






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/d85B  d15F/d50B   d15  d50    d85  CU CC 

________________________________________ 
      -    -  mm    mm   mm       -    - _______________________________________________ 
Base     -    -    0.21    0.25   0.27 1.3 1.2 
F1A1    4.5    4.8    1.20    3.73   5.65 5.9 1.5 
F1A2    4.5    4.8    1.20    3.73   5.65 5.9 1.5 
F1A3    4.3    4.6   1.15    4.85   4.99 6.6 1.9 
F1B1   19.9  21.3    5.36  12.17 18.03 5.5 1.7 
F1C1     2.3    2.4    0.61    1.07   1.64 2.3 1.2 
F2A1    8.3    8.9    2.24    7.84 10.89 4.8 1.7 
F2A2    9.9  10.5   2.65    5.57   5.61 2.5 1.9 _______________________________________________ 
* The geotechnical parameters deviate from the initial state in 
case of contact erosion or internal erosion. 
CU = d60/d10, coefficient of uniformity; 
CC = d30²/(d60·d10), 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 d15F at 
15% mass percentage passing and by the coefficient 
of uniformity CU 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 i5,6 is determined (see Figure 
2) by the following equation: 
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where: ia,b = hydraulic gradient between level a 
and level b; g  = acceleration due to gravity in m/s²; 
�!w = density of the fluid in kg/m³ (here: 1000 kg/m³); 
pa = pressure (relative) at level a in N/m³; 
pb = pressure (relative) at level b in N/m³; and 
Δl = distance between level a and level b. 

 
The hydraulic gradient i5,6 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). 

 

 
a) Hydraulic gradient i5,6 as a function of the breaker 

index H/d. 
 

 
b) Hydraulic gradient i5,6 as a function of the wave 

steepness H/L. 
 

 
c) Hydraulic gradient i5,6 as a function of H²/(d·L). 

 
Figure 5. Hydraulic gradient i5,6 as a function of wave parame-
ters H/d in a), H/L in b) and H²/(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 H²/(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 H²/(d∙L), as a function of wave 
height H, water depth d and wave period T, 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 H²/(d∙L). The highest stability is 
achieved for filter configuration F1C1, since the fil-
ter-base ratio of d15F/d85B = 2.3 and the coefficient of 
uniformity CU = 2.3 are lower compared to the low-
est stability of filter configuration F2A1 with 
d15F/d85B = 8.3 and CU = 4.8. 

 
Figure 6. Maximum wave parameter H²/(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 d. 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 i1,5 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 vf. Figure 7 exemplarily 
shows in a) the time series of the filter velocity vf, 
measured at the cell inlet, and in b) the hydraulic 
gradient i1,5 under stable and unstable conditions. 

 
a) Time series of the filter velocity vf. 

 
b) Time series of the hydraulic gradient i1,5. 

 
Figure 7. Time series of hydraulic gradient i1,5 and filter veloci-
ty vf in comparison of stable and unstable filter conditions. 
stable:  H =   4.99 m; T = 10.99 s; d = 25.80 m; F2A2 
unstable: H = 25.94 m; T =   7.19 s; 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; Köhler, 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 
F1C1: d15F/d85B ≤ 2.3) and a uniformity coefficient 
(like filter F1C1: CU = d60F/d10F ≤ 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 i5,6 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 H²/(d·L) 
are highly correlated to the hydraulic gradient i5,6 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 a1,5 = i1,5/vf 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 (d15F/d85B = 4.3; CU = 6.6). Compared 
with oscillatory flow under the same maximum hy-
draulic gradient (imax5,6 = 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 d15F/d85B and a lower 
coefficient of uniformity CU 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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