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ABSTRACT: In the Netherlands, over 1300 km of the levees must be reinforced by 2050 as part of the Flood Protection Program.
Innovative calculation techniques, driven by new knowledge, aim to optimize these reinforcement efforts. One of the dominant failure
mechanisms that causes the required improvements is backward erosion piping. In assessing the probability of occurrence for this
mechanism, the formation of an exit point in the cover layer is critical. The current assessment method does not explicitly account for
the development of a crack in the cover layer. Including the cracking behaviour of the cover layer in the assessment framework would
offer a more realistic and potentially more favourable evaluation of levee stability. Therefore, a comprehensive investigation was
conducted, including a literature review, 13 geocentrifuge model tests, and two full-scale field tests. For the exit point formation of the
cover layer, a physical description was written. This was primarily based on observed behaviour from the centrifuge tests. It was found
that cracking started at the bottom of the cover layer, proceeding diagonally upwards to the toe of the levee. From there, an extended
failure tree by backward erosion piping was drawn up. Next to cracking, other causes of exit point formation are possible, e.g. man-
made holes or animal burrows. Field observations of sand boils were also incorporated into the analysis. This paper concludes with
possible ways of an addition of the current assessment of uplift, differentiating between soil types, cohesion, tensile strength, and the
thickness and volumetric weight of the cover layer.
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1  INTRODUCTION: UPLIFT IN BACKWARD and neglecting shear stresses, this is a stress equilibrium.

EROSION PIPING Alternatively, this equilibrium can be interpreted as situation in
which the cover layer at the exit point has just detached from
the underlying aquifer, resulting in zero effective stresses at its
base, with the upward pore water pressure equalling the total
downward pressure from the cover layer. In the Dutch
guidelines (Rijkswaterstaat, 2021), the vertical equilibrium is
assessed with the following formulas:

In the Netherlands, over 1300 km (> 35%) of the levees must
be reinforced by 2050 as part of the Flood Protection Program.
Innovative calculation techniques, driven by new knowledge,
aim to optimize these reinforcement efforts. One of the main
failure mechanisms necessitating these required improvements
is backward erosion piping, BEP.

In the safety assessment, the failure mechanism piping is FoS = AD, 1
considered to be split into three submechanisms, which need to 0> = AD
occur sequentially: uplift, heave and backward erosion piping d * Voge — ¥ )
(CIRIA, 2013), Figure 1. First, uplift occurs when high water A, =2 layer ~ \Fsat  fwater 2)
pressures in the aquifer act on the cover layer. This may cause ' Ywater
cracking of the cover layer, leading to the formation of an exit AD = Dopir — hoxie 3)
point. Second, the heave process involves sand grains being
transported vertically through the exit point by the upward flow In which:
of water. Third, with BEP, a form of internal erosion, a pipe will FoS Factor of safety against uplift [-]
develo.p underngath the .levee. body and this may enlarge, Ad.,  Critical head difference over cover layer at exit point
potentially leading to instability of the levee body and ’ [m]
inundation of the hinterland. AD Governing head difference over cover layer at exit

point [m]
dcover 1ayer Thickness cover layer [m]
Failure Ysat Saturated volumetric weight of cover layer [kN/m?]

Ywater ~ Volumetric weight of water [kN/m?]
[OJ Head in aquifer at exit point [m]
Roxit Phreatic level or surface level at exit point [m]

|

Uplift

Figure 1. Three submechanisms of failure by backward erosion piping

The current safety assessment method does not explicitly
account for crack development in the cover layer. Instead, it
implicitly assumes that the exit point will form once vertical

In assessing the probability of occurrence of this failure equilibrium has been reached between the upward pressure
mechanism, the formation of an exit point in the cover layer is from the aquifer and the downward stresses from the self-
a critical aspect. The current safety assessment method weight of the cover layer. Incorporating the cracking behaviour
evaluates only the vertical force equilibrium at the exit point, of the cover layer in the assessment framework could yield a
considering the volumetric weight and the thickness of the more realistic and potentially less conservative evaluation of
cover layer, and the pore water pressures acting at its base. levee stability. A more accurate assessment will lead to a more
Under simplifying assumptions of one-dimensional conditions efficient design of reinforcement measures.
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2  METHOD

A comprehensive investigation was conducted, which first
resulted in an updated understanding of the failure mechanism,
also known as physical description. This, in turn, led to a
revised failure tree for backward erosion piping and a
hypothesis on how to integrate the new insights into an
optimized safety assessment.

The investigation consisted of multiple parts. There was a
series of 13 geocentrifuge model tests conducted at the
geocentrifuge facilities at Deltares, described by Zwanenburg
et al. (2024) and Cengiz et al. (2024). For the cracking of the
cover layer, the hypothesis was primarily based on observed
behaviour from these centrifuge tests. Furthermore, two full
scale field tests were performed at Reevediep, near Kampen, in
the Netherlands. These geocentrifuge and field tests were
supported by a literature review and extensive numerical
simulations using finite element analysis. Field observations of
sand boils, which indicate the occurrence of uplift, heave and
possible backward erosion piping, thus exit point formation,
were also incorporated into the analysis. In addition to cracking,
other potential causes of exit point formation were also
considered, e.g. man-made holes or animal burrows.

3 PHYSICAL DESCRIPTION OF EXIT POINT
FORMATION UNDER UPLIFT CONDITIONS

The updated understanding of the failure mechanism was
reported as a physical description of sequential phases. The
physical description is summarised below.

3.1 Load

A high water level event determines the load on the levee
system. For uplift, head levels in the aquifer will respond to the
high water level and initially provide upward pressure to the
cover layer. This will be the case until the pore water pressure
at the top of the aquifer equals the total stress at the bottom of
the cover layer. After this stage, the cover layer will deform
slightly, and a gap between the aquifer and the cover layer will
form. The pore water pressures in this water lens will determine
the load.

3.2 Uplifi — floating phase and vertical equilibrium

Generally, uplift is considered for the case that there is a vertical
force equilibrium between the pore water pressure at the top of
the aquifer and the self-weight of the cover layer, at the location
of the exit point.

exit point

aquifer

Figure 2. Conceptual drawing of uplift at vertical equilibrium

3.3 Uplift — bulging phase and deformation cover layer

When the water pressures rise after reaching the initial vertical
equilibrium, an uplift zone will form. The cover layer will
deform over the length of the uplift zone, leaving a small gap or
‘water lens’ between the cover layer and the aquifer. In this
water lens, the hydraulic resistance is negligible, and the head
at the top of the aquifer is horizontal. When the outer water level
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rises, this will lead to an increase in the length of the uplift zone.
The head at the top of the aquifer will be slightly larger than the
weight of the cover layer, because of the upward deformation
of the cover layer.

Figure 3. Conceptual drawing of deforming cover layer in uplift
conditions.

3.4 Uplift — cracking phase and forming of exit point

The cover layer in the uplift zone will be subjected to stresses
due to deformation. It was found that cracking started at the
bottom of the cover layer, proceeding diagonally upwards to the
toe of the levee. Spreading of the load of the levee explains why
the crack does not start exactly vertically underneath the toe,
resulting in a diagonal crack. Given the location of the crack
and the observed cross-sectional behavior, these cracks are
subjected to tensile stresses.

Figure 4. Conceptual drawing of cracking during uplift conditions

3.5 Subsequent processes of backward erosion piping

After the formation of the exit point, a well will occur. When
the vertical gradient is high enough, the water will transport
sand particles, also known as heave. Subsequently, backward
erosion piping will occur, and a pipe (pattern) will be eroded.
As soon as the pipe tip has connected with the external water,
the erosion process will accelerate, and the pipe will enlarge.
After this, the pipe will become unstable, leading the levee to
lose its water retaining function.

Figure 5. Conceptual drawing backward erosion piping

4 RESULTS

The results indicate that the cover layer provides additional
resistance against crack formation under uplift conditions. The
observations also confirmed the physical description and the
associated conceptual phases. The results are split up in a few
parts. Geocentrifuge tests revealed distinct, sequential phases in
uplift behaviour. Key images and figures from the testing are
included to support the physical description. This also includes
the full-scale tests and further investigation of observed sand
boils from a national dataset.



Table 1.

Time of observations of start uplift and first report of diagonal crack in geocentrifuge models.

Test date 14-12-22 21-12-22 11-1-23 8-2-23 10-2-23 16-2-23 20-2-23
(test number) (5) (6) (7 ®) 9) (10) a1
g-level 80 80 80 80 80 80 80
Cover layer thickness model scale (mm) 32 29 58 28 16 28 34
Cover layer thickness normal scale (m) 2.56 2.32 4.64 2.24 1.28 2.24 2.72
Start uplift (from photos) time after start data 0. A . A e. g .
acquisition (HH:MM:SS) 04:03:27 05:14:50 12:17:29 05:47:12 01:18:58 00:16:04 00:10:50
Head standpipe levee-side at start uplift (cm) 18 18.4 22.1 23.1 18.2 24.5 214
Head standpipe hinterland at start uplift (cm) 17.4 17.4 20.9 14.7 14.1 15.7 14.9
First report of diagonal crack (from logbook) . . . .

(HH:MM) 04:06 05:15 12:20 - - 00:19 -

Start cracking (from photos) time after start data <. e . A e o, 1A
acquisition (HH:MM:SS) 04:05:53 05:15:49 12:20:20 06:44:36  01:25:01 00:18:37 00:12:21
Head standpipe levee-side at start cracking (cm)  19.3 19 23.8 23.8 20.6 25.5 22.3
Head standpipe hinterland at start cracking (cm) ~ 17.9 17.2 20.6 14.8 14.1 15.7 14.9
Difference in head difference model scale (cm) 0.8 0.8 2.0 0.6 2.4 1.0 0.9
Increase in external water head difference 0.64 0.64 1.60 0.48 1.92 0.80 072

normal scale (m)

4.1  Geocentrifuge test series

The geocentrifuge test series consisted of 13 tests with a
uniform cover layer of remolded silty clay overlaying an
aquifer. Details of the centrifuge tests are reported in
Zwanenburg et al. (2024). A sketch of the geocentrifuge model
is included in Figure 6.

water
reservoir
hinterand
(constant)

water
reservoir

levee
(reguiated

Figure 6. Sketch of the geocentrifuge model (side view).

4.1.1 Observations during geocentrifuge testing

In 11 of the 13 tests, a diagonal crack formed after an initial
uplift phase, leading to heave and backward erosion piping, see
also Figure 7.

The diagonal crack was present over the entire (in plane)
length of the model. It is located at the toe of the levee, and the
crack was observed to start at the bottom of the cover layer,
propagating upwards. The diagonal crack consistently formed
at an angle of approximately 60-65° from the horizontal
direction. The length of the uplift zone was 15-45 m (187-559
mm on model scale). At the top of the cover layer, sand boils
were observed at the location of the toe (Figure 8). Furthermore,
in six of the tests, lateral cracks were observed, and in four of
the tests, these sand boils occurred at the location of these lateral
cracks.

4.1.2  Analysis of onset of cracking

For 9 of the 13 tests, the moment of uplift was determined. Two
of these tests did not have a diagonal crack at the toe of the dike.
For the remaining seven tests, the moment of crack-initiation
was determined based on video data (Figure 9).

Table 1 shows there is a difference in time between the
start of uplift and the start of cracking; there are few minutes in
between. Using the photos of the test, the start of uplift and
cracking was determined for seven of the tests. The external
water head at the levee side and hinterland side was read from
the standpipe. The difference in head difference was between
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Figure 7. Geocentrifuge model (side view) with a clear distinction in
the phases: in the top figure, only a water lens (colored blue) is visible
without any cracks and in the bottom figure a higher external water
level governs. There is a water lens and a crack at the toe.

levee body

cover layer

Figure 8. Geocentrifuge model (top view) with sand boils (indicated
by orange arrows) located at the toe of the levee.



Figure 9. Onset of cracking in the video data (left) and the fully
developed crack (right).

0.6-2.4 cm on model scale, which translates to 0. 5-1.9 m since
the model was spun at 80g when the head was increased.

This difference is quite significant. The higher outer water
level could be compared to the ‘decimation height’. The
definition of ‘decimation height’ is the average of the absolute
difference between the design water level and the water level
corresponding to a 10 times higher or lower probability of
occurrence. For the Netherlands, the average decimation height
equals to 0.46 m for the lower tidal estuary and 0.73 m for the
upper river area (Witteveen en Bos, 2008).

The head difference against cover layer thickness is plotted
in Figure 10. The hypothesis was that the thicker the cover layer
is, the more resistance it would give to cracking. Unfortunately,
there is no clear relationship found. It should be noted that for
the test with a cover layer of 1.3 m, first a lateral crack was
observed and from that crack a diagonal crack developed
further. For the test with a cover layer of 4.6 m, it should be
noted that the crack-initiation was observed but the crack did
not fully propagate to the full thickness of the cover layer and
did not lead to sand transport through the diagonal crack.

Geocentrifuge tests with diagonal crack at toe
25

2
1,5

i

°
O A
0,5 °

Difference in head difference at start
uplift and observed crack-initiation (m)

0 1 2 3 4 5

Thickness cover layer (m)

Figure 10. The head difference between uplift and cracking and the
thickness of the cover layer during geocentrifuge tests with diagonal
crack at toe (normal scale).

4.2 Full-scale tests

In the two full-scale tests, uplift conditions were reached over a
period of several days, and the deformation of the cover layer
was measured. The subsoil of the tests consisted of a cover layer
of 3-3.5m of sandy clay and peat overlaying an aquifer. A
comprehensive  publication detailing the full setup,
methodology and results of this field experiment, is currently in
preparation.
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Figure 11. Photo of full-scale test with pore water pressure meters at
the front.

Sketches of the cross section of both tests and the deformations
are shown in Figure 12 and 13. Test 1 consisted of a test area of
20 by 30 meters, which was surrounded by infiltration wells.
The area prone to uplift in test 2 was 33 by 90 meters wide, and
infiltration wells were at one side of the test area. In both tests,
there were neither observations of cracking nor any sand boils.
This supports the physical description, in the sense that
cracking is a separate phase, and not, as it was assumed earlier,
that it would implicitly occur simultaneously once uplift has
been reached.
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3,5m|

aquifer

1 2
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Figure 12. Sketch of full-scale test 1 conducted in July 2023.
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Figure 13. Sketch of full-scale test 2 conducted in August 2023.

It was found that the length of the uplift zone was 20-33 m,
equal to the length of the excavation of the full-scale test
location. The bottom of the cover layer had a vertical
displacement of 25-100 mm.

4.3 Sand boil database

Field observations of sand boils connect to the physical
description in the sense that both uplift and heave have
occurred. Previous analysis of the Dutch national dataset
(Figure 14), comprising over 800 recorded sand boils, showed
a trend of fewer occurrences in areas with thicker cover layers
(Figure 15).



The distribution of sand boils in the Netherlands

A

® sand boil observation T 25

Figure 14. Sand boil locations in the Dutch national dataset.

Sand boils and cover layer thickness

120
< 80
[0.0.5] 1. 15] 2.23] 3.33] 4,43] 5. 55] 6, 6.5] 7. 75

Cover layer thickness [rm]

Figure 15. Sand boil observations sorted by cover layer thickness.
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To further investigate the sand boils in thicker cover layers, a
field investigation was conducted at selected locations where
sand boils were recently reported (e.g. 2010) in areas without
ditches and with a reported cover layer thickness greater than 4
meters. It was found that the available sand boil dataset and
associated cover layer thickness data were of limited precision.
Out of the five locations visited, the actual cover layer was
significantly thinner than reported at three sites. At one
location, it was concluded that uplift conditions likely had not
been reached.

Sand boil observations from the national dataset cannot
directly be used to distinguish between the different uplift
stages: the ‘floating’ and ‘cracking’ of the cover layer. This is
also simply because exit points may be formed due to different
causes. In addition to crack formation under uplift (floating)
conditions, other sources such as man-made holes or animal
burrows are possible. A potential indication of poorly sealed
soil investigations is when sand boil observations are evenly
spaced, for example, every 100 meters along a linear
infrastructure element, as can be seen along some underground
pipelines.

Comparing sand boil observations with historical high
water level data and design conditions is still valuable. By
assessing whether uplift (floating) conditions occurred at the
time of the observed sand boil, insight can be gained into its
possible cause. If uplift conditions were never reached, it is
impossible that crack formation under uplift conditions has
taken place. However, if uplift conditions were reached, the
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historical high water level is close to the design water level and
there have been no observations of sand boils, it means that
cracking during design water levels is unlikely to happen. The
last connection is that when uplift conditions were reached and
sand boils observed, then the cracking phase has most likely
occurred as well.

5 DISCUSSION

From the physical description, a translation to an addition on
the failure tree by backward erosion piping is made. This
addition provides the explicit consideration of exit point
formation by cracking.

5.1  Updated failure tree for sub mechanisms of backward

erosion piping

The uplift submechanism of piping could alternatively be
considered as the formation of an exit point for (sand) boils and
subsequently piping. The updated failure tree is shown in
Figure 16.

Exit point for
sand transport

Uplift
(vertical
equilibrium)

Existing exit
point

Figure 16. Extended submechanisms of failure by backward erosion
piping.

5.1.1  Existing exit point

An assessment of uplift is not required if an exit point is deemed
to be already present. This may be the case when no cover layer
is present, or when the cover layer is quite thin. In this case, the
cover layer is fully structured, especially if it lies above the
mean ground water table, resulting in a high probability of
existing holes. In addition, man-made holes or animal burrows
could also be a cause of an existing exit point, if no mitigating
measures are implemented. Lastly, observations of multiple
sand boils in an area, also known as a ‘field of wells’, also
justify the assumption of an existing exit point.

5.1.2  Uplift vertical equilibrium

The standard assessment of uplift consists of an assessment of
the vertical equilibrium with design values. When using
probabilistic methods, refinements could be implemented. This
is, for example, a decrease in the average value of cover layer
thickness and weight for thicker cover layers, as thick cover
layers generally consist of multiple soil layers and the standard
deviation will decrease due to averaging effects. A second
example is to take the external water level statistics only up to
the relevant range, that is to exclude water levels above the crest
height as they do not lead to failure by backward erosion piping.

5.1.3  Uplift cracking

Assessing the resistance to cracking for the uplift
submechanism would be an additional step. Using numerical
simulations in finite element modelling is surrounded by
uncertainties in load, (tensile) strength, propagation and
localization of the cracks. However, the main assumptions



concern the schematisation of the uplift zone, which are the
length of the uplift zone, the pressure in the water lens.

A potential refinement to the uplift assessment would be to
incorporate the conditional probability of cracking, given the
uplift equilibrium has been reached. The strength of the cover
layer comes from the thickness and soil type, and the
corresponding volumetric weight, stiffness, and strength
parameters.

5.2 Potential refinements to uplift assessment

5.2.1  Using historical water level data

Historical water level records could be used in two ways to

assess uplift as a cause for exit point formation:

1. To exclude cracking as a possible cause of sand boil
observations. This could be done by a back calculation of
the historical uplift conditions at the time of the reported
sand boils. If these calculations show that uplift
conditions were never reached, cracking cannot have
been the source, and the exit point must have formed
through another mechanism.

2. To assess the likelihood of cracking, if uplift conditions
have been reached before and there are no observations of
sand boils. Here, the difference between the reached
water level and the design water level plays a role, in
combination with the height of the levee crest.

5.2.2  Using geometry as possible addition to safety
assessment

The resistance to cracking is dependent on the thickness of the
cover layer, since the stress capacity is higher against bending
moments. Also, the resistance is dependent on the soil type in
general and on strength parameters of the cover layer, such as
the undrained shear strength, cohesion and tensile strength. In
the geocentrifuge tests, remoulded silty clay was used. In
reality, naturally deposited clays tend to have a higher
resistance to cracking. It is expected that for peaty soils, the
resistance to cracking is even larger due to the fibre structure in
the peat.

5.2.3 Possible assessment methods

The likelihood of cracking could be assessed by expert
judgement with an addition of the current assessment of uplift,
differentiating between soil types, cohesion, tensile strength,
and the thickness and volumetric weight of the cover layer. A
table of verbal expressions linked to the change of occurrence
is given below. These verbal expressions account for the chance
of crack-formation given uplift (floating) conditions.

Table 2. Verbal expressions (ENW, 2012; Lacasse et al., 2007).
Verbal expression Chance of occurrence (%)
Unlikely <10%
Very unlikely <1%
Almost impossible <0,1%

Alternatively, one could make a qualitative assessment of all
uncertainties in the assessment of the failure mechanism
backward erosion piping, see Van der Linde et al. (2024).

6 CONCLUSIONS

New insights were gained into the sequence of events leading
to the formation of an exit point due to uplift-induced cracking
in backward erosion piping. Contrary to earlier assumptions
within the safety assessment framework, reaching uplift
(floating) conditions does not immediately lead to the formation
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of an exit point. Both geocentrifuge and field tests clearly
support this conclusion. At the field tests, uplift (floating)
conditions were reached over several days, without any visible
sand boils, or cracks. In the geocentrifuge experiments, a
distinct time delay and head difference was observed between
the onset of uplift and the initiation of cracking. This difference
typically was a few minutes, and the head level difference was
between 0.6-2.4cm on model scale (equivalent to 0.5-1.9m at
prototype scale under 80g conditions). These findings, next to
a few geocentrifuge tests and field tests that did not crack at all,
suggest that safety assessments should distinguish between
uplift equilibrium and the likelihood of crack formation as
separate phases within the failure process. Potential refinements
include the use of historical water level data, sand boil
observations, and expert judgement expressed in verbal
probability terms to estimate the likelihood of crack-formation
given uplift (floating) conditions or could make a qualitative
assessment of all uncertainties related to the backward erosion
piping failure mechanism. Ultimately, the final safety
assessment should get a form which is supported by engineering
practice.
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