value unit
Base material (dsg) 113 (fine sand) pum
Filter material (dso) | 13.7 (Yellow Sun 20-40) mm
Dy 93 mm
D¢ /dys 4.4 -
dfso/dpso 221.2 -
Depth above filter 0.4 m
T 2 S
H. 0.06 m
H, 0.06 m
T 2.5 S
H.p 0.06 m
H, 0.06 m
T 3 S
H, 0.06 m
H, 0.08 m

Test 6 was carried out with a large filter material diameter. It was observed that the critical wave

height for all periods was small compared to the previous test. Therefore it seems that the efficiency

to damp the wave loading is smaller for a larger filter diameter. Conclusions based on this observation

will be elaborated in chapter 6.

Furthermore the filter layer was stable during all tests. No

movements of the individual stones were observed. The filter layer is classified as stable (phase 0

according to Breusers).
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Test 7

Parameter Value unit
Base material (dsy) [113 (fine sand) pm
Filter material (dso) [13.7 (Yellow Sun 20-40) | mm
Dy 147 mm
Dy /dys 7.0

dfso/dpso 221.2

Depth above filter 0.4 m
T 2 S
H, p, 0.06 m
H,, 0.09 m
T 2.5 S
H. p 0.07 m
H,, 0.09 m
T 3 S
H., 0.07 m
H,, 0.09 m

Test 7 is carried out with the thickest filter layer of all tests. Although, the critical wave height for
which bed instability was observed was not as high as in the tests with other filter materials. For
practical reasons the filter thickness was only partly on its correct thickness. See figure C8.

Filter layer thickr

Filter layer thickness previous test

Figure C8 Filter thickness test 7

The last test in the series with this configuration was again a 20 hour test. The wave period was 2
seconds and the wave height was 0.06 meter. During the test, a small amount of base material
entering the transparent tray was observed. Visually, it was clear that the tray had been filled with
sand, since the amount of sand at the bottom of the tray after the 20 hours was clearly larger than

before the test. Therefore it seems justified to classify these wave conditions as “critical”. However,
entrainment was not observed. Thereby no indicators of a lowering of the bed was observed, so it is

concluded that there is no presence of entrainment for this wave condition.

On figure C9 a shot is shown of the video recordings. A single stone is lying in the tray. This stone fell
down in the tray during the placement of the filter layer and has no further meaning.
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Figure C9 Left: tray before the 20h test. Right: after the 20h test

After the 20 hour test the filter layer was carefully removed to investigate the bed forms on the base
layer. It seemed that the Filter layer had “sunk down” into the base layer. The stones in the bottom of
the filter layer were covered by sand. An explanation for this observation might be that the pores in
the filter have slowly filled with sand. The sand makes movements back and forth, and is dynamically
stable. However, when the sand particles under the stones are moving into the pores of the filter, and
the filter sinks down, the effective filter thickness reduces. This phenomenon is interesting for further
research. Long test will be necessary to investigate how far the filter can sing down into the base
layer, and how the protective efficacy of the filter layer is affected.

Figure C10 Row above: stones in the bottom of the filter sunk into the sand layer. Row below: all stones removed.
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Test 8 (no filter layer)

The purpose of test 8 was to illustrate the vulnerability of an unprotected bed. Therefore, a test
without a filter layer was performed to investigate the stability of the bed material. A wave with a
period of 2 seconds and a height of 4.2 cm was generated. The water depth was 0.4 meter. The
generated shear stress by the waves was in the range of the critical shear stress for the base material
(W=0.044, which is in the critical area according to the modified Shields diagram for waves (see Sleath
1978).) The test was performed for 20 minutes, no studies were made to bed form developments.
Thereby, the bed was already influenced during the filling of the flume.

As expected, instability of the bed was observed. Particles were rolling over the bed back and forth.
Thereby it was also observed that the particles were suspended in the water column. Probably only
the smaller particles from the bed material grading were suspended, because suspension coincides
with larger shields values. The shields value is larger for the smaller particles since the strength of
those particles is smaller. According to the transport stages of Breusers this can be classified as stage
2 / stage 3 (frequent particle movement at some locations / frequent particle movement at many

Figure C11 Pictures during the test. Left: at the start of the test. Right: after 15 minutes of testing. It can be seen that base
material had been brought in suspension. A change in the bed forms is not observed.

locations).
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Appendix D

D Sensitivity analysis

D1 Base parameters and uncertainty

For the analysis of the data several calculations were made in this research. Most of these calculations
are made with parameters which were measured in the lab. Other parameters were known from
literature. The used parameters for the calculations (the base parameters) contain uncertainties. This
chapter explains the magnitude of uncertainty of each parameter and shows a sensitivity analysis of
these uncertainties on the calculations. Table D1 gives an overview of the uncertain parameters.

Table D1 Magnitude of uncertainty of the base parameters

Parameter Standard deviation

water depth 0.02-d
wave period 0.001-T
wave height 0.02-H
density water 0.001-py,
Wn1S5 filter 0.01- W45
Wn50 filter 0.01 - W0
density filter material 0.01 - ps
density base material 0.001 - py,
thickness filter 0.5 - dgs
db15 0.05 - dpy5
db50 0.05 - dy5
bottom roughness 0.25 -k,
gravitational acceleration 0
shape factor Fs 0.05-F

loading coefficient 0.05-Y
Shields stress critical base 0.20 - ¥,
Friction factor under waves c¢ (Jonsson-Swart) 0.5 ¢¢

The magnitude of the standard deviation is based on the uncertainties in the measurements or the
uncertainties known from literature. An explanation for the uncertainties of some of these
parameters is found below.
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Thickness filter

The filter’s thickness is also not perfectly equal on every location. The accuracy of the filter layer’s
thickness depends on the filter material diameter. When the filter material diameter is large, the
deviations in the thickness will be larger than for a small filter material diameter.

In the model tests the filter is measured at 20 locations. The average of these measurements is taken
as the filter diameter. Figure 5-6 shows how the measured deviations from this average value are
distributed. The deviation is expressed in terms of the filter diameter size (on the x-axis). The figure
shows that in the most extreme values for the measured deviations are equal to d¢s,. However, 90%
of the measured deviations are in the order of 0.5 - dgs.

If a normal distribution would be fitted to the measurements of the filter layer thickness, the standard
deviation would approximate 0.35 - d¢s, since the values 0.35 - dg5o0f the mean account for 65% of
the whole set. A standard deviation of 0.5 - d¢s4is assumed, which is conservative.
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filter thickness inaccuracy as a measure of the filter diameter (d_f50)

Figure D1 Distribution of the measurements of the filter layer thickness

Shields stress critical base

In the experiments critical wave height was found. The critical wave height, is the height for which the
base material becomes unstable. Theoretically, this corresponds with a Shields value of ¥, = 0.073
(based on Sleath’s graph). Two sources of uncertainty are introduced by this method. First, is the
found critical wave height accurate? Secondly, is the critical shields parameter for the base material
exactly 0.073?

In this research, it is assumed that the critical wave height was correct. Although, the corresponding
shields value of the base was uncertain. For one critical wave conditions, slightly more mobility was
seen than another critical wave height. It is assumed that the observations for the instability were in
phase 5, 6 or 7 according to Breusers (1968). This corresponds with an 20% error for the assumed
critical shields value of ¥, = 0.073.

Friction factor under waves ¢y (Jonsson-Swart)

Jonsson (1966) found an empirical relation for the friction factor under wave loading. This relation
was based on experimental data. The empirical relation does not fit the experimental data perfectly,
and is therefore not completely certain.
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Figure D2 Measured wave friction factors in rough turbulent regime (Jonsson, 1966)

Figure D2 shows the regression line through the experimental data. Since the axis are on a logarithmic
scale, large relative errors are seen between the experimental values and the curve fit. Based on this
graph, an uncertainty of 50% of the value for the friction factor is plausible.

Other parameters

The uncertainties of all other parameters are plausible assumptions based on the measurement
method or from literature.

D2 Propagation of uncertainty

All base parameters are considered to be independent, without a covariance. In the analysis, all
calculations are made with the use of these base parameters. Using the rules for the propagation of
uncertainty, the standard deviation of the obtained load damping length is found.

Table D2 Progression of errors on the calculation of Ld'

Dymm] 2r g | 4sopy T [s] Ly Standard deviation L’
df1s dpso
1 17 3.2 58.4 3.0 0.006 0.0017
2 17 3.2 58.4 2.0 0.005 0.0014
2 17 3.2 58.4 2.5 0.006 0.0018
2 17 3.2 58.4 3.0 0.006 0.0017
3 28 2.6 121.2 2.0 0.013 0.0044
3 28 2.6 121.2 2.5 0.013 0.0045
3 28 2.6 121.2 3.0 0.012 0.0040
4 59 5.4 121.2 2.0 0.021 0.0044
4 59 5.4 121.2 2.5 0.021 0.0045
4 59 5.4 121.2 3.0 0.021 0.0047
5 96 8.8 121.2 2.0 0.029 0.0048
5 96 8.8 121.2 2.5 0.029 0.0050
5 96 8.8 121.2 3.0 0.029 0.0048
6 93 4.4 221.2 2.0 0.033 0.0074
6 93 4.4 221.2 2.5 0.034 0.0077
6 93 4.4 221.2 3.0 0.035 0.0080
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7 147 7.0 221.2 2.0 0.053 0.0105
7 147 7.0 221.2 2.5 0.050 0.0094
7 147 7.0 221.2 3.0 0.051 0.0098
Halter (1999)
0.12 3.3129 377.1118 1.03 0.0379 0.0091
0.12 3.3129 | 377.1118 1.33 0.0374 0.0089
0.12 3.3129 377.1118 1.9 0.0385 0.0093
0.12 3.3129 377.1118 2.41 0.0405 0.0100
0.12 6.2429 | 200.1207 1.03 0.0309 0.0050
0.12 6.2429 | 200.1207 1.33 0.0364 0.0066
0.12 6.2429 200.1207 1.9 0.0357 0.0064
0.12 6.2429 200.1207 2.41 0.0382 0.0071
0.06 3.1214 | 200.1207 1.03 0.0176 0.0043
0.06 3.1214 200.1207 1.33 0.0181 0.0044
0.06 3.1214 200.1207 1.9 0.0195 0.0049
0.06 3.1214 | 200.1207 2.41 0.0207 0.0053

The calculated errors of the obtained load damp length is in the range of 0.15 - 0.30 times L,’.

D3 Influence of the individual parameters

Besides the total error in the obtained damping length, an analysis is carried out to the influence of
each individual parameter. The influence of the error of each individual base parameter is calculated.
The results are shown in figure D3. The figure shows what influence the range of uncertainty of every
parameter has on the calculated value of the load damping length (the values presented in Table 6-1).
This influence is expressed in a percentage. For example: the range of uncertainty of the measured
water depth (2%) has a range of uncertainty of 3.6% on the calculated value of the load damping
length in test 1.

Note that this analysis is only carried out for the experimental data of Hollander (2015).

It is shown that in every test the uncertainty of the filter layer thickness and the uncertainty of the
Jonsson-Swart method has most impact. When a similar analysis will be carried out for further
research, it is recommended to focus on the reduction of the uncertainty of these parameters.

Furthermore, it is advisable to carry out a FORM analysis for the uncertainties in further research. This
will provide more accurate insight in the influence of the uncertainties of the individual parameters.

D4 Critical note to the reflection analysis

It should be noted that the estimations and assumptions made about the uncertainties of the base
parameters influence the sensitivity analysis. Although a substantiated attempt is made to estimate
these uncertainties as accurate as possible, a source of subjectivity will always remain.
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Figure D3 Influence of the error of each individual parameter on the obtained value for the load damping length.
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Appendix E

E Addition to analysis; graphs
including uncertainties of the data

In this appendix graphs additional are shown where Halter’s (1999) and Hollander’s (2015) data is
compared the hypotheses for the load damping length. The error of the obtained values of L, is
included in this graph. Thereby, for the comparison of the data with hypothesis I, the data is
separated in multiple graphs. This gives a clear overview of the data.
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E1 Graph with error bars for hypothesis 1
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E2 Graphs with error bars for hypothesis II
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