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Temporal Development of Backward Erosion
Piping in a Large-Scale Experiment

Johannes C. Pol1; Willem Kanning, Ph.D.2; and Sebastiaan N. Jonkman, Ph.D.3

Abstract: This paper presents a large-scale backward erosion piping experiment aimed at studying the erosion rate. This temporal aspect of
piping complements previous research that focused on the critical head. To study the progression rate in realistic conditions, an experiment
was carried out on a 1.8 m high levee with a cohesive blanket on a sandy foundation. The pipe was guided along a row of pore pressure
transducers in order to measure its temporal development. Pipe development in space and time was successfully derived from pore pressure
changes, showing an average progression rate of 8 m=day during the progressive erosion phase. The results show a relation between upstream
gradient and progression rate. Furthermore, analysis of the eroded sand mass shows a relatively large pipe volume compared to existing
lab tests, and an approximately linear relation between pipe length and volume. The results and insights from this study can be used to validate
and improve transient piping models, leading to more accurate dam and levee safety assessments. DOI: 10.1061/(ASCE)GT.1943-
5606.0002415. © 2020 American Society of Civil Engineers.

Introduction

Flooding is one of the most significant natural disasters worldwide
(Jonkman 2005). The past decades have shown an increase in
flood risk (Jongman et al. 2012; Paprotny et al. 2018), and without
countermeasures, this is expected to further increase because of cli-
matic and socioeconomic changes. A common strategy to reduce
flood risk is using structural flood protection measures like levees
and dams. Levee failure can occur because of a range of failure
mechanisms such as overflow, slope instability, or internal ero-
sion (Morris et al. 2008). This study focuses on the mechanism
of backward-erosion piping (in short piping), which is a form of
internal erosion. After overtopping, piping is considered one of the
most hazardous failure mechanisms in dams (Foster et al. 2000) and
river levees (Danka and Zhang 2015; Tóth and Nagy 2006; Jongejan
and Maaskant 2015).

Piping Process

Piping occurs when seepage induced by a head difference (H) over
the levee leads to erosion of a granular levee foundation, which
is covered by a cohesive roof, to such extent that a hydraulic short-
cut forms. The eroded grains settle around the outflow location
as a sand boil. Fig. 1 shows a sketch of a typical levee sensitive
to piping and the most important parameters. In areas with blankets
(cohesive top layer on the land side) there are three necessary

conditions to induce piping failure: (1) rupture of the land-side
blanket, (2) transport of the granular material through the fault
in the blanket, and (3) formation of a continuous pipe below the
structure (Schweckendiek et al. 2014). This paper focuses on
the third condition.

From the beginning of the twentieth century, extensive research
has been done on the factors that determine the critical head differ-
ence (Hc) at which piping occurs (i.e., a fully developed erosion
channel creating a full hydraulic shortcut resulting in a breach), for
example Bligh (1910), Miesel (1978), Hanses (1985), Sellmeijer
(1988), Schmertmann (2000), Van Beek (2015), Robbins et al.
(2017), and Vandenboer (2019). The findings that are most rel-
evant for this paper are discussed subsequently.

Based on a data set of dam and levee failures, Bligh (1910)
observed that piping occurs if the global hydraulic gradient (head
difference H divided by seepage length L) was larger than a critical
creep value that depends on the type of soil.

Based on laboratory studies, Hanses (1985) noted that the ero-
sion process includes both primary erosion (lengthening of the
pipe) and secondary erosion (widening and deepening of the pipe).
Both processes occur in conjunction: pipe lengthening results in
higher flow rates and subsequent pipe deepening and widening.
Miesel (1977) and Muller-Kirchenbauer (1980) observed that after
initiation of erosion, the erosion often stopped and progressed only
after a head increase. This equilibrium can be explained by several
factors such as the convergence of flow to the exit.

An equilibrium curve (Fig. 2) shows pipe length (l) versus the
head at which all grains are just in equilibrium (Heq). The critical
head (Hc), is the highest head at which equilibrium is possible.
When the pipe grows longer than the corresponding critical length
(lc), equilibrium can only exist when the head is lowered suffi-
ciently. A configuration is progression dominated if an equilibrium
develops after an initial formation of a pipe, and is initiation do-
minated if this is not the case (Van Beek 2015) (Fig. 2). Levees
with cohesive blankets are often progression dominated because
of the concentrated outflow. The phases before and after the critical
point are in this paper referred to as regressive and progressive,
respectively (Fig. 2). Regressive means that an equilibrium is reached
given a constant head, while progressive means that the pipe growth
continues given a constant head.
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In the Netherlands, levees are assessed and designed using the
model of Sellmeijer (1988) or a simplified formula (Sellmeijer et al.
2011). Sellmeijer’s model combines two-dimensional (2D) ground-
water flow, pipe flow, and stability of grains on the pipe bed. As
such, this stability criterion is based on secondary erosion. The
model predicts an equilibrium curve similar to Fig. 2, which is also
observed in experiments.

Time-Dependent Processes in Piping

Current steady piping models are focused on the critical head, but
in some cases time-dependent processes can be relevant. Time
dependence in the piping failure process includes three main com-
ponents: (1) hydraulic load, (2) groundwater flow, and (3) pipe
growth. The duration of the extreme hydraulic load (first compo-
nent) is the driver: the shorter the load duration, the less time is
available for the piping process to develop. A flood with limited
duration, such as a storm surge, induces nonstationary seepage
flow, which leads to delay and damping in the response of the aqui-
fer pore pressure at the downstream side of the levee (second com-
ponent). This reduces the potential for rupture of the blanket and
initiation of piping, but also delays these events. This paper focuses
on the third component: pipe growth. Once piping has initiated, it
takes time to progress toward the upstream side and create a short-
cut. If the load has reduced sufficiently in the meantime, the erosion
process stops and failure is prevented. The pipe progression rate, v,
either in the progressive or regressive phase, is defined as the in-
crease in pipe length (l), over a given period of time (t).

Piping Experiments Including Temporal Development

A number of experiments include information about the develop-
ment of the pipe over time. Experiments of the progression rate

of piping at small and medium scale were recently carried out
by Robbins et al. (2017), Vandenboer et al. (2019), and Allan
(2018). Progression rates were also obtained by Pol et al. (2019)
from a selection of small and medium scale tests by Van Beek
(2015). Apart from scale effects, these laboratory experiments dif-
fer from field conditions in having a smooth, rigid roof above the
sandy layer.

Two large scale piping experiments relevant to levees are:
(1) Large scale tests in the Delta Flume at Deltares (W. de Rijke,
Verificatie pipingmodel: Proeven in de deltagoot. Meetverslag.,
unpublished report), see also Rotunno et al. (2019). However, these
tests were stopped just after the critical head was reached, so they
include only a small part of the progressive phase. (2) Development
of the pipe length in the IJkdijk large scale tests (Van Beek et al.
2010) is shown in Sellmeijer et al. (2011) and Parekh et al. (2016),
based on pore pressure changes. The pipe pattern in these tests is
2D with multiple sand boils and pipes, caused by the plane type exit
configuration. In combination with limited sampling, this creates
substantial difficulties in determining the pipe length development.
For instance, in Sellmeijer et al. (2011) the derived maximum pipe
length in Test 1 and Test 3 is far less than the seepage length of
15 m. In Test 2, which is shown in both publications, a pipe length
of 1.5 m is reached after almost 80 h according to Parekh et al.
(2016) and after 50–65 h according to Sellmeijer et al. (2011).

Modeling Temporal Development of Piping

Several authors have modeled aspects of the temporal development
of piping, such as an equilibrium condition in a transient ground-
water flow model (Van Esch et al. 2013), secondary erosion rates
in hole erosion tests (Bonelli and Benahmed 2010) and in laminar
flow (Cheng 2004), and primary erosion rates (Kézdi 1979;
Fujisawa et al. 2010; Wang et al. 2014; Rotunno et al. 2019).
Although significant advancements were made in recent years, no
model is known to the authors that includes both primary and sec-
ondary erosion mechanisms and that has been validated on a wide
range of sands and test configurations. The model of Rotunno et al.
(2019) contains both mechanisms and was applied to the IJkdijk
and Delta Flume experiments, but requires calibration of the pri-
mary erosion coefficients.

Objective

Most piping research focuses on the critical head. Recent work also
describes the temporal development in laboratory experiments, but
there is still a need for a coherent predictive model of temporal
development. To support the validation and development of such
a model, this paper aims to study the temporal development of pip-
ing in terms of pipe progression rates during the progressive phase
of a progression-dominated configuration. This is achieved by a
large-scale experiment that reflects realistic conditions including
a blanket and a hole-type exit, while monitoring the main param-
eters (pore water pressure, sand discharge, flow rate). The resulting
data set is publicly available for other researchers to validate their
models (Pol et al. 2020).

Experimental Setup

Dimensions of the Test Levee

The Flood Proof Holland test facility (Kreijns et al. 2018)
was used to conduct the piping experiments on a large scale
(i.e., representative of a real levee) but in a controlled environment.
The design of the test levee was constrained by the test facility

Fig. 1. Situation sketch of a typical piping problem for levees.
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Fig. 2. Equilibrium curve. Regressive means that an equilibrium is
reached given a constant head; progressive means that the pipe growth
continues given a constant head.
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dimensions to a maximum levee height of 1.8 m, a minimum levee
base length of 10 m, and a maximum aquifer depth of 1 m. Initial
calculations with the model of Sellmeijer (2006) predicted no fail-
ure at the maximum head of 1.8 m and a seepage length of 10 m,
regardless of sand type (fine or coarse). Therefore the seepage
length was shortened by installing a pipe and infiltration boxes
(Fig. 3). Undesired seepage to and from the sand bed was prevented
by a HDPE geomembrane at the bottom and sides and a 0.35 m
cohesive (clay) blanket that extends below the levee body, separat-
ing the levee body from the aquifer. This setup with blanket was
chosen since this is the most common levee configuration in the
Netherlands. The cohesive blanket allows for realistic sand/blanket
interaction, as well as for deformation; both of which are not in-
corporated in laboratory experiments with a rigid transparent
boundary.

The sand bed was rectangular with length Lb ¼ 9.5 m, depth
D ¼ 1 m, and width W ¼ 1.2 m. The seepage length, L, between
the exit and downstream side of the infiltration box, was 7.2 m. The
exit was a hole with a diameter of 13 mm. The fine sand (grain size
d50 ¼ 185 μm) was based on the lowest expected critical head. See
Table 1 for details.

To measure water pressures in the pipe accurately, the pipe
needs to grow under the pressure transducers. To prevent sideward
pipe development, strips of coarse sand were included in the upper
0.05 m of the sand bed (Fig. 4). The shape of the strips minimizes
disturbance of the process. First, the alternating pattern of coarse
and fine sand prevents a strong preferential flow through the coarse
sand. Second, the diagonal positioning prevents the pipes growing
to the edges. Finally, the strips were relatively thin: 0.05 m com-
pared to an aquifer thickness of 1.0 m. Uncertainties related to the
coarse sand strips are discussed further in the “Discussion” section.

The sandy levee had a clay cover at the upstream side and crest
as well as at the interface between sand bed and levee body.
It had clayey, loamy, and sandy covers at the downstream side

for overflow erosion tests [outside the scope of this paper; see
Yagisawa et al. (2019)]. The tested cross section was at the inter-
face of a loamy and sandy downstream slope. The entire levee
was covered with grass sods. Because of the clay lining, the com-
position of the levee body has no significant influence on the
piping process. See Fig. S1 for an overview of the levee and test
basin.

Sand Properties

Table 1 shows the properties of the fine and coarse sands. For some
parameters, multiple samples were tested, in which case the stan-
dard deviation, σ, and number of tests, N, are given. Some proper-
ties of the coarse sand were not relevant for the test and therefore
not measured. Grain sizes (d10 − d70) were obtained by sieving.
The in situ porosity (n) was determined by pushing five thin-walled

cohesive (clay) blanket

Ls =9.5 m

D=1 m

1.85 m

4.1 m 1 m 5 m1.3 m

HDPE lining
(all sides)

exit point

concrete slabs

entry pipe (Ø 0.3 m)

A’

A

infiltration box

Levee cross-section

B

exit hole Ø=13 mm

filter screen

fine sand

ring with v-weir

D=1 m

W=1.2 m

0.35 m clay blanket

HDPE lining

fine sand

coarse sand, 5 cm deep

Detail B: exitCross-section AA’

Upstream sideDownstream side

(a)

(b) (c)

Fig. 3. Sketch of test levee design: (a) cross section of levee; (b) sand bed; and (c) detail of exit hole. Not to scale.

Table 1. Properties of test materials

Parameter Units
Fine sand
μ (σ, N)

Coarse sand
μ (σ, N)

d10 μm 127 (3,3) 190 (—)
d50 μm 185 (9,3) 400 (—)
d60 μm 201 (3,3) 450 (—)
d70 μm 223 (15,3) 500 (—)
ρs kg=m3 2,610 (5,2) —
n — 0.383 (0.005,4) —
nmin — 0.361 (—) —
nmax — 0.485 (—) —
κlab m2 1.2 · 10−11ð5.6 · 10−12;6Þ 4.1 · 10−11ð8.3 · 10−13;3Þ
klab at 5°C m=s 8.0 · 10−5ð3.6 · 10−5;6Þ 2.6 · 10−4ð5.4 · 10−6; 3Þ
klevee m=s 9 · 10−5 —
Cu — 1.59 (0.01,3) 2.4 (—)
Dr — 0.823 —

© ASCE 04020168-3 J. Geotech. Geoenviron. Eng.
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steel cylinders horizontally into the upper layer of the sand bed,
measuring their volume and weighing the oven-dried sand. Mini-
mum and maximum porosity was estimated by compacting oven-
dried sand in a cylinder. Particle density (ρs) was determined by a
pyknometer (Duran, Mainz, Germany). Intrinsic permeability (κlab)
was determined in the lab using a constant head test and converted to
hydraulic conductivity for the field test temperature of 5°C (klab).
The in situ hydraulic conductivity (klevee) was determined using
measured head, discharge, and Darcy’s law. The coefficient of uni-
formity (Cu) and relative density (Dr) were calculated from the val-
ues given previously.

Monitoring Equipment

The main monitoring equipment consisted of 14 atmospheric
pressure corrected pore-pressure transducers (First Sensor AG,
Puchheim, Germany) placed on the interface of the sand bed
and clay blanket, plus one in the upstream basin and one in the
levee core. Fig. 4 shows their numbering. Their signal (1=10 Hz)
was monitored in real time in the control room. Styrofoam beads
(1–2 mm) with different colors were placed at the top of the sand
bed at different distances along the expected pipe path (Fig. 4).
The beads are used as a visual monitoring aid, where beads of
a certain color appearing at the outflow point show that the pipe
has at least passed the location associated with the bead color.
Flow rate and sand discharge were measured at the exit hole lo-
cation each 30–60 min, depending on the rate of erosion. A
ø0.6 m bucket with cut-out bottom and a V-notch weir with an
angle of θ ¼ 55° was placed around the exit (Fig. S2). The flow
rate, Q (m3=s), was calculated from the water level, hk (m), above
the V-notch weir using (Shen 1981)

Q ¼ 2.36 · 0.577 · tanðθ=2Þ · ðhk þ 0.00123Þ5=2 ð1Þ

Eroded sand deposited around the exit hole was collected using
a spoon. First, a small part (approximately 50 g) was stored for
grain size analysis. The residual sand was supplemented with water
up to a fixed volume (usually 400 mL) and the sand–water mixture
was weighed. The dry sand mass (M) follows from the mass of the
mixture and the water and sand densities. The mass of the small part
and the residual were combined in a one time series. This in situ
method was validated in the lab against oven-drying, which con-
firmed its suitability.

Construction Method

After excavation of a trench in the clay-peat subsoil, the HDPE
geomembrane was placed in the trench and the fine sand was added
and compacted in 0.20 m layers using a vibrating plate. After lev-
eling the sand, the diagonal strips were carefully excavated using a
trowel to a depth of 0.05 m, filled with coarse sand and compacted
by tamping. The styrofoam beads were pushed in the sand bed
and directly covered by clay. Then, the clay blanket was carefully
placed on the sand by an excavator and compacted with a vibrating
plate. Transducers were packed in a filter sleeve, installed in holes
through the clay layer extending 10 mm into the sand bed, and
sealed with bentonite. Finally, the levee was constructed on top
of the blanket. There were four weeks between the installation
of the transducers and the start of the experiment.

Test Procedure

At the start of the test, the pressures were constant and the pressure
readings were set to a zero level. Then, the exit hole was created by
piercing the cohesive blanket. The upstream basin level was ini-
tially raised in 0.3 m steps, which was reduced to 0.1 m steps
at a basin level of 0.9 m. The level was only raised if no sand trans-
port was observed for 30 min. Each 30–60 min, the exit location
was inspected, discharge measured, and sand samples taken. The
inspection interval was based on the rate of development of the
process. The development of pore pressures was checked contin-
uously for signs of erosion near one of the transducers, which is
visible as pressure drop or peak in local gradient (Parekh et al.
2016; Robbins et al. 2017). The test was stopped by pumping the
water out of the upstream basin when the pipe tip reached the up-
stream side of the sand bed (x ¼ 8 m), which could be seen in the
pressure measurements.

Results and Analysis

General Observations

The piping process went through the several phases described in
literature (Van Beek 2015): seepage without sand transport, fluid-
ization of sand in the exit hole, crater formation (Fig. S2), equilib-
rium (regressive phase), and ongoing erosion (progressive phase),
see Fig. 5. It was observed visually that the sand deposition at the

1.0
1.3

3.21.90.5 4.0 4.8 5.6 6.4 7.2 8.0
Transducer 

position, x [m]:
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exitexit
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Fig. 4. Top view of sand bed showing exit, coarse sand strips, transducer position and styrofoam bead colors. Dimensions in meters. Not to scale.
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exit is not continuous but intermittent. This may be caused by
groups of grains being detached from the pipe tip, something that
has been observed by many researchers, e.g., Van Beek et al. (2015)
and Xiao et al. (2019).

The effects of piping erosion were clearly visible in the pore
pressure measurements, which are the primary source of informa-
tion in this experiment. Styrofoam beads from the pink, green and
white strips were only observed at the end of the test, during the
widening phase. Because the pipe must have passed the beads
much earlier, it is suggested that the beads got stuck in the shal-
lower parts of the pipe. However, it is unlikely that this influenced
the flow or erosion process, since the pipe can easily grow around
it. Because of the large delay, this method was not used to estimate
pipe tip position. The method may only be successful in case of
finer beads, with a diameter similar to the grain size. Furthermore,
the discharge readings were not accurate enough to measure small
changes. Therefore, only the order of magnitude is known, but is is
not possible to detect significant changes during the test. These
measurements should be more sensitive in future tests. The mass
of the sand collected with a spoon shows a consistent trend . As the
eroded sand cannot leave the bucket, the error in the cumulative
mass will be small.

Head and Hydraulic Gradient

Pore Pressure Development
This section describes the measured pore pressures and hydraulic
gradients, which form the basis for the analysis of progression
rates. The following preprocessing steps were taken. The transduc-
ers were zeroed just before the test during no-flow conditions at an
upstream level of 0.065 m, to ensure that all pressures are relative to
the same reference level. Therefore, all measurements were in-
creased by 0.065 m head. Furthermore, sensors P2 and P3 showed
some sudden drops in pressure that could not be explained by
physical behavior. These jumps of 2 kPa at the maximum were re-
moved from the signal. It is noted that P2 and P3 do not affect the
conclusions on the progression rates, as these transducers were
passed when the flow was not yet in the progressive phase. Finally,
the 0.1 Hz signal is smoothed using a 600 s moving average.

Fig. 5 shows the resulting head time series of each transducer in
the central row. All heads are relative to the upstream basin floor.
P16 is the upstream head, P1 is the most downstream transducer in
the aquifer (Fig. 4). When the upstream head increases step-wise,
the sensors respond depending on the position. Because of seepage

through the levee, the upstream head tends to decrease slowly but a
constant basin level is attempted by periodic filling. When the pipe
tip approaches a transducer, the graph shows a drop in head. This
behavior is also observed in Parekh et al. (2016). When the tip
passes, the head stabilizes because it shows the (relatively constant)
pipe head. The circles are not relevant at this point; these are used in
the section “Progression Rates” to derive the tip position. Vertical
lines indicate the phases of regressive erosion, progressive erosion,
and widening. The transition from regressive to progressive is
chosen at the time that the erosion no longer stabilizes. The maxi-
mum upstream head is slightly higher.

Note that the head at P9 is not consistent with the other loca-
tions. The transducers’ spacing is 0.80 m from P3 to P12, so the
head difference between those sensors should be similar. The head
of P9 is about 0.05–0.10 m too close to P10 during the progressive
phase. Possible causes are a poorly compacted zone, preferential
flow through coarse sand, or an error in the position of the sensor.
In the rest of the analysis, the original values of P9 are used.

The average hydraulic gradient, i, between transducer pairs fol-
lows from the head difference and the distance between transduc-
ers. In the rest of this paper, gradient indicates the horizontal
hydraulic gradient: i ¼ dh=dx (positive for flow toward the exit).
Fig. 6 shows three examples, Fig. S3 contains all transducer pairs.
Initially, the gradients increase with increasing upstream head. Pipe
erosion leads to a decrease in head in the transducer just upstream
of the pipe tip and an increase in gradient between the two trans-
ducers upstream of the pipe. A clear example is the gradient be-
tween P7 and P8 (gradient i7;8), which peaks at the moment the
pipe reaches P7.

Figs. S4 and S5 show longitudinal head profiles at several points
in time, which could be useful for the validation of the gradient in
the pipe and upstream of the pipe tip. The pipe gradient is approx-
imately 0.12, and the gradient over the first 0.8 m upstream of the
pipe tip varies between 0.31 and 0.41.

Exit Loss
The head loss over the exit hole is estimated as the difference be-
tween the downstream water level (0.18 m) and the head at trans-
ducer P1. This is an underestimation of the exit loss, because the
head at P1 may be slightly higher than the head below the exit, but
is expected to be small because there will be little flow from P1 to
the exit. The exit loss is approximately 0.1 m during the regressive
phase. During the progressive phase, it increases gradually to
0.13 m at the transition to the widening phase and 0.20 m just be-
fore the end of the test. This increase may be explained by the
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increasing sand transport, which leads to more exit resistance
(Robbins et al. 2020). As the cover thickness is 0.35 m, the vertical
gradient over the exit hole varies between 0.3 and 0.6.

Critical Head
The exit hole fills with fluidized sand at a head difference of 0.5 m.
First, sand boil formation is observed at a head difference of
0.85 m. The critical head difference (Hc) at which erosion does not
stop anymore is estimated at 1.52 m (1.7 m upstream, 0.18 m down-
stream head). Correction for 0.10 m exit head loss reduces Hc fur-
ther to 1.42 m. This observed value is compared to numerical
model predictions of MSeep version 18.1 (Sellmeijer 2006), as well
as the analytical models of Sellmeijer et al. (2011), Bligh (1910),
and Hoffmans and Rijn (2017), using the mean soil properties from
Table 1. Bligh’s creep factor of 15 for moderate fine sand is cor-
rected for the implicit safety factor in Bligh’s design rule (Kanning
2012), which yields a creep factor of 10. The predicted critical head
differences are 1.80 m (MSeep), 1.60 m (Sellmeijer et al. 2011),
0.72 m (Bligh 1910), and 1.30 m (Hoffmans and Rijn 2017). All
predictions are without 0.10 m exit resistance. Note that larger dif-
ferences between predicted and observed values do not necessarily
indicate that these models perform less well in field situations.
Some of these models were derived or calibrated for situations that
differ from this test in terms of aquifer geometry and exit type. So
the results should be viewed primarily as an indication of how ro-
bust the prediction is in different configurations.

Progression Rates

Derivation of Pipe Tip Position
Because a pipe causes a drop in pore pressure, the pipe tip position
can be derived from changes in head and gradient in time. This only
applies in case the pipe is sufficiently close to the sensor, which was
ensured by the guides. The moment that the pipe reaches a trans-
ducer can be based on pressure stabilization (Parekh et al. 2016) or
peak gradients (Robbins et al. 2017). In the pressure stabilization
method, the pipe passes the nth transducer when the head, hn, sta-
bilizes after a pronounced decrease. In the peak gradient method,
the pipe passes the nth transducer when the gradient in;nþ1 peaks
after a gradual increase and before a pronounced decrease.

The passing times of the pressure stabilization and peak gradient
methods are determined visually from Figs. 5 and 6 respectively,
and are indicated by circles in those figures. After the passing time,
the pressure fluctuates more strongly, which may be caused by tem-
poral clogging or pipe meandering. Fig. 7 shows the development
of the pipe tip position by plotting the sensor positions against the
passing times (x is distance from the downstream end of the sand
bed; Fig. 4). The moment of initiation is plotted with the exit lo-
cation (x ¼ 1.3 m). P1 has no pipe passing because it is located
behind the exit. The passing time of the two most downstream
transducers, P2 and P3, was more difficult to identify. During the
assumed passing of P2 the flow is not stationary yet and therefore a
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pressure stabilization is hardly identifiable. During the assumed
passing of P3 the erosion process is very slow (confirmed by ero-
sion volumes), which gives a prolonged increase in gradient instead
of a sharp peak. Therefore it is chosen to assign a point P3a at the
moment that the pressure starts to increase strongly (December 17,
22:00) in addition to point P3b at the peak before the gradient drops
(December 18, 12:00). Since these two transducers mostly reflect
the regressive phase, these do not influence the analysis for the
progressive phase.

Fig. 7 shows that both methods (peak gradient and pressure
stabilization) give very consistent results, and passing times are
increasing with x-position as expected. The results are more con-
sistent than the earlier IJkdijk-experiment (Parekh et al. 2016),
probably because the pipe is closer to the transducers and there
is a single pipe instead of a network. For further analysis, the results
of the peak gradient method are used.

Progression rates can be determined from the slope of the lines
in Fig. 7. The average progression rate after P3b is passed is ap-
proximately 0.1 mm=s, with a maximum of 2 mm=s in the last
1.6 m. Note that the progression rates during the regressive phase
are not representative because the time of the transducer passing is
relatively uncertain and the rate depends on the head increase
interval.

The critical pipe length is the length corresponding to Hc, when
the erosion process is just in equilibrium. This results in a slow
progression rate, and is the case during the approach of P3: an al-
most horizontal line between xtip ¼ 2.7 m and xtip ¼ 3.2 m in
Fig. 7. In further analysis, the average is used: xtip ¼ 2.95 m. The
pipe length, l, is the difference between xtip and xexit (1.3 m), so the
observed critical pipe length is lc ¼ 2.95 − 1.3 ¼ 1.65 m. MSeep
predicts lc ¼ 1.55 m, which is close to the observed value. Both
Sellmeijer’s and Bligh’s design rules predict no critical pipe length.
The observed lc is smaller than the commonly assumed 1=3L −
1=2L (Sellmeijer and Koenders 1991) because of the low ratio
of aquifer depth to seepage length (D=L).

Progression Rate as a Function of Local Gradient
Some authors expect that the progression rate is governed by pri-
mary erosion and depends on the local hydraulic gradient or pore
velocity just upstream of the pipe tip (Kézdi 1979; Robbins et al.
2017). Fig. 8 shows these relationships for the transducers that were
passed during the progressive phase (P3–P10). The right axis in-
dicates the pore velocity just upstream of the pipe tip, which equals

up;tip ¼ k · itip=n. The line indicated by vc;avg is the average pro-
gression rate during the progressive phase. This value is relatively
high because of the high progression rate at the end of the test.

The data seem to confirm a relationship between tip gradient
and progression rate for transducers P3–P9, but there are also some
outliers. Probably the tip gradients for P8 and P9 in Fig. 8 are over-
estimated and underestimated, respectively, because of the bias in
sensor P9 (noted in the section “Pore Pressure Development”).
Furthermore, the peak gradients are expected to increase monoto-
nously with x-position (and thus transducer number) because the
seepage path becomes shorter. The deviation of P8 and P9 from
this trend supports the hypothesis that these values should be more
in line with P3–P7. P10 shows a much higher rate, but this outlier is
likely because of the near breach conditions. The overall pattern
shows an increase in progression rate with tip gradient, but without
sufficient data to fit a reliable relation. Because of the uncertainty,
this relationship should be tested in a more controlled laboratory
experiment.

Erosion Volumes and Pipe Dimensions

This section aims to estimate the pipe geometry based on the
measurements of pipe length and mass of eroded sand (Fig. 9).
The measured dry sand massM (kg) is converted to initial soil vol-
ume Vexp (m3) by

Vexp ¼ M
ρsð1 − nÞ ð2Þ

The solid line in Fig. 9 shows the measured erosion volume.
Initially, the erosion accelerates, 15 h after the start it slows down,
and during the progressive phase it accelerates again. Note that, in
the regressive phase, the volume increase depends on the applied
head increments. Fig. S6 shows the same volume against pipe
length.

Two simple models, m1 and m2, are defined for the pipe volume
as function of pipe length. Eq. (3) represents a pipe with constant
cross-sectional area, A0. Eq. (4) represents a combination of an el-
lipsoid when the pipe length, l ≤ lt, which transitions to a pipe with
a constant area, A0, for l > lt. The coefficient Ad represents the
length-width-depth ratio of the ellipsoid

Vm1ðlÞ ¼ A0l ð3Þ
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Vm2ðlÞ ¼

8>>><
>>>:

16

3
πAdl3; if l ≤ lt

16

3
πAdl3t þ A0ðl − ltÞ; if l > lt

ð4Þ

The coefficients in Eqs. (3) and (4) result from minimizing the
RMSE between measured VexpðtÞ and modeled Vm1ðtÞ or Vm2ðtÞ.
Table 2 and Fig. 9 show the best fit of each model. The fitted value
of lt ¼ 1.60 corresponds to the critical length of 1.65 m which was
based on the pressure response. The combined model [Eq. (4)] fits
the measurements slightly better than the constant model [Eq. (3)],
but especially after the transition to the progressive phase (1.60 m)
the difference is negligible. So after an initial increase, the ratio of
volume over length or the average cross sectional area is relatively
constant.

Discussion

Uncertainties in Measurements

Important results such as progression rates and tip gradients are
based on the pore pressure measurements. There are some uncer-
tainties in these data that also affect the results to some extent. First,
as discussed in the section “Pore Pressure Development,” the head
at P9 is probably too high, so gradient i8;9 will be too high and i9,10
too low. Without this uncertainty, the relation between progression
rate and local tip gradient in Fig. 8 is expected to be stronger.
Second, the actual pipe head can be lower than the measured pipe
head if the pipe passed the sensor at some distance. This does not
affect the (average) progression rate, but can be an explanation for
the spatial variation in gradients after the pipe passed (Figs. 6
and S3). Third, it should be noted that the calculated gradient is
affected by the transducer spacing (0.8 m and thus averaged over
this distance) so the actual gradients close to the tip will be larger.
Furthermore, the pressure data smoothing (window size) slightly
reduces the peak gradients (e.g., in Fig. 8, up to 6%), but it has
no effect on the progression rate or the conclusions. Finally, the
gradients between the most upstream transducers (9,10,12,14)
peak almost instantaneously. The resulting high progression rate
(2 mm=s) is considered less reliable, but the true development over
this last 1.6 m is unclear. If this part is omitted, the average rate will
be 0.06 mm=s instead of 0.1 mm=s. These uncertainties in pressure
can be reduced by performing similar (laboratory) experiments
with more densely spaced pressure transducers and in which the
pipe development can be observed visually.

The pattern of coarse sand strips (Fig. 4) gives rise to the fol-
lowing points of attention. First, if the pipe tip touches a coarse strip
with higher permeability, the pore pressure on the upstream side of
that strip drops too. This increases the uncertainty in tip position.
However, the effect on the progression rate is expected to be small
as the error is similar at all transducers P3–P12. Second, it is
expected that the pipe tends to grow along the coarse strips. In
the area between two consecutive strips, it may grow temporarily
sideways, which may reduce the progression rate and increase the

pipe volume. Finally, the strips with higher permeability may
change the groundwater flow field. Because they are thin (0.05 m
compared to an aquifer depth of 1.0 m) and have a limited volume
(0.07 m3 compared to an aquifer volume of 11.4 m3), they will
have no significant influence on the bulk conductivity. This is also
reflected by the similarity between bulk conductivity (klevee) and
fine sand conductivity (klab), see Table 1. Hence, there may be
some local disturbance of the flow field by the strips, but the effect
on piping progression is limited since piping progression is mainly
determined by the bulk conductivity of the sand aquifer. It is rec-
ommended that this limited influence be confirmed using a detailed
three-dimensional (3D) piping erosion model, and to search for an
experimental setup or measurement technique that allows suffi-
ciently detailed measurements without disturbance of the sample.

Progression Rates in Other Experiments

Based on a compilation of laboratory tests (Van Beek et al. 2011;
Sellmeijer et al. 2011; Vandenboer et al. 2019; Robbins et al. 2017;
Yao 2014), Pol et al. (2019) proposed two equations for the average
progression rate during the progressive phase (vc;avg). The rate is
a function of loading (global hydraulic gradient), soil properties
(hydraulic conductivity, porosity), and empirical coefficients

vc;avg ¼ 4 · 10−3
�
H
L

�
1.4
�

k
3.4 · 10−4

�
0.57

ð5Þ

vc;avg ¼
3.2kH
nL

ð6Þ

The average rate of 0.1 mm=s that is found in the large scale test
of this paper (see the section “Progression Rates”) is in good agree-
ment with both empirical formulas. Eqs. (5) and (6) yield 0.19 and
0.14 mm=s respectively, and 0.1 mm=s was observed (see solid dot
in Fig. 10). These rates are relatively close to the 0.05–0.06 mm=s
obtained in the IJkdijk large scale tests on fine sand (Van Beek et al.
2010; Sellmeijer et al. 2011).

Pipe Dimensions

During the progressive phase, the pipe area, A0, is approximately
0.001 m2. Assuming that the pipe is not wider than 0.2 m (width
of the middle strip of fine sand), the pipe depth is 5 mm, which
is about 30 · d50. This is larger than values found in laboratory ex-
periments with rigid covers (Hanses 1985; Van Beek et al. 2015;
Vandenboer et al. 2018; Allan 2018). Pipe depth in these ex-
periments varies approximately from 2 − 20 · d50, and the pipe
width is 20 − 100 · d50, which yields an area of 40 − 2,000 · d50
(7 − 360 mm2 for the grain size in this test). In contrast to these lab
experiments, IJkdijk tests had a clay cover. At the start of the wid-
ening phase of IJkdijk Test 3, the eroded sand mass was 80 kg (Van
Beek et al. 2010). Based on l ¼ 15 m and n ¼ 0.398, this equals an
estimated average cross-sectional area of 3,300 mm2. Note that the
IJkdijk test had several active sand boils over the aquifer width of
12 m, whereas our test has only one. Given these differences, the
erosion volumes of the two large scale tests are similar. It is not
entirely clear whether the larger average cross-sectional area com-
pared to lab experiments is only because of scale or also because of
the cohesive blanket. A larger aquifer width and depth results in a
higher discharge, so it may be expected that pipes are larger as well.
The effect of a cohesive blanket could be caused by the blanket
roughness or the deformation of the blanket during the test, which
leads to more erosion while the pipe dimensions are not increasing.

Table 2. Applied pipe geometry models

Geometry Best fit coefficients RMSE (m3)

Eq. (3): constant A0 ¼ 0.001 m2 2.5 · 10−4
Eq. (4): combined A0 ¼ 0.001 m2, Ad ¼ 2.7 · 10−5,

lt ¼ 1.60 m
1.5 · 10−4
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Because of the large differences in pipe volumes between labora-
tory tests with rigid cover and field experiments with cohesive blan-
ket, practitioners should be careful to estimate pipe lengths from
observed sand boil volumes in field conditions combined with
cross-sectional areas in laboratory tests.

Conclusions

The large scale backward erosion piping experiment described in
this paper was designed to study the temporal development of pip-
ing in terms of pipe progression rates. The test levee had a 1 m deep
sandy aquifer with a seepage length of 7.2 m. Compared to pre-
vious experiments, there are two main improvements. First, it had
a more realistic, large scale configuration with blanket and hole-
type exit. Second, the pipe growth was focused along a row of pore
pressure transducers using coarse sand strips, which allows more
accurate monitoring of the progression rate.

The performed experiment delivered a useful data set for model
validation. First, the experiment confirmed several stages of the
piping process described in other research, such as the existence
of an equilibrium after initiation (regressive phase) which turns into
progressive erosion after a critical head is surpassed. Second, the
pipe length development was successfully derived from pore pres-
sure data and shows a consistent trend in the sense that pipe length
increases monotonically with time. The average progression rate
during the progressive phase (at constant head) was approximately
1 · 10−4 m=s (8 m=day). This value matches a multivariate regres-
sion on previous experiments (Pol et al. 2019). Future research
should study the dependence of progression rates on hydraulic
loading, scale, and sand properties.

The observed critical head difference, corrected for exit loss,
was 1.42 m. The critical pipe length was approximately 1.65 m,
which is 23% of the seepage length. It was found that the pipe
volume increases linearly with pipe length, after an initial cubic
increase. However, the derived average cross-sectional area
(approximately 1; 000mm2) was significantly larger than in small-
scale experiments.

An important question for modeling is whether the progression
rate is governed by primary erosion or secondary erosion. The re-
sults show a relation between tip gradient and progression rate.

However, this does not show that the progression rate is governed
only by primary erosion, because secondary erosion is also related
to the tip gradient. For a better understanding of the dominant driv-
ers, these mechanisms should be studied in more controlled labo-
ratory experiments.

Information on the temporal development can be applied to, for
example, levee safety assessments, emergency response planning,
and prioritization of monitoring in the most critical levee sections.
The relatively slow progression observed in this experiment indi-
cates the importance of the temporal aspects. If similar rates occur
in the field, it takes approximately 1 week for a pipe to develop
through 50 m seepage length of a levee. In areas with shorter flood
duration, this has a significant positive impact on the calculated
safety against piping and thus on reinforcement costs.

Current piping models should be extended with temporal devel-
opment, based on further laboratory experiments that show depend-
ence on hydraulic loading, scale and sand properties. Although the
dimensions of this test (mainly the aquifer) are still smaller than in
many field situations, the experiment provides a novel data set to
validate or benchmark piping models.

Data Availability Statement

All data and code generated or used during the study are available
from the corresponding author upon request.
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Fig. 10.Average progression rate during the progressive phase compared to other experiments. The progression rate is modeled using (a) Eq. (5); and
(b) (Eq. 6). SS = small scale; and MS = medium scale. (Reprinted with permission from Pol et al. 2019.)
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Supplemental Materials

Figs. S1–S6 are available online in the ASCE Library (www
.ascelibrary.org).
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