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SUMMARY 
Despite the analysis of numerous field cases and laboratory experiments in 
literature, the true erosion mechanism leading to backward erosion piping 
has not yet been uncovered. The efforts did provide thorough documentation 
of the piping processes: a local disruption or absence of the impermeable top 
layer downstream of a water-retaining structure leads to concentrated 
seepage flow, which may result in the onset of erosion at that location. When 
the difference in water level between upstream and downstream reached the 
critical head for boiling, the sand in the exit hole will fluidize, which looks 
like the sand is boiling. Then, the exit hole is filled with sand and at the 
critical load for initiation, grains are ejected and form a crater. The erosion 
process continues in the upstream direction, resulting in the formation of 
shallow pipes in the sand layer. Eventually, the pipe forms a direct 
connection between upstream and downstream, which may result in a 
(partial) collapse of the water-retaining structure. The load at which this 
connection is formed, is denoted the critical head for progression. 

Various design criteria have been proposed in literature. However, the wide 
variety of them, each based on different assumptions and giving different 
outcomes, shows that the erosion mechanism leading to backward erosion 
piping is not yet fully understood. This dissertation aims at improving our 
understanding of the backward erosion piping phenomenon. Therefore, the 
dissertation focusses on uncovering some aspects of the phenomenon which 
were not captured during any previous investigations. This is achieved by 
adapting the standard boundary conditions for laboratory tests in such a 
way that certain facets, which are usually indistinct, do stand out, on the one 
hand, and by combining experimental outcomes with numerical analyses on 
the other hand. 

This dissertation starts with a general introduction to the phenomenon: a 
more detailed description of the development phases, important parameters, 
some field case examples and an extensive literature review. Then, the 
experimental setup, consisting of a box, into which the sand bed is prepared, 
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and transparent top plate with a fixed circular opening representing the 
locally punctured top layer, is described in detail. As a basis for the 
subsequent unconventional tests, a series of standard experimental tests is 
performed and analyzed. The tests prove to be progression-dominated, for 
which the critical loads for boiling and initiation slightly decrease with grain 
size, while the critical load for progression increases with grain size. Particle 
movement proves to be rather chaotic and grain size analysis shows that the 
finer grains are more likely to be eroded and transported. 

Currently, experimental and numerical studies on backward erosion piping 
are often performed with an arbitrarily chosen limited model width, and 
sometimes even a 2D model is used, without knowing the influence of this 
limitation. A number of small-scale experiments, numerical simulations and 
analytical calculations are conducted to address and quantitatively evaluate 
the implications of modelling the 3D piping process with a limited model 
width. The numerical flow patterns prove to be highly three dimensional. Up 
to a certain extent, the water supply to the pipe clearly increases with the 
model width and facilitates the erosion mechanism. The experiments show 
that for intermediate model widths, the experimental erosion process is 
similar as for a 3D model, but the critical hydraulic load may be 
overestimated, while for small model widths approaching a 2D situation, the 
piping process is different and the experiments become initiation-
dominated. Therefore, the model width should be carefully chosen, based on 
an experimental, numerical or analytical ‘model width assessment’, and if 
needed, correction factors should be applied.  

A good estimation of the dimensions of the erosion pipe in time is essential 
to improve hydraulic analyzes of pipe flow and groundwater flow towards 
the pipe and to gain insight into the erosion mechanisms. The pipe width can 
be measured visually though the transparent top plate of the experimental 
setup, while the pipe depth is measured by means of a laser-triangulation-
depth-measurement device. Often the pipe depth varies across the pipe 
width and across the pipe length, but a correlation is found for the average 
pipe depth of a cross section as a function of the grain size, permeability and 
distance from the pipe tip. At the pipe tip, both the pipe depth and pipe width 
are proportional with the average grain size of the sand. Furthermore, both 
the pipe width and pipe depth generally increase with the distance from the 
pipe tip.  

Next, the piping process is challenged by forcing the pipe to successively 
grow through different sand types. For this purpose, a vertically layered sand 
bed, consisting of four layers in total (one layer downstream from the exit 
hole, three layers between the exit and upstream), is built in the 
experimental setup. In general, the pipe has difficulties to get through a 
coarse sand layer and grows rapidly through a subsequent fine sand layer. 
When looking specifically at the situation of a fine sand insertion into a 
coarse sand bed, the critical head for progression increases due to the overall 
decrease in hydraulic conductivity. In the opposite case where a coarse layer 
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is inserted into a fine sand bed, the critical load for progression increases 
substantially because the coarser grains of the insertion are hard to erode 
starting from a relatively small pipe in the fine sand. The dimensions of this 
initial pipe need to increase considerably before the pipe progresses through 
the coarse layer.  

Subsequently, piping is exposed to extreme conditions: instead of gradually 
increasing the load, the water level is suddenly increased to a value equal to 
or larger than the critical load. With increasing load, the piping process goes 
faster and pipes are larger. In these extreme circumstances, it can be visually 
observed that part of the upper sand bed goes into suspension before being 
eroded. The size of this zone increases with the applied load. Although the 
total flow rate increases as well, a hydraulic analysis shows that the average 
flow velocity decreases. Interestingly, there is a smooth transition from 
gradual loading to sudden loading regarding pipe dimensions, flow rate and 
flow velocity, indicating that the way in which the critical load is reached is 
not of importance. Surprisingly, it appears that the fine grains are eroded in 
case of gradual loading and sudden critical loading, while the coarser grains 
are eroded in case of supercritical loading. 

Finally, all insights regarding the erosion mechanisms which trigger and 
maintain backward erosion piping, are gathered and further analyzed. It is 
demonstrated that boiling starts when the local gradient at the bottom of the 
exit hole exceeds the critical gradient for fluidization. When further 
increasing the hydraulic load, the exit opening is filled with fluidized sand 
and grains are ejected from the exit hole. In this phase, the flow resistance of 
the total setup increases due to the added resistance of the exit hole filled 
with fluidized sand. Upon further increase of the hydraulic load, a shallow 
pipe is formed. Also in this phase, the local gradient near the erosion front 
determines whether erosion continues. At the pipe tip, the local gradient 
needs to exceed the critical gradient in a zone for which the dimensions are 
proportional to the grain diameter. Besides, it is demonstrated that the 
widening and deepening of the pipe with increasing pipe length, are not the 
result of scour by pipe flow only, but the groundwater flow towards the pipe 
plays an important role as well. 

 


