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AbstrAct 
Backward erosion piping is a failure mechanism at dams and levees that is normally accounted for in design. 
However, effects from climate change, land subsidence and socio-economic developments may lead to 
increased design loads, requiring strengthening of existing structures. A recent development applicable in 
existing flood defences is the coarse sand barrier: a granular filter constructed near the downstream side of 
the flood defence, but without the explicit drainage facility usually installed in the case that granular filters 
are applied at embankment dams. This drainage will instead be created by backward erosion piping during the 
first significant flood situation occurring after installation of the filter. This is illustrated for a pilot application 
behind the levee at Gameren, along the Waal River in the Netherlands.

1. introduction
1.1	 Significance	of	backward	erosion	piping
Backward erosion piping (BEP) is a type of internal erosion that poses a threat to both embankment dams and levees 
founded on a granular aquifer below a cohesive blanket layer. The groundwater flow through the aquifer, driven by the 
hydraulic head over the flood defence, may lead to erosion of grains at the downstream side after cracking of the blanket 
layer due to heave (ICOLD, 2017). An increase of the head results in a sand boil, the formation of an erosion lens below 
the blanket, and one or more pipes that grow upstream until a new equilibrium has been reached and the erosion process 
stops. However, beyond a certain pipe length, corresponding to the so-called critical head, on-going erosion including 
pipe growth to the upstream side and enlargement of the pipes is inevitable and failure will occur (Van Beek et al., 
2011).
The effects of climate change and land subsidence lead to increased hydraulic loads on flood defences over the coming 
decades (Hallegatte et al., 2013; Galloway et al., 2016). Meanwhile, flood protection standards generally contain a certain 
return period or similar requirement, which varies from country to country, forcing improvements to existing flood 
defences to meet these flood protection standards (Winsemius et al., 2016). Moreover, socio-economic developments may 
lead to raising these standards, as for instance happened in the Netherlands in 2017 (Klijn et al., 2016; Schweckendiek 
et al., 2015). In many cases, this urges to improvement measures applicable to existing structures.

1.2	 Available	solutions
Generally, four groups of solutions are available: an increase of the horizontal seepage length, e.g. by a berm, a vertical 
screen, e.g. a sheet pile wall, a drainage, e.g. by relief wells, or a filter. This paper presents a novel application of a 
granular filter: the so-called coarse sand barrier.
In the state of practice as described in ICOLD Bulletin 95 on granular filters, all applications include a constructed 
drainage measure towards an exit point downstream (ICOLD, 1994). Recently, the use of a vertically inserted sand-
retaining geotextile as a filter in the seepage and erosion path was proposed as a remedial measure for existing levees 
with emerging backward erosion piping issues (Förster et al., 2015). Here, a specific drainage measure is missing, 
reasoning that drainage will be provided by the pipes forming downstream of the geotextile. This geotextile blocks 
erosion and subsequent pipe growth further upstream. This same line of reasoning is followed with the coarse sand 
barrier, leading to significant savings on reconstruction costs.
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2. the coArse sAnd bArrier
The effectiveness of the coarse sand barrier relies on both a lower hydraulic load on the barrier particles, as a result 
from its higher permeability and a higher resistance against particle detachment compared to the untreated natural 
background sand in the aquifer.
The barrier is constructed by excavating a shallow trench in the aquifer near the landside toe of the existing levee, 
filling this trench with appropriate filter sand to a level slightly above the interface between the aquifer and the blanket 
layer and covering the trench with a cohesive material. The resulting situation is schematically indicated in Figure 1. 
After cracking of the cover layer and in the crack at the weakest point (often a ditch), pipe progression is governed by 
a combination of loosening of grains at the tip of the pipe (primary erosion) and transport of grains on the bottom of 
the pipe (secondary erosion).  Primary erosion is considered to be driven by the local hydraulic gradient at the tip of the 
pipe, fluidizing a group of grains at the pipe tip (Hanses, 1985; Van Beek et al., 2015; Robbins et al., 2018; Vandenboer, 
2019). Secondary erosion can be modelled by limit equilibrium of forces on grains on the bottom of the pipe (Sellmeijer, 
1988; Van Beek et al., 2015).

Figure	1 : Concept of the coarse sand barrier: situations without and with a barrier (Rosenbrand et al., t.b.p.).

As illustrated in Figure 1, the hydraulic load on the barrier is reduced in two ways. Firstly, the overall head drop will 
dissipate predominantly in the aquifer upstream of the barrier, due to the higher hydraulic conductivity of the barrier. 
Secondly, the pipe will progress parallel to the barrier at the downstream side of it, prior to damaging the barrier as found 
in experiments at various scales (Negrinelli et al., 2016; Rosenbrand et al., 2018, 2019; Förster et al., 2019), resulting in 
a more or less 2-D flow pattern with less concentration of flow to possible pipe tips and consequently a lower loading. 
The requirements of the barrier material are similar to those stated in Bulletin 95 (ICOLD, 1994): internally stable, 
able to retain the base material, with a higher permeability than the permeability of the background sand and non-
cohesive. Moreover, segregation of the barrier material or mixing it with the base material during construction should 
be avoided.

3. Pilot APPlicAtion

3.1	 Site	description
As the application of a granular filter underneath a levee as a measure against piping is novel, a pilot location has been 
carefully selected by the responsible water authority. This has been found close to the village  of Gameren,  along the  
Waal River  (see Figure 2).  After the flood of 1995, a new levee was built in front of a six centuries old levee which 
could not easily be adapted to meet the safety standards at that time. However, this new dike does not meet the current 
safety standards implemented in 2017, hence an improvement is necessary. For the 1.0 km long part between locations 
134 and 144, a coarse sand barrier is preferred. 
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Figure	2 : Pilot site along the Waal River at the village of Gameren.

The village of Gameren and the old levee were built on a river bank with a 5 to 8 metres thick clay layer and a thick sand 
layer of at least 30 metres underneath. The new levee was built mainly on sand, with a 0.5 to 2 m thick clay layer at the 
surface and a thin peaty layer with a very low permeability at a depth of around 6 m below the surface underneath most 
of the area, except at the most eastern part at location 135 and at a sand-filled channel between locations 140 and 141. 
As visible in Figure 2, the clay layer at the top has been removed at several locations, leaving shallow ponds between 
the old and the new levee. The wide area in front of the new levee between locations 137 and 143 is a former sand pit, 
mainly filled with various dredged materials.
As a result of the geology and the complicated recent history of the area, the geohydrological situation is rather complex, 
while a proper safety assessment regarding backward erosion piping, especially with a coarse sand barrier, requires a 
reasonable estimate of the geohydrology. Therefore, a large number of borings (indicated in Figure 2) and several cone 
penetration tests were carried out and a long-term pore pressure monitoring system was installed. Most of this system 
was already active during a moderate flood (approx. 10 year return period) in early 2018, facilitating the calibration of 
the geohydrological model used for the calculations.

3.2	 Safety	assessment	of	current	situation
The levee at Gameren is part of a larger levee system, for which a safety against flooding of 1:30.000 per year is stated 
by the Dutch law (Dutch Government, 2020). To translate this to an acceptable probability of failure for a specific failure 
mechanism for a specific part of the levee, both the subdivision over different (weakly dependent) failure modes and the 
subdivision over mutually independent failure locations (designated as the length effect) need to be taken into account 
(Schweckendiek et al., 2015). From a nation-wide calibration of safety factors (Huber et al., 2015), this results for the 
pilot site in a safety factor γmp of 1.61 to be applied to the results of calculations with the modified rule of Sellmeijer 
(Sellmeijer et al., 2011). In addition, another partial safety factor needs to be taken into account for the possible error 
due to the modelling of the subsoil and the geohydrological situation. In accordance with current practice, this factor γb 
has been estimated at 1.1 for the pilot site. 
Table 1 shows the results of a safety analysis for backward erosion piping for the current situation for all ten locations 
along the pilot site. The resulting shortage means that if the actual seepage length would be increased by this distance, 
the situation would be marginally safe, but this does not imply that no other measures to comply with the required safety 
against flooding can be taken.
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Table	1 : Shortages of seepage length according to the modified Sellmeijer rule along the pilot site at Gameren.

Location Deepage	
length	
(m)

Aquifer	
thickness	

(m)

Grain	
size	d70 

(mm)

Design	
head	(m)

Critical	
head	Hc	

head	(m)

Critical	head	
with	safety	
factors	Hc/
(γmp*γb)	(m)

Required	
seepage	
length	
(m)

Shortage	
(m)

134 120 40.5 0.219 5.87 6.68 3.77 171 51
135 140 3.9 0.219 7.17 13.28 7.50 134 -
136 143 8.0 0.155 7.17 9.92 5.60 183 40
137 82 8.3 0.155 7.20 5.94 3.36 176 94
138 123 6.0 0.155 7.20 9.27 5.24 169 46
139 112 5.7 0.218 7.20 9.88 5.58 144 32
140 127 41.2 0.218 7.20 6.99 3.95 232 105
141 129 8.3 0.218 7.20 10.27 5.80 160 31
142 122 7.3 0.247 7.20 10.58 5.98 147 25
143 129 6.3 0.261 7.20 11.79 6.66 140 11

The aquifer thickness varies mainly with the depth of the basal peat layer. At the two locations where this peat layer is 
absent, the thickness of the aquifer is much larger. At location 134, the blanket layer is not cut by a ditch, resulting in a 
higher exit level.
During the moderate floods which occurred in 2011 and 2019 (each with a recurrence period of about once every ten 
years), a large well was observed near location 143. This well did not seem to carry any sediments. Another observation 
was that the water level in the area between the old and the new levee was raised by almost half a metre above the 
inland water level used for the design, because of the inflow of groundwater and the poor drainage facilities towards the 
hinterland. Yet, the inland level still needs to be taken into account in the safety assessments, as the drainage situation 
may be improved in the future.

3.3	 Choice	of	barrier	material
The choice of the barrier material depends on the materials found in the vicinity of the barrier, as the filter rules should 
be obeyed. Figure 3 shows all grain size distributions from sieve tests on the sands close to the proposed location of 
the barrier, as well as the grain size distributions of the materials used in the laboratory tests (GZB1, GZB2, GZB3 and 
GZB5). GZB1 and GZB2 are mixtures of commercially available sands, while GZB3 is a commercially available fine 
filter sand. The materials GZB4 and GZB5 are proportionally upscaled variants of GZB1. Both GZB3 and GZB4 can be 
applied. Because of the better availability, there is a preference for GZB3.

Figure	3	: Grain size distributions as found in the aquifer at the pilot site and for various coarse sand barrier materials,  
indicating filter rules applied to the normative distributions (subscript ‘F’ refers to the filter or barrier material,  

subscript ‘B’ to the base or background material).
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3.4	 Safety	assessment	of	the	situation	with	a	coarse	sand	barrier
The geohydrological situation including a coarse sand barrier has been analysed for all ten locations with the DG Flow 
software package (Van Esch et al., 2013). It has been assumed that the strength of the coarse sand barrier ultimately 
depends on heave at the upstream side of the barrier, considering erosion inside the barrier leaving a slope as described by 
Van Rhee & Bezuijen (1992) of at least ten degrees. This is very likely to be a conservative estimate. For the GZB3 material 
the maximum gradient resisting heave would be 1.04. Based on experiments related to heave at rigid structures (Calle, 
1998), a partial safety factor γh of 1.7 is applied. Because at a granular filter in case of only limited sideways progression 
the 3D flow pattern is possibly even more unfavourable than for a more homogeneous situation (cf. Van Beek et al., 2015), 
an additional partial safety factor γ3D of 3 is applied. Further investigations into this aspect may lead to a reduction of this 
factor.   Finally, the partial safety factor γb as explained above is applied. This results in a criterion of 1.04/(γh*γ3D*γb) = 1.04/
(1.7*3*1.1) = 0.19 as a maximum permissible gradient. Table 2 shows the calculated values at the pilot site, which are all 
lower. Therefore, this granular filter provides a safe solution against backward erosion piping.

Table	2 : Hydraulic gradient in a coarse sand barrier at the pilot site.

Location Design	head	(m) Minimum	pipe	length	(m) Calculated	hydraulic	gradient	(-)
134 5.87 15 0.16
135 7.17 28 0.10
136 7.17 22 0.17
137 7.20 22 0.13
138 7.20 64 0.17
139 7.20 59 0.09
140 7.20 69 0.16
141 7.20 54 0.10
142 7.20 56 0.07
143 7.20 25 0.10

The minimum pipe length is the distance from the exit point to the coarse sand barrier. This has been taken into account by 
a slight reduction of the head difference, considering the flow resistance in a well-developed pipe (Van Beek, 2019).
An extensive failure tree analysis has been performed, considering causes from design, construction and management 
(Koelewijn, 2019). This indicated that all other possible causes of failure can be either excluded or minimized to such 
an extent that these are negligible.

4. conclusions
For the pilot site at Gameren, the application of a coarse sand barrier promises to solve the significant flood safety gap 
related to backward erosion piping there. The insufficient safety of this existing flood defence primarily derives from 
increased safety requirements and climate change resulting in a higher flood level to be accounted for than at the time of 
construction. The coarse sand barrier is a granular filter constructed near the downstream side of the flood defence, but 
without the explicit drainage facility usually installed in the case that granular filters are applied at embankment dams. 
This drainage will instead be created by backward erosion piping during the first significant flood situation occurring 
after installation of the filter.

AcKnowledgments
The water authority of Rivierenland and the Dutch Flood Protection Programme are greatfully acknowledged for their 
support to the described research.

reFerences
Calle, E.O.F. 1998. Probabilistische gevoeligheidsanalyse heave, fase 5, eindrapportage, report CO-370250/54. Delft: 
Grondmechanica Delft.
Dutch Government 2020. Bijlage II Normen voor dijktrajecten als bedoeld in artikel 2.2, eerste lid (signaleringswaarden), 
accessible at https://wetten.overheid.nl/BWBR0025458/2020-01-01#BijlageII
Förster, U., Bezuijen, A. & Van den Berg, S.G. 2015. Vertically inserted geotextile used for strengthening levees 
against internal erosion, In Winter, M.G., Smith, D.M. Eldred, P.J.L. & Toll, D.G. (eds.), Geotechnical Engineering 
for Infrastructure and Development: Proceedings 16th European Conference on Soil Mechanics and Geotechnical 
Engineering: 1995-2000. London: Taylor & Francis Group.
Förster, U., Koelewijn, A.R., Rosenbrand, E., Van Beek, V.M., Voogt, L., Bezuijen A. & Akrami, S. 2019. A coarse sand 
barrier as an alternative preventive measure against backward erosion piping, Geotechnical Engineering foundation 
of the future: Proceedings XVII European Conference on Soil Mechanics and Geotechnical Engineering, 8 pp. DOI: 
10.32075/17ECSMGE-2019-0545



6

Symposium on Sustainable Development of Dams and River Basins, 24th - 27th February, 2021, New Delhi

Galloway, D.L., Erkens, G., Kuniansky, E.L. & Rowland, J.C. 2016. Preface: Land subsidence processes, Hydrogeology 
Journal 24(3): 547-550. DOI: 10.1007/s10040-016-1386-y
Hallegatte, S., Green, C., Nicholls, R.J. & Corfee-Morlot, J. 2013. Future flood losses in major coastal cities. Nature 
Climate Change 3(9): 802-806. DOI: 10.1038/NCLIMATE1979
Hanses, U. 1985. Zur Mechanik der Entwicklung von Erosionskanälen in geschichtetem Untergrund unter Stauanlagen, 
Ph.D. thesis. Berlin: Grundbauinstitut der Technischen Universität Berlin.
Huber, M., Teixeira, A., Schweckendiek, T., Ter Horst, W. & Wojciechowska, K. 2015. Effects of system behaviour in 
the calibration of partial safety factors, Proceedings 5th Siegener Symposium “Sicherung von Dämmen, Deichen und 
Stauanlagen”, 229-232. Siegen: universi.
International Commission on Large Dams 1994. Embankment dams – granular filters and drains, Bulletin 95. Paris: 
ICOLD.
International Commission on Large Dams 2017. Internal erosion of existing dams, levees and dikes, and their foundations, 
Bulletin 164. Paris: ICOLD.
Klijn, F., Asselman, N.E.M., De Kruif, A., Bloemen, P.J.T.M. & Haasnoot, M. 2016. Implementing new flood protection 
standards: obstacles to adaptive management and how to overcome these, Proceedings 3rd European conference on flood 
risk management (Floodrisk 2016). E3S Web of conferences 7: 21003. DOI: 10.1051/e3sconf/20160721003
Koelewijn, A. 2019. Werkwijzer ontwerp grofzandbarrière voor Gameren, memorandum 11200952-014-GEO-0001. 
Delft: Deltares.
Negrinelli, G., Van Beek, V.M. & Ranzi, R. 2016. Experimental and numerical investigation of backward erosion 
piping in heterogeneous sands. In Harris, J., Whitehouse, R. & Moxon, S. (eds.), Scour and Erosion: Proceedings 8th 
International Conference on Scour and Erosion: 473-482. London: Taylor & Francis Group.
Robbins, B.A., Van Beek, V.M., López-Soto, J.F., Montalvo-Bartolomei, A.M. & Murphy, J. 2017. A novel laboratory 
test for backward erosion piping, International Journal of Physical Modelling in Geomechanics, 18(5): 266-279. DOI: 
10.1680/jphmg.17.00016
Rosenbrand, E., Van Beek, V.M., Van Esch, J.M., Förster, U., Koelewijn, A.R., Voogt, L., Bezuijen, A., Vandenboer, K. 
& Van Gerven, K. 2018. Investigation of the coarse sand barrier against backward erosion piping, In Keh-Chia, Y. (ed.), 
Scour and Erosion: Proceedings 9th International Conference on Scour and Erosion: 91-98. London: Taylor & Francis 
Group.
Rosenbrand, E., Van Beek, V., Koelewijn, A., Akrami, S., Förster, U., Van Gerven, K. & Bezuijen, A. 2019. Scale effects 
in coarse sand barrier experiments, In Bonelli, S., Jommi, C. & Sterpi, D. (eds.), Internal Erosion in Earthdams, Dikes 
and Levees: Proceedings 26th Annual Meeting EWG-IE, Milan 2018, LNCE 17: 301-312. Cham: Springer.
Rosenbrand, E., Van Beek, V.M., Bezuijen, A., Akrami, S., Terwindt, J., Koelewijn, A.R. & Foerster, U. to be published. 
Multi-scale experiments for a coarse sand barrier against backward erosion piping, submitted to Géotechnique.
Schweckendiek, T., Slomp, R. & Knoeff, H. 2015. New safety standards and assessment tools in the Netherlands, 
Proceedings 5th Siegener Symposium “Sicherung von Dämmen, Deichen und Stauanlagen”, 278-285. Siegen: universi.
Sellmeijer, J.B. 1988. On the mechanism of piping under impervious structures. Ph.D. thesis. Delft: Technical University 
Delft.
Sellmeijer, J.B., Lopéz de la Cruz, J., Van Beek, V.M. & Knoeff, J.G. 2011. Fine-tuning of the piping model through 
small-scale, medium-scale and IJkdijk experiments, European Journal of Environmental and Civil Engineering, 15(8): 
1139-1154.
Van Beek, V. 2019. Pipe gradient estimate, memorandum. Delft: Deltares.
Van Beek, V.M., Knoeff H. & Sellmeijer, H. 2011. Observations on the process of backward erosion piping in small-, 
medium- and full-scale experiments, European Journal of Environmental and Civil Engineering, 15(8): 1115-1137.
Van Beek, V.M., Van Essen, H.M., Vandenboer, K. & Bezuijen, A. 2015. Developments in modelling of backward 
erosion piping, Géotechnique 65(9): 740-754.
Van Esch, J.M., Sellmeijer, J.B. & Stolle, D. 2013. Modeling transient groundwater flow and piping under dikes and 
dams, Proceedings 3rd International Symposium on Computational Geomechanics (ComGeo III). London: Taylor & 
Francis.
Van Rhee, C. & Bezuijen, A. 1992. Influence of seepage on stability of sandy slope, Journal of Geotechnical Engineering, 
118(8): 1236-1240.
Vandenboer, K. 2019. A study on the mechanisms of backward erosion piping. Ph.D. thesis. Ghent: Ghent University.
Winsemius, H.C., Aerts, J.C.J.H, Van Beek, L.P.H., Bierkens, M.F.P., Bouwman, A., Jongman, B., Kwadijk, J.C.J., 
Ligtvoet, W., Lucas, P.L., Van Vuuren, D.P. & Ward, P.J. 2016. Global drivers of future river flood risk, Nature Climate 
Change 6(4): 381-385. DOI: 10.1038/NCLIMATE2893


