








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*.

d15F/d853 d15F/d5OB d15 d50 d85 CU CC

- - mm mm ~—mm - -

Base - - 021 025 027 13 1.2
F1A1 4.5 48 120 373 565 59 15
F1A2 4.5 48 120 373 565 59 15
F1A3 43 46 1.15 485 499 66 19
F1BI 199 213 536 12.17 18.03 55 1.7
F1Cl1 23 24 061 107 164 23 12
F2A1 8.3 89 224 784 1089 48 1.7
F2A2 99 105 265 557 561 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:

.- (1)

where: i,;, = hydraulic gradient between level a
and level b; g =acceleration due to gravity in m/s?;
I, = 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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Figure 5. Hydraulic gradient is4 as a function of wave parame-
ters H/d in a), H/L in b) and H%(d'L) in c) under stable filter
conditions.



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.
stable: H= 499m; T=10.99s; d=25.80 m; F2A2
unstable: H=2594m; T= 7.19s;d=25.94 m; F2A2












(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.

ACKNOWLEDGEMENT

The project "KOFIMARS” (Project No. Ou 1/16-1)
is funded by the German Research Foundation
(DFG). The Federal Waterways Engineering and Re-
search Institute (BAW), Karlsruhe is cooperation
partner and kindly provides the oscillatory flow test-
ing facility.



REFERENCES

Belyashevskii, N.N., Bugai, N.G., Kalantyrenko, I.I. & Top-
chii, S.L. 1972. Behavior and selection of the composition
of graded filters in the presence of a fluctuating flow: Hy-
drotechnical Construction. Hydrotechnical construction 6
(6), pp. 541-546. doi:10.1007/BF02377774.

de Graauw, A., van der Meulen, T. & van der Does de Bye, M.
1983. Design criteria for granular filters. Delft Hydraulics,
Delft, 25 p.

Dean, R.G. & Dalrymple, R.A. 1991. Water wave mechanics
for engineers and scientists. World Scientific, Singapore,
Teaneck, NJ, xiii, 353 p.

Gent, M.R.A. van 1992. Formulae to describe porous flow.
Faculty of Civil Engineering, Delft University of Technolo-
gy, [Delft], 50 p.

Hall, K.R., Smith, G.M. & Turcke, D.J. 1995. Comparison of
oscillatory and stationary flow. Coastal Engineering Vol.
24, pp. 217-232.

Kayser, J., Kunz, E., Karl, F., Schiirenkamp, D. & Oumeraci,
H. in press. A New Test Apparatus for Alternating Flow in
Geotechnical Engineering, in: Geotechnical Testing Journal
(GTJ) (Ed.). ASTM, Philadelphia, Pa.

Klein-Breteler, M., Den Adel, H. & Koenders, M.A., 1992. Ta-
ludbekledingen van gezette steen. Ontwerpregels voor het
filter.: Report M1795 / H195, part XXI. Deltares, Delft, 610

p-

Kohler, H.-J. 1993. The influence of hydraulic head and hy-
draulic gradient on the filtration process, in: Filters in Ge-
otechnical and Hydraulic Engineering. Proceedings of the
First International Conference 'Geo-Filter'. First Interna-
tional Conference 'Geo-Filter', Karlsruhe, Germany. 20.-
22.10.1992. CRC Press, Boca Raton, Florida, USA, p. 11.

McCowan, J. 1891. On the Solitary Wave. The London, Edin-
burgh and Dublin Phiosophical Magazine and Journal of
Science vol. 32 (no. 5), pp. 1-45.

Miche, M.R. 1944. Mouvement ondulatoires de la mer en
profondeur constante ou décroissante. 1944, pp. 25-78.

Molenkamp, F., F, C.E.O., Heusdens, J.J. & Koenders, M.A.
1979. Cyclic filter tests in a triaxial cell, in: Proc. 7th Euro-
pean Conference on Soil Mechanics and Foundation Engi-
neering. 7th European Conference on Soil Mechanics and
Foundation Engineering, Brighton, pp. 97-102.

Shire, T. 2014. Micro-scale modelling of granular filters: Ph.D,
257 p.

Terzaghi, K. & Peck, R.B. 1961. Die Bodenmechanik in der
Baupraxis. Springer, Berlin [u.a.], 585 p.

van der Meulen, T., 1983. Granulaire filters: Stroming lood-
recht op scheidingsvlak M 898-I1I. Delft Hydraulics Labor-
atory, Delft, 50 p.



