
 
 
Figure 12. Comparison between measured and simulated out-
flow discharge for test B–M3D–B–179. 
 

 
 
Figure 14. Simulated seepage pattern through the sample of test 
B–M3D–B–179 for length of the transverse erosion channel 
equal to 1 cm. 

 
middle axis for each modelled pipe configuration. 
An acceptable match was achieved between experi-
mental measurements and simulation output for dif-
ferent pipe lengths but the numerical model underes-
timated the head in the piping channel. Figure 12 
shows the outflow discharge computed by the nu-
merical simulation compared to the experimental 
measured flow rate. It was found that the numerical 
model resulted in a slightly underestimation of the 
flow rate. 

MODFLOW was used to investigate the impact 
of piping on the seepage pattern through a sandy aq-
uifer with macro–scale heterogeneity. The ground-
water model of experiment B–M3D–B–179 with 
head drop of 0.15 m and pipe straight length of 11.5 
cm was considered. Numerical simulations with ge-
ometric symmetry were performed varying the total 
length of the transverse erosion channel from 1 cm 
(corresponding to the situation in which only the 
central pipe parallel to the flow direction developed 
up to the coarse sand) to 30 cm (corresponding to 
the situation in which the pipe developed adjacent to 
the interface toward the lateral sides of the sample). 

 
 
Figure 13. Simulated local gradient at the tip of the pipe of test 
B–M3D–B–179 (�ûH = 0.15m). 
 

 
 
Figure 15. Simulated seepage pattern through the sample of test 
B–M3D–B–179 for length of the transverse erosion channel 
equal to 30 cm. 

 
In each simulation the local gradient at the tip of 

the central pipe was determined, according to Van 
Beek et al. (2015), computing the head in the pipe 
close to the tip and the head in the sand upstream of 
the pipe at a distance from the tip equal to 30 times 
the mean grain diameter of the sand, which is equal 
�W�R�� ������������ �F�P�� �I�R�U�� �,�W�W�H�U�E�H�F�N�� �������� ���P�� �V�D�Q�G���� �)�Lgure 13 
shows the local gradient at the pipe tip normalized 
with respect to the overall gradient as a function of 
length of the transverse erosion channel. Although it 
was noted that simulations underestimated the head 
in the piping channel, resulting likely in overestima-
tion of the local gradient, it was found, for the con-
sidered groundwater model, that length increase of 
the transverse erosion channel could result in a max-
imum reduction in local gradient of 61%. Figures 14 
and 15 show the rendering of the 3D groundwater 
flow pattern through the sand sample simulated by 
the numerical model for length of the transverse ero-
sion channel equal respectively to 1 cm and 30 cm. 
In the first case only the central pipe parallel to the 
flow direction is present. Figure 14 shows that the 
influence of the piping channel on the seepage pat-



tern is such that there is a dense concentration of 
flow lines converging at the tip of the central pipe 
with water entering both at the head and at the bot-
tom of the pipe. In the second case the transverse 
erosion channel is completely developed up to the 
lateral sides of the sand sample. Figure 15 shows 
that the flow is distributed uniformly along the 
downstream interface of the intermediate layer be-
cause water flows from the porous matrix into the 
transverse erosion channel along its whole length. 
Therefore, this could explain why, for the same 
overall gradient, increase of transverse erosion 
channel length, which was caused by the presence of 
macro–scale heterogeneity in the sand sample, re-
sulted in decrease of the local gradient at the tip of 
the central pipe. Because of this phenomenon, mac-
ro–scale heterogeneity was expected to result in a 
larger increase of piping resistance of the sand sam-
ple than the one explained only by reference to the 
variation in grain size. The reason was that if the in-
crease of the length of the transverse erosion channel 
leads to reduction of the local gradient at the tip of 
the pipe, then a higher overall gradient will be re-
quired in order that the local gradient may be high 
enough to exceed the critical value described by Van 
Beek et al. (2015) for pipe progression due to prima-
ry erosion. 

4 CONCLUSIONS 

Small–scale piping experiments on heterogeneous 
sand samples revealed that variation of sand proper-
ties in the path of the pipe caused by micro–scale 
and macro–scale heterogeneity has a significant in-
fluence on the progression of pipe development in-
creasing the piping resistance of the sandy aquifer. 
In all the micro–scale heterogeneity experiments it 
was found that layered sand samples were less prone 
to piping as they resulted in a critical head higher 
than homogeneous equivalents. In each macro–scale 
heterogeneity experiment the progression of the pipe 
was interrupted at the interface between fine and 
coarse sand and, until a significant head increase 
didn't occur, the pipe developed adjacent to the inter-
face. It was found that, in case of heterogeneous ex-
periments, the critical head was higher compared to 
equivalent experiments on homogeneous fine sand. 

Numerical simulations of the piping experiments 
were performed in case of macro–scale heterogenei-
ty. Erosion results of the 2D groundwater model ex-
tended with a piping module didn’t fit the experi-
mentally obtained critical heads. The observed 
discrepancies could be explained by the fact that the 
2D numerical simulations cannot predict the 3D 
flow configuration occurred in the piping experi-
ments and that the Sellmeijer model does not ac-
count for the primary erosion mechanism. The 3D 
groundwater model correctly simulated the 3D seep-

age pattern through a heterogeneous sand sample af-
fected by piping, although the head in the pipe and 
the outflow discharge were slightly underestimated. 
Simulations demonstrated that, for the same overall 
gradient, development of an erosion channel perpen-
dicular to the flow direction led to decrease of the 
local gradient at the tip of the pipe. Therefore, in-
crease in piping resistance observed in macro–scale 
heterogeneity experiments could be explained not 
only by reference to variation in grain size but also 
taking into account the influence on the seepage pat-
tern of the transverse erosion channel developed 
perpendicular to the coarse sand layer. 

Further experimental and numerical research is 
required to allow for 3D modelling of backward ero-
sion piping in heterogeneous sands in order to in-
clude in the safety assessment of water–retaining 
structures the effect of natural variation in soil prop-
erties on piping and to develop innovative piping 
prevention measures. 
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