Stability of wide-graded granular filters under oscillatory flow
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ABSTRACT: Granular filters are applied for bed and bank protections and installed at coastal and offshore
structures (i) to prevent erosion and (local) liquefaction, (ii) to avoid sinking and sagging of the cover layer in-
to the subsoil, and (iii) to provide a sufficient superimposed load to the subsoil countering failure due to ex-
cess pore pressure. Offshore and coastal structures are mainly subject to oscillatory flow driven by wind-
induced waves. Geotechnical and hydraulic processes are studied and discussed with the key objective of de-
veloping hydraulic filter criteria for granular filters in marine environments. The focus of this paper is on the
contact erosion at the interface of a wide-graded granular filter and subsoil subject to oscillatory flow perpen-
dicular to the interface. For this purpose, a new test facility is applied for the first time and a new test cell is

developed.

1 INTRODUCTION
1.1 Motivation

Offshore and coastal structures are under the influ-
ence of oscillatory flow driven by wind-induced
waves. Granular filters are applied in bed and bank
protections and installed at coastal and offshore
structures to provide sufficient resistance against the
impact of waves and currents. The failure of these
marine structures is, in many cases, assigned to the
lack of filter stability particularly associated with
contact erosion. Besides contact erosion driven by
hydraulic loads and stresses of the protected soil lay-
ers, internal instability through critical hydraulic
loads and the susceptibility of wide-graded granular
filters are key processes of the filter design (Shire,
2014). The focus of this paper is on the contact ero-
sion at the interface of a granular filter and subsoil of
a horizontal seabed under oscillatory flow perpen-
dicular to the interface.

1.2 Objectives

The objectives of the ongoing research project (DFG
Ou 1/16-1) are (i) improvement of the understanding
of hydro-geotechnical processes, (ii) assessment of
the hydraulic gradient as a reference of the hydraulic
filter stability and (iii) development of generic de-
sign formulae for the hydraulic filter stability. The
understanding of the hydro-geotechnical processes
underlying filter stability and the threshold values of
the filter stability in terms of equivalent critical wave

parameters are the focus of this paper. Concerning
this, these processes including grain motion, layer
mixing and subsidence as the result of contact ero-
sion and internal erosion are the key aspects. The
understanding of these processes is the objective for
the final development of hydraulic filter criteria for
granular filters in marine environments.

1.3 Methodology

In order to study the hydraulic and hydro-
geotechnical processes of granular filters a test setup
is developed. For this purpose, the new alternating
flow facility (at the Federal Waterways Engineering
and Research Institute (BAW) in Karlsruhe, Germa-
ny) is applied for the first time and a new test cell is
designed, constructed and deployed for the hydraulic
filter tests. The experimental setup consists of a
gravel filter layer placed on a sand layer and subject
to an oscillatory flow perpendicular to the interface
of these layers. The hydraulic load is increased step-
wise during the test series while the movement and
vertical displacement of the base and filter layer are
observed. At the same, time the pore pressure in the
cell centre in different layers and the filter velocity at
the inlet and outlet of the test cell are measured.
With these hydraulic parameters, the hydraulic be-
haviour is analysed for each filter configuration with
different geotechnical parameters. Before and after
each test series, the grain size distribution of the fil-
ter material in several layers is determined by sieve
analysis.
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Figure 1. Oscillatory flow facility at the Federal Waterways Engineering and Research Institute in Karlsruhe (modified after Kayser

et al., in press).

The hydro-geotechnical behaviour and the temporal
changes in the geotechnical parameters of the filter
are studied. The stability of the filter can finally be
classified into stable, unstable or semi-stable condi-
tions. This includes the hydraulic threshold values at
the time of the incipient motion due to contact ero-
sion.

The analysis of the hydraulic filter tests is focused
on the following key aspects (i) the hydraulic behav-
iour of stable filters without particle movement, (i1)
the hydraulic gradient as a function of equivalent
wave parameters, (iii) comparison of the hydraulic
behaviour of stable and unstable conditions (iv) de-
termination of the hydro-geotechnical parameters in-
cluding permeability and relation between hydraulic
gradient and filter velocity and the associated dy-
namics, (v) grain motion, vertical displacement and
layer mixing as a result of erosion processes and (vi)
comparison of the hydro-geotechnical behaviour of
filters under unidirectional and oscillatory flow. A
special experimental setup is therefore developed
and precise measuring and analysis techniques are
applied, as specified in the following chapter.

2 EXPERIMENTAL SETUP

2.1 Alternating flow facility

The study of the hydro-geotechnical processes of
granular filters is performed with a new test facility.
The alternating flow facility is developed at the Fed-
eral Waterways Engineering and Research Institute
(BAW) in Karlsruhe based on the experience gained
from previous investigations of Kdhler (1993). The
test facility is equipped, calibrated and applied for
the first time in this research project. Figure 1 shows
a photo of the test facility with the main components
(A) pressure tanks, (B) flow meter, (C) control com-
puter and (D) test cell.

The key advantages of this facility are the adapta-
bility for different test cells, the generation of high
pressure up to 9 bar, the high accuracy of measure-
ment and control devices, the potential of fast chang-
ing pressures up to 0.5 bar/s (= 5 mH,0/s) and the
possibility to generate predefined pressure time se-
ries of different patterns, for instance irregular time
series in place of natural sea states (Kayser et al., in
press).

A new test cell is developed for the use in the os-
cillatory flow facility especially for wide-graded
granular filters with a grain size up to 30 mm. The
arranged test cell is shown in Figure 2 including a
definition sketch and a photograph.
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Figure 2. Definition sketch and photo of the arranged test cell
with measuring and control devices (dimensions in mm).

The following requirements are met with the new
test cell: (1) measurement of pore pressure in the cell
centre, (i1) measurement of the filter velocity at the
cell inlet and outlet, (iii) monitoring of the vertical
filter displacement, (iv) measurement of the imposed
load at the top of the filter, and (v) measurement of
the stress at the bottom of the test specimen. There-
fore, the cell and the facility are equipped with high-
precision pressure transducers, flow meters adapted
for different measuring ranges, high-definition video



cameras, inductive displacement transducers and a
special waterproof force transducer.

2.2 Test Programme

In the context of wind-induced water waves, present
in offshore environment, significant hydraulic pa-
rameters are determined for three different water
depths d =5 m, 25 m and 45 m. The hydraulic load,
based on equivalent wave parameters (in relation to
waves with a free water surface), is increased incre-
mentally up to an equivalent maximum wave height
H. The maximum wave height H is dependent on the
water depth d (not to be confused with the grain size,
e.g. dsp, since the water depth d is declared in this
paper without indices). The maximum wave height
is determined for near-breaking waves and therefore
related to water depth d with H/d <0.78 (breaker in-
dex) after McCowan (1891) and to the wave length L
by the maximum wave steepness H/L <0.142, de-
pendent on the water depth d after Miche (1944).

A new approach based on linear wave theory is
developed for the determination of the pressure am-
plitude a, and the frequency f, controlled in the os-
cillatory flow facility. Figure 3 shows the approach,
starting with the maximum breaker index H/d = 0.78
in a relevant range of water depth d (here:
Sm<d<45 m) and maximum wave steepness
H/L =0.142. The wave period T (or frequency f) is
determined based on the water depths d and wave
length L. In the next step, the pressure pp.; at the
seabed is calculated according to linear wave theory
(Dean & Dalrymple, 1991). During the test the time
series are recorded using a sampling rate of 100 Hz.
These time series are analysed and the achieved
equivalent wave parameters are determined with the
use of the reversed pressure formula according to the
linear wave theory (Figure 3).
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Figure 3. Approach for the determination of control inputs of
the test facility (in Figure 1) based on the linear wave theory.

2.2.1 Hydraulic parameters

The main test programme listed in Table 1 is per-
formed for various filter types (see section 2.2.2 and
Table 2) with an equivalent water depth of d =25 m.
These tests were repeated for water depths d = 5 m
and 45 m. Besides the main tests, additional tests are
performed in order to achieve intermediate values of
the breaker index H/d and the wave steepness H/L.

Table 1. Main test programme for the filter in Table 2.

Breaker index H/d 0.78 0.45 0.30
Wave steepness H/L

0.142 0 X R

0.090 X X o
0.080 X X )

([x] main tests, [0] additional tests).

The hydraulic gradient is increased stepwise by
increasing the equivalent wave height H and wave
frequency f until the incipient motion of the base ma-
terial at the filter interface is approximately reached
and in some cases up to critical unstable conditions.

2.2.2 Geotechnical and geometrical parameters
Different filter gradations are studied with coeffi-
cients of uniformity (Cy) in a range of 2.3 < Cy < 6.6
(at initial state) and with an initial filter-base ratio of
2.3 <d;sp/dssp < 19.9. The test programme is per-
formed with four filter types F1A, FIB, FIC and
F2A, shown with the grain size distribution in Figure
4. Filter type F1A is repeatedly tested in three test
series F1A1, F1A2 and F1A3 and the filter type F2A
was tested with two test series F2A1 and F2A2 un-
der different hydraulic conditions and to ensure re-
peatability. The slight variation of the geotechnical
parameters and grain size distribution occurred due
to deviations in weighing, mixing, sampling and
sieving of the filter material.
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Figure 4. Grain size distribution of the specimen at initial state.

The superimposed load at the top of the filter is de-
termined with pj.s = 30 kN/m?, in place of the dead
load of a cover layer. Further studies are realised
with a superimposed load of pj,.s=5 kN/m? and
15 kN/m?. Table 2 outlines the main parameters of
the base and filter material applied in the hydraulic



experiments. The test series are performed for four
filter types (F1A, F1B, F1C and F2A) with overall
seven filter configurations (identified by the suffix 1,
2 or 3).

Table 2. Geotechnical parameters of base and filter material at
initial state*.

dise/dssp disp/dsos dis dso dss Cy Cc
- - mm mm ~—mm - -

Base - - 021 025 027 13 1.2
F1A1 4.5 4.8 120 373 565 59 15
F1A2 4.5 4.8 120 373 565 59 15
F1A3 43 4.6 1.15 485 499 6.6 19
F1BI1 199 213 536 12.17 18.03 55 1.7
F1Cl1 2.3 24 061 107 164 23 12
F2A1 8.3 8.9 224 784 1089 48 1.7
F2A2 9.9 10.5 2.65 557 561 25 19

* The geotechnical parameters deviate from the initial state in
case of contact erosion or internal erosion.

Cy = dgy/d,y, coefficient of uniformity;

Cc = dsp*/(dspd ), coefficient of curvature.

Typical grain size distributions are selected for the
filters with regard to the filter criteria after Ter-
zaghi & Peck (Terzaghi & Peck, 1961) for filter
F1A, F1B and F2A as well after de Graauw et al.
(1983) for filter F1C. The target grain size distribu-
tion of the filter is defined by the grain size d;sr at
15% mass percentage passing and by the coefficient
of uniformity Cy shown in Table 2. The different fil-
ter configurations are combined with one specific
base material in all tests (see Table 2).

3 RESULTS AND DISCUSSION

3.1 Hydraulic processes of stable filters

The laboratory tests with the oscillatory flow facility
provided a sufficient data basis for the analysis of
hydraulic and hydro-geotechnical processes in
granular filters.

At first, the focus was put only on the hydraulic
conditions of the test specimen under stable condi-
tions without any transport of base material. There-
fore, each test is classified by stable, semi-stable and
unstable conditions and only the test series with sta-
ble filter conditions are selected for the hydraulic
analysis (shown in Figure 5). As the significant hy-
draulic gradient occurs in the base material (level 5)
below the interface to the filter (level 6), the maxi-
mum hydraulic gradient i5 s is determined (see Figure
2) by the following equation:

p, —p
. b 1
fup =| 22| (1)

PW g Ala’b

where: i,;, = hydraulic gradient between level a
and level b; g =acceleration due to gravity in m/s?;
pw = density of the fluid in kg/m? (here: 1000 kg/m?);
pa=pressure (relative) at level a in N/m?
p»=pressure (relative) at level b in N/m?* and
Al = distance between level a and level b.

The hydraulic gradient iss between level 5 and
level 6 at the interface in the base material (see Fig-
ure 2) is analysed as a function of the wave parame-
ters (see Figure 5).
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The tests are classified by the stability, and a good
correlation is found for the hydraulic gradient of sta-
ble filter conditions with the breaker index H/d
(Figure 5 a) and with the wave steepness H/L (Figure
5 b). In addition, a good correlation exists for the
hydraulic gradient with H?%/(d-L) as a product of
wave steepness H/L and breaker index H/d (Figure 5
c) for stable filters. It becomes apparent that the
wave parameter H?%(d'L), as a function of wave
height H, water depth d and wave period 7, is an ad-
equate indicator for the filter stability.

Compared to stable filters, higher hydraulic gra-
dients (between level 5 and 6) occur for semi-stable
and unstable filters, if the permeability of the filter is
reduced due to infiltration or clogging, and lower
hydraulic gradients occur in case of increasing per-
meability of the filter due to local liquefaction at the
interface of base and filter or internal erosion in the
filter layer. The filter behaviour can be observed by
the displacement of the filter top and by a shifting of
the boundary between the base and filter layer. In
addition, the filter stability is determined through
changes in the hydraulic behaviour, identified by
changes in the permeability.

The connection between wave parameters and the
maximum hydraulic gradient at the interface of base
and filter is the first important step for the descrip-
tion and assessment of the filter stability. Following
this, the establishment of the relation between wave
parameters and filter stability is needed. Therefore,
the limits of stable and semi-stable filter conditions
are shown in Figure 6 with the reached maximum of
the parameter H?/(d-L). The highest stability is
achieved for filter configuration F1Cl1, since the fil-
ter-base ratio of d;sr/dgsp = 2.3 and the coefficient of
uniformity Cy = 2.3 are lower compared to the low-
est stability of filter configuration F2A1 with
d15F/d85B =8.3 and CU= 4.8.
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Figure 6. Maximum wave parameter H%(d-L) for the filter con-
figurations for stable and semi-stable conditions.

Figure 6 shows the limits of the filters as a func-
tion of the equivalent wave parameter: wave height
H, wave period T and the water depth 4. Beyond
these limits the base material incipiently erodes at
the interface and the filter is no longer statically sta-
ble. In the case of filter F1C1 no unstable but semi-
stable conditions are achieved even though the max-

imum hydraulic load of the test facility is reached
(H/d=0.91; H/L =0.192). This filter indicates a ge-
ometrically closed filter and, therefore, this case is
used as a reference for the hydraulic behaviour under
undisturbed conditions without particle movement.

In summary, it can be stated that the hydraulic
gradient is described as a function of extreme wave
conditions including the threshold values for wave
steepness and breaker index. With the hydraulic be-
haviour shown in Figure 5 and Figure 6 the connec-
tion of wave parameters and the filter stability can be
established, hereby a key result for the design of ge-
ometrically open filters is achieved.

Besides the hydraulic behaviour of stable filters,
the changing of hydro-geotechnical processes need
to be analysed depending on the filter stability,
shown in following section, in order to describe the
dynamic filter behaviour.

3.2 Hydro-geotechnical processes depending on the
filter stability

In order to identify the incipient motion of the base
material due to contact erosion and to describe the
hydro-geotechnical filter dynamics, the hydraulic
behaviour of the base and filter layer is analysed.
Therefore, the hydraulic gradient i; s between the top
of the filter (level 1) and the interface of the base and
filter material (level 5) is determined and compared
with the filter velocity v, Figure 7 exemplarily
shows in a) the time series of the filter velocity vy,
measured at the cell inlet, and in b) the hydraulic
gradient i; s under stable and unstable conditions.
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Figure 7. Time series of hydraulic gradient i, 5 and filter veloci-
ty v¢in comparison of stable and unstable filter conditions.
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For the comparison of the filter stability, these two
tests are selected. The filter velocity vy is plotted in
comparison with the hydraulic gradient i; 5 for stable
and unstable filter conditions. It becomes apparent
that, the higher the wave height H, the higher the fil-
ter velocity vrand the hydraulic gradient 7; 5.

A phase shift A¢ between filter velocity vy and hy-
draulic gradient i;s occurs in the order of
At=0.2 - 0.4 s. This phase shift is induced by accel-
eration and inertia of the water column in the oscilla-
tory flow facility. The phase shift is considered as a
constant time offset for the graphs in Figure 8 and
Figure 9. Figure 8 illustrates the basic difference be-
tween stable and unstable filter conditions. The rela-
tion between the filter velocity v, and the hydraulic
gradient i;s for one pressure cycle (or equivalent
wave period 7) including the extreme values of wave
crest and wave trough is shown in Figure 8 a).
Moreover, the development of the ratio a; s = i; 5/vy
over many cycles as comparatively depicted in Fig-
ure 8 b) shows the change over time under stable
conditions (H=4.99 m; T=10.99 s) and for unsta-
ble conditions (H =25.94 m; T="7.19 s).
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The change of the gradient in the relation of the
hydraulic gradient i; 5 and the filter velocity vy can be
assigned to the filling of filter pores through the
transport of base material caused by contact erosion.
Under stable conditions no change ina;s =1i;s5/vy
can be observed compared to semi-stable and unsta-
ble conditions, where the hydraulic gradient starts to
change or continuously increases. The degree of sta-
bility can be determined by the slope of the coeffi-

cient a; 5 in the time series (see Figure 8 b)). In case
of an approximation of the coefficient a; s to a steady
condition (asymptotic trend), the filter is classified
as semi-stable or dynamic stable, whereas a filter is
classified as unstable, if the parameter a; s is contin-
ually increasing. Furthermore, the parameter a; s is
proportional to the inverse Darcy permeability &y, but
the filter velocity in this case is measured for the
flow through filter and base layer in a row.

The varying geotechnical parameters of the filter
configurations (see Table 2) show a different hydrau-
lic behaviour for a similar hydraulic load indicated
by changes in the coefficients a and b of the Forch-
heimer equation:

iis :a~vf+b-vf- 7
where: i; 5 = hydraulic gradient between level 1 and
5; a=coefficient a of the laminar term in s/m;
b = coefficient b of the turbulent term in s*m?;
vy = filter velocity (measured at the cell inlet) in m/s.
The coefficients in the equations in Figure 9 are
based on the Forchheimer equation (equation 2), but
the hydraulic gradient ; s is related to the filter layer,
whereas the filter velocity vy is related to the total
setup of the base and filter layer. Nevertheless, the
function shows the qualitative changes of the perme-
ability dependent on the geotechnical parameters of
the filter layer. These characteristics give, together
with the temporal change of a; 5 = i; 5/v, (Figure 8 b),
the key indicator for the classification in stable,

semi-stable and unstable filter conditions.
Filter thickness = 400 mm; Filter configuration F2A1; d =25.80 m; T=9.52s
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The variation and change of the hydraulic behaviour
is the result of contact erosion and internal erosion,



associated with the change of permeability, porosity
and filter dimensions. Figure 9 a) and b) show a
change in the hydraulic gradient i; 5 as a function of
the filter velocity vy for an increasing hydraulic load,
whereas the hydraulic gradient in filter F2A2 is ap-
proximately constant at increasing equivalent wave
height H, the hydraulic behaviour of filter F2Al is
temporally changing and a higher hydraulic gradient
appears with the increasing hydraulic load. This pro-
cess can be explained on the one hand by the nonlin-
ear flow term and on the other hand by infiltration of
base material or clogging of the filter pores, as it is
analysed by displacement of the filter, grain size dis-
tribution of the filter material and by visual observa-
tion. With this approach it is possible to describe the
incipient motion with contact erosion and internal
erosion in terms of the changing hydraulic behav-
iour.

The differences between filter F2A2 and F2A1
are the coefficient of uniformity Cy and the filter
base ratio d;s5r/dssg. Whereas the filter-base ratio of
F2A1 is lower compared to F2A2, the coefficient of
uniformity Cy distinguishes the hydraulic filter sta-
bility. Both, the coefficient of uniformity Cy and the
filter-base ratio d;sz/dssp are the governing geotech-
nical parameters for the stability of granular filters
subject to oscillatory flow.

3.3 Assessment of settlement and displacement of
base and filter layer

The behaviour of the specimen is visually observed
by high definition video cameras from three sides
around the test cell. In addition, the vertical dis-
placement of the pressure plate at the top of the filter
is measured by three inductive displacement trans-
ducers. The settlement of the filter can be measured
indirectly by the vertical displacement of the top lev-
el through this approach. The vertical displacement
includes the settlement as well as the compaction
and mixing of the base and filter material. In Figure
10 the initial and final state of the specimen is shown
for one test series.

At the beginning of each test with increasing hy-
draulic load an initial displacement of the filter top is
observed. This effect can be assigned to a rear-
rangement of the load system and partly to elastic
compaction of the test specimen. Dependent on the
hydraulic load, the displacement is continuously in-
creasing after exceeding the actual threshold value of
the filter stability. At the same time, infiltration of
fine base material in the filter pores, mixing of base
and filter material, subsidence of filter grains into the
subsoil and descending of the interface in conse-
quence of contact erosion are visually observed. For
semi-stable filter conditions, these processes are de-
celerated and in some cases unsteady under oscilla-
tory flow. Similar processes were also observed and
described by Belyashevskii et al. (1972).

Top of the filter

Base-filter
interface

Initial state Initial state

it Vertical displacement at
the top of the filter

Base-filter
infiltration/
clogging

Subsidence of

filter material

due to contact
erosion

As = 50 mm

Final state Final state

a) Base and filter layer at initial state

b) Base and filter layer at final state

Figure 10. Initial and final state of the test specimen in the laboratory experiments (filter configuration F1A2) showing the vertical
displacement of the filter, base-filter intermixture and the caving of the filter material due to contact erosion.



For a better classification, a sieve analysis is per-
formed for each specimen before and after the com-
pleted test series. The mixing of the two layers by
contact erosion and internal erosion in the filter layer
is observed as shown in Figure 11.
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Figure 11. Grain size distribution of the individual layers of fil-
ter configuration F1A3 by sieve analysis.

The grain size distributions of the layer below and
above the interface with a thickness of 5 cm show
the mixing of base and filter material compared to
the initial state of filter configuration F1A3. The
content of the fine fraction increases in the filter lay-
er and the content of the coarse fraction increases in
the base layer. The sieve analysis shows the expected
effect of contact erosion along with the visually ob-
served material movement and the measured chang-
es in the hydraulic behaviour in terms of the increas-
ing permeability in the base layer and the decreasing
permeability in the filter layer. The grain size distri-
bution shows in addition the changes in the soil me-
chanics and the stress conditions. In this context, the
stress transmission matrix changes by the percentage
of fine fractions in the matrix. Through this effect,
the dynamic filter stability increases over time due to
infiltration of the base material in the pore space of
the filter. This is a positive effect for the stress con-
dition but on the other hand the internal erosion of
grains in the porous matrix increases if the critical
hydraulic load is reached. This leads together with
the contact erosion and infiltration to a change of the
total volume as observed by the vertical displace-
ment. In the laboratory experiments a geotextile fil-
ter mat at the pressure plate on top of the filter is
needed to reduce the soiling of the test facility. Ex-
ternal suffusion cannot take place because of this
model effect and the test series is finished in case the
base material reaches the geotextile filter or the load
system reaches the limit.

3.4 Comparison of oscillatory and unidirectional
flow

The programme of the laboratory experiments with
the oscillatory flow facility included the comparison
of oscillatory and unidirectional flow. The objective
is the improvement of the understanding of hydraulic

and hydro-geotechnical processes of granular filters.
The comparison of unidirectional and oscillatory
flow is shown in Figure 12 with time series of the
hydraulic gradient iss (see equation 1) in Figure 12
a) and the vertical displacement of the top of the fil-
ter in Figure 12 b). In both tests a maximum hydrau-
lic gradient of 7.6 = 6.5 is achieved in between
layer 5 and 6 (see Figure 2).
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a) Hydraulic gradient is s between layer 5 and 6.
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Figure 12. Comparison of unidirectional and oscillatory flow
with a) hydraulic gradient is ¢ and b) displacement s (filter con-
figuration F1A3).

The displacement of the top of the filter (Figure 12
b)) continuously increases under oscillatory flow in
contrast to unidirectional flow, where no displace-
ment is measured. In addition, the material motion is
visually observed through the transparent cell wall. It
is found that contact erosion is the governing process
for this displacement by comparing the grain size
distribution at the initial and final state of the base
and filter material (see Figure 11).

In the case of the filter configuration F1A3 (see
Table 2) the filter is stable at the interface under os-
cillatory flow up to an equivalent breaker index of
H/d=0.24 and an equivalent wave steepness of
H/L =0.05. Exceeding these limits, the fine base ma-
terial is incipiently eroded at an equivalent breaker
index of H/d=0.36 and an equivalent wave steep-
ness of H/L = 0.08, while the filter remains statically
stable under upwardly unidirectional flow at the
same maximum hydraulic gradient of 7,456 = 6.5.
Although the geometrical filter criteria for unidirec-
tional flow d;s/dssp = 4.3 <5 after Terzaghi & Peck



(1961) is fulfilled, the filter is not stable under oscil-
latory flow.

According to former studies, the hydraulic stabil-
ity of granular filters under oscillatory and unidirec-
tional flow differs. The results are in agreement with
previous studies (cf. Belyashevskii et al., 1972; Mo-
lenkamp et al., 1979; de Graauw et al., 1983; Klein-
Breteler et al., 1992; Kohler, 1993) in the sense that
the stability of granular filters under oscillatory flow
is lower compared to that under unidirectional flow.
Geometrical filter criteria, developed for unidirec-
tional flow, cannot be applied for oscillatory flow
since the filter structure is affected by the cyclic pore
pressure and associated effective stresses.

In addition, a lower friction between the grains
occurs under oscillatory flow but a lower drag coef-
ficient due to flow separation in the grain boundary
layer reduces the flow resistance (Gent, 1992; Hall et
al., 1995).

From another perspective besides the static stabil-
ity of granular filters without any particle movement,
an approach with semi-stable or dynamic filters is
needed for filter structures subject to strong oscilla-
tory flow. Otherwise, a lower filter ratio (like filter
F1Cl1: d;sp/dssp < 2.3) and a uniformity coefficient
(like filter F1C1: Cy = dgspr/d;or < 2.3) is needed in
order to achieve a geometrically closed filter.

4 CONCLUSIONS

The research project was initiated for the improve-
ment of the understanding of hydro-geotechnical
processes, assessment of the hydraulic gradient as
controlling factor of the hydraulic filter stability and
the final development of generic design formulae for
the hydraulic filter stability.

The hydraulic behaviour of stable filters was,
therefore, analysed first without any particle move-
ment in order to achieve a proper correlation of the
hydraulic gradient as a function of equivalent wave
parameters. This results in a function of the hydrau-
lic gradient is 4 at the interface between the base and
filter depending on the wave height H, wave length
L and the water depth d (see Figure 6 c)). The equiv-
alent breaker index of H/d and the equivalent wave
steepness of H/L combined in their product H%(d-L)
are highly correlated to the hydraulic gradient iss of
stable filter conditions.

Furthermore, the comparison of stable and unsta-
ble filter conditions showed the basic difference in
the hydraulic behaviour and gives as a result of this a
suitable indicator for the classification of the filter
stability. The determination of the hydro-
geotechnical parameters including the ratio of hy-
draulic gradient and filter velocity a;s=1i;5/vy was
used to classify the degree of filter stability. The as-
sociated filter dynamics in terms of grain motion,
vertical displacement and layer mixing as a result of

the erosion processes was described by visual obser-
vations and by sieve analyses. On this, the geotech-
nical and hydraulic changes caused by contact ero-
sion, infiltration, clogging and internal erosion were
illustrated.

All these hydro-geotechnical effects of the filters
were discussed in comparison of unidirectional and
oscillatory flow. In case of upwardly unidirectional
flow, the filter remains statically stable without con-
tact erosion (d;sp/dssp=4.3; Cy=6.6). Compared
with oscillatory flow under the same maximum hy-
draulic gradient (i,.ys6 = 6.5) the finer base material
is incipiently eroded at the interface. The higher fil-
ter stability under unidirectional flow is mainly ob-
tained by bridging of the base material at the pores
of the filter material (e.g. van der Meulen, 1983 and
de Graauw et al., 1983), where the finer grains of the
base material clog the pores of the filter at the inter-
face by bridging.

For granular filters exposed to strong cyclic flow,
both a lower base-filter ratio d;s#/dssp and a lower
coefficient of uniformity Cy are needed or dynamic
design approaches need to be applied.

These first results are subject to the limitations of
the laboratory experiments including the damping in
the base material due to the finite layer thickness,
uncertainty in the gas content (saturation) and possi-
ble variations in the bulk density of base and filter
layer.

Besides these specified results, further investiga-
tions are planned for the development of generic
formulae for the hydraulic filter stability under oscil-
latory flow considering the most relevant processes
and influencing factors: (i) extension and improve-
ment of the hydraulic gradient as a function of wave
parameters, (ii) improvement of the understanding of
hydro-geotechnical processes of semi-stable or dy-
namic filters, (iii) development of theoretical models
for the determination of temporal changes in the hy-
dro-geotechnical filter characteristics as a basis for
the further development of numerical models.
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