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Abstract: Internal erosion is caused by seepage body forces acting on the soil particles. One of the
most dangerous modes of internal erosion at hydraulic structures is backward erosion piping, which
usually initiates at the downstream end of a seepage path, e.g., at the downstream toe of the dam. The
progress of backward erosion and the development of erosion pipes were tested in a newly developed
laboratory device for three types of sand with grain sizes of 0/2, 0.25/2, and 0.25/1. The piezometric
head along the gradually developing seepage “pipe” was observed by seventeen piezometers and
seven pressure sensors. The seepage amount was measured by the volumetric method. The critical
hydraulic gradient was determined and related to the soil porosity. The progression of the seepage
path and relevant characteristics such as the piezometric and pressure heads and the amount of
trapped sediment were observed by two synchronous cameras. Based on the analysis of the results of
42 tests, a new empirical formula for the backward erosion rate was proposed. The characteristics of
lateral erosion were evaluated and compared with the available literature, which provided reasonably
good agreement.

Keywords: seepage; experimental research; backward erosion piping; lateral erosion; critical
hydraulic gradient

1. Introduction

A large number (about 46%) of incidents and failures of hydraulic structures may be
attributed to internal erosion [1,2]. This failure mode concerns both embankment structures
and the foundation of hydraulic schemes. The European Working Group on Internal
Erosion (EWGIE) was set up in 1993, and its work continues to this day. Until now, the
internal erosion problems have been discussed at 23 workshops [3], where experimental
research, numerical modeling, and case histories have been presented.

One of the most dangerous types of soil instability is backward erosion piping (BEP),
which initiates at the downstream toe of the scheme or downstream face of an internal
section such as a dam core. It starts with an erosion “pipe” developing below the “roof”, i.e.,
a layer composed of a plastic cohesive soil or of the concrete foundation of the hydraulic
structure. The “pipe” may proceed backwards to the upstream side of the hydraulic
structure, and in its final stage, it can burst through upstream into the reservoir. At the
same time, its diameter is increasing due to lateral erosion. It occurs mainly in loose soils
such as sands at places where the soil loses its stability due to seepage forces and soil
grains are transported downstream by the seepage flow entering the “pipe”. The particle
detachment occurs basically at the upstream tip of a privileged flow path, where the
pressure gradients are the greatest. Therefore, the mechanisms related to the development
of seepage paths have been studied by numerous researchers [4,5].

In the study of BEP, the process may be divided into two simultaneous phenomena,
namely backward and lateral erosion. Backward erosion proceeds in the upstream direction
due to instability and detachment of soil particles at the erosion “pipe” tip, which causes
an elongation of the erosion “pipe”. Until now, there has been a lack of experimental
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and reliable field data on the backward erosion progression and rate related to various
configurations and eroded materials.

Lateral erosion results in an increase in the “pipe” diameter due to instability and
erosion of the soil along the pipe walls [6–8]. The particle detachment occurs to a limited
extent during the development of the “pipe”, but more extensive lateral erosion proceeds
after the development of the continuous pipe connecting the upstream reservoir with the
downstream toe of the dam. For the investigation of lateral erosion and the quantification
of erodibility characteristics (critical shear stress, coefficient of soil erosion), experimental
methods such as hole erosion tests, slot erosion tests, and others were developed. However,
the research focused mostly on cohesive soils with relatively slow enlargement of the
erosion pipe (Wan and Fell 2002).

In the past, the criteria for global stability related to internal erosion were expressed
via the mean critical hydraulic gradient derived from an analysis of existing dams [9–13].
Some of these criteria have been applied until now.

During the last decades, the BEP has been analyzed within experimental laboratory
research and using numerical methods. In this way, valuable data have been provided
for the validation and calibration of computer models. Well known is the extensive re-
search, counting more than 70 BEP tests, carried out at the Deltares Hydro Facilities and
Geotechnical Laboratory in Delft [14–16].

The results of 37 piping experiments performed at the University of Florida from 1981
to 1995 were summarized by Schmertmann [17]. These experiments were performed on the
sand bed covered by “overburden” with a seepage length of 1524 mm and a cross section
of 305 × 305 mm. An artificial pipe was created on the upper side below the overburden;
its length measured between 152 and 762 mm.

Small-scale, two-dimensional experiments with two soils were carried out by Van
Beek et al. [18] to test the effect of lateral heterogeneity on the pipe’s development. The
length of the sand box was about 380 mm. Homogeneous samples provided that the pipe
developed in the upstream direction without reaching equilibrium in pipe formation. In
the heterogeneous samples, a pipe formed from the downstream edge in the fine sand and
stopped at the interface between soils with coarser gradation.

The tests on uniform sands were systematically analyzed by van Beek et al. [19]. An
extensive summary of BEP research completed by the author’s own research is compiled in
the PhD thesis of Van Beek [20] and in the papers published by Robbins and van Beek [21]
and Rice et al. [22].

The U.S. Army Corps of Engineers has performed a wide range of laboratory-scale
experiments on BEP carried out on various fine-grained cohesionless materials [23,24]
and extended the study to fine gravels [25]. These experiments were focused on the
determination of the critical hydraulic gradient. A novel laboratory test has been developed
to study local hydraulic characteristics, including pore pressures in the soil and eroded
pipe [26]. The rate of BEP was simulated in a small-scale flume where nine uniform sands
were analyzed [27]. The temporal progression of BEP was also studied via a small-scale
model by Pol et al. [28].

Sellmeijer [29] developed a method for the estimation of the effect of BEP by computing
the critical piezometric head in the subbase of a levee based on the experimental data
obtained by de Wit et al. [14]. The model was calibrated by Silvis (1991) and adopted for
designing levees in the Netherlands. During the following years, the model was improved
by Weijers and Sellmeijer [16] and Sellmeijer et al. [13]. The experimental data obtained
may be employed in the validation of more advanced numerical models [30,31].

Nevertheless, numerical models still frequently fail due to the complexity of the factors
involved, including the general randomness of the phenomena and different geomechanical
and seepage properties.

As mentioned above, there is still a deficiency of experimental research and field
investigation providing enough data on the backward erosion piping phenomenon. In order
to at least partially fill the knowledge gap and to provide more experimental data on BEP
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initiation and progression, a small-scale experimental device was proposed, constructed,
and tested [32]. A set of BEP tests were performed to identify the dependence between the
mean and local hydraulic gradients and their relation to soil porosity. The experimental
research aimed to find out the principal dependencies between soil characteristics, hydraulic
conditions, and BEP erosion rate, verify the proposed methodology of the testing, and
discuss related uncertainties in the results obtained. Based on the obtained data, the authors
derived a simple formula for the estimation of the backward erosion rate. Characteristics
for lateral erosion were also derived and compared with the available literature.

2. Materials and Methods
2.1. Rationale

Previous research indicates that the erosion “pipe” initiates and develops due to
soil instability at its upstream tip. At this place, due to the concentration of seepage
flow, the pressure and hydraulic gradients reach their maximum values. The backward
erosion proceeds upstream due to the local detachment of soil particles close to the “pipe”
tip [20,33].

Robbins et al. [27] indicate that the rate of tip advancement depends on the hydraulic
gradient, grain size, and void ratio of the soil. The local geometry at the “pipe” tip and
the shear strength characteristics of the soil are functions of the soil compaction (void
ratio, porosity) and the grain size and shape. As these may be regarded as independent
of the scale, a scaled model may be employed for a credible description of the process
for a given soil. The pressure and hydraulic gradient are the most important parameters
characterizing the “body load”. Therefore, the experimental device was designed in such
a way to enable identification of the development over time of the piezometric head. As
the rapid progression of backward erosion during its progression phase was expected, the
pressure measurements had to be taken continuously in the course of the tests.

2.2. Experimental Device

The testing apparatus was described in more detail by Petrula and Říha [32]. The
apparatus had a square cross section with dimensions of 120 × 120 mm and a length of
350 mm. An approx. 70 mm thick gravel layer was placed at the inlet section to homogenize
the inflow into the sample. The gravel was separated from the tested sand material by
the fine screen. Water seeping through the sample together with eroded material entered
through a hole created in the upper edge of the downstream front wall of the box and
flowed to a sedimentation cone. From the downstream side, a predefined opening with
a diameter of 12 mm was holed below the top cover of the box to preclude the random
development of an erosion pipe, as was evidenced by Van Beek [20]. The diameter of the
pipe varied from 12 mm to 30 mm according to material type and sample compaction.
17 piezometers were installed in the top cover of the device along the predefined “pipe”
and the expected path of its progression. The piezometers were attached to the vertical
board mounted behind the box to enable comfortable readings of hydraulic heads during
the tests. Seven of these piezometers were equipped with pressure cells to automate the
recording of pressure during the tests (Figure 1). Automatic sensing and recording of
the water pressure in the sand sample was necessary, namely towards the end of the
test when soil erosion proceeded very fast. The apparatus was linked to a movable tank,
which allowed variations in the upstream piezometric head (boundary condition). The
downstream boundary condition was fixed by the level of the outlet hole in the downstream
front wall of the box. Two cameras installed above and on the side of the device were
continuously recording the BEP process. The overall photograph of the testing device can
be seen in Figure 1.
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Figure 1. The experimental device.

2.3. Experimental Research

The testing procedure is described in a previous paper by Petrula and Říha [32]. Three
types of uniform sand taken from a local quarry were tested. The grain size characteristics
are shown in Table 1, along with the number of tests. To obtain better statistics on behavior
and more data indicating dependencies, the sand with a grain size of 0/2 mm was subjected
to more extensive testing, amounting to 26 tests, while the artificially prepared sands
(0.25/2 mm and 0.25/1 mm) were tested only 8 times each. In total, 42 experiments
were performed on the sands mentioned. The extent of the time-consuming testing was
limited by the capabilities of the Laboratory of Hydraulic Research and the schedule of the
research project.

Table 1. Experimental plan—numbers of experiments and sample properties.

Material Grain Size

Number of Tests Uniformity Coefficient
Cu

Grain Density
ρd

Porosity
n

[-] [-] [kg/m3] [-]

Min. Max.

0/2 mm 26 2.98 2638 0.286 0.381
0.25/2 mm 8 2.08 2638 0.319 0.341
0.25/1 mm 8 1.84 2638 0.331 0.346
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The preparatory work started with the filling of the box with sandy material. The
filling was carried out in a vertically arranged box with variable compaction time (0 to 60 s)
in order to achieve variable sample porosity (Table 1). After placing the upstream gravel
layer with the screen and mounting the upstream front wall, the length of the sand sample
was measured to determine the porosity and bulk density of the sample. Then the box
was turned to the horizontal position, the “predefined” seepage pipe was formed, and the
box was connected to the water inlet and to piezometers and pressure sensors. Finally, the
sample was slowly saturated with water.

The porosity of the prepared samples varied due to the random compacting factor.
This allowed the influence of porosity values on critical hydraulic gradients and the erosion
rate to be investigated. It can be seen from Table 1 that the less uniform sand provided a
wider range of sample porosity.

After saturation, the soil sample was gradually subjected to seepage with a stepwise
raising upstream of a vertically movable tank attached to the testing apparatus [32]. Each
time the tank was raised, hydraulic conditions in the sample took approximately 15 min
to stabilize. In the initial phase, erosion did not occur. Random detachment of single
particles was not considered to be the beginning of erosion. These individual grains
were detached from the sample during the process of predefining the pipe. During this
phase, data on the piezometric heads and local hydraulic gradients along the sample were
recorded and evaluated. The outflow discharge was measured volumetrically. At a certain
upstream piezometric head, governed by the vertical position of the tank, erosion of the
sand initiates at the pipe tip. At this instant, both local and mean critical hydraulic gradients
were recorded.

Increases in pipe length and dimensions were recorded by the camera. During the
erosion, which became quite rapid during the final phase, pressure measurements were
performed automatically along the developing erosion pipe using pressure cells. The
sediment was captured in a sedimentation cone, and the volume of sediment was con-
tinuously monitored by a side camera. The eroded volume material was then dried and
weighted, and the resulting values were then compared with pipe volumes to verify the
experiment’s validity.

3. Results and Discussion

The analysis of the results focuses on the critical hydraulic gradient and both the
backward and lateral erosion rates.

3.1. Critical Hydraulic Gradient

The basic observed parameters were the local critical hydraulic gradient Jc at the “pipe”
tip and the mean critical hydraulic gradient Jc,mena in the sample, corresponding to the
distance between the “pipe” tip and the point of entry of water to the sand sample. It
is obvious that both the local and mean critical gradients relate to the shortest seepage
path between the upstream edge of the sample and the pipe tip, where piezometric heads
were observed.

When both the local and mean critical gradients were correlated with the sample
porosity, it was observed that with increasing porosity, the critical hydraulic gradient
considerably decreased (Figures 2 and 3). This states that the less compacted the samples
were, the less resistance there was to soil erosion initiation. This qualitative behavior is
consistent with the results of previous research [23,25,26]. For the 0/2 mm sand within the
porosity range n ∈ (0.286; 0.381), the best fit indicated the following relationship:

Jc,mean = 3.85− 7.94 n. (1)
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sand.

Equation (1) will be used. The scatter in the obtained values is due to various factors,
including the inherent uncertainty of the phenomenon, inaccuracies in the piezometric
head readings (single percents), and the measurement of soil sample length. For the 26 tests
for 0/2 mm sand, the standard deviation based on Equation (1) was determined as follows:

s =
√

1
N − 1 ∑26

N=1

(
Jc,mean − Jc,mean

)2
= 0.20. (2)
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In Equations (1) and (2), n is the porosity of the sample, Jc,mean is the mean critical
hydraulic gradient obtained from the measurements, Jc,mean is the critical hydraulic gradient
determined using Equation (1), s is the standard deviation, and N is the number of tests.

Even if the local body force due to seepage acting on the soil at the “pipe” tip is
represented by the local hydraulic gradient, in practical assessment, the mean hydraulic
gradient is frequently used as a hydraulic criterion for particle detachment and internal
erosion initiation [9–13]. Quantifying the proportion between local and mean hydraulic
gradients is therefore of considerable interest. The comparison shows a linear relation
between local and mean hydraulic gradients (Figure 4). The local gradients at the tip of the
pipe are about 2.4 times higher than the mean gradients in the soil sample. It is obvious
that the thus measured local hydraulic gradients are still “average” values coming from the
piezometers adjacent to the pipe tip. In this research, “local” gradients were determined
from the distance of 20 mm between two neighboring piezometers. It is suggested that
the ratio of 2.4 between local and mean gradients is therefore still underestimating true
conditions at the pipe tip. Even lower ratios, ranging approximately from 1.4 to 1.8 for
the distance of 100 mm between piezometers (pressure cells), are provided in the study
published by [26], who carried out their tests in 1.53 m long tubes with internal diameters
of 25.4, 76.2, and 152.4 mm.
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In Figure 5, the obtained mean critical hydraulic gradients are compared with the
results that Robbins et al. [25] obtained from experiments on uniform gravel with grain
sizes of d10 = 4.67 mm, d30 = 6.13 mm, d60 = 7.79 mm, and Cu = 1.67. One can see that
the mean critical gradient values obtained by Robbins [25] fit the lowest envelope of our
values. The study carried out by Robbins et al. [26] on two uniform sands, the first with
d10 = 0.227 mm, d30 = 0.268 mm, d60 = 0.322 mm, and Cu = 1.42, and the second with
d10 = 0.465 mm, d30 = 0.541 mm, d60 = 0.645 mm, and Cu = 1.38, manifests similar results as
the study performed with gravels [25].
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Figure 5 shows only minor differences in the magnitude of critical hydraulic gradients
for the three tested sands. It seems that sand with a larger uniformity coefficient Cu provides
slightly higher resistance in terms of critical hydraulic gradient, though for a more reliable
statement, more tests are needed for materials 0.25/1 and 0.25/2.

Advanced efficiency criteria for the dependence in Figure 4 were evaluated. The mean
square error (MSE):

MSE =
1
n ∑n

i=1(ŷi − yi)
2 = 0.103, (3)

where n is the number of measurements, ŷi is the measured mean hydraulic gradient, and
yi is the predicted value of the local hydraulic gradient using the relation in Figure 4.

The Nash–Sutcliff efficiency coefficient:

NSE = 1− ∑n
i=1(ŷi − yi)

2

∑n
i=1(ŷi − ŷm)

2 = 0.914, (4)

where ŷm is the mean of the observed value of the mean hydraulic gradient, and the
meaning of other variables is the same as in Equation (3).

The values of advanced criteria indicate good predictive ability of the relation in
Figure 4.

Comparisons were made with experimental results and predictions by Sellmeijer
et al. [13]. It was found that, as with the findings of Robbins et al. [25], Sellmeijer’s values
rather overestimated the mean critical hydraulic gradients, except in the case of 2 mm glass
beads (Figure 6). However, the comparisons obtained from experiments performed with
beads are not relevant due to the “absolute” uniformity and regular shape of glass beads
and their smooth surface.

Russian guidelines [11,12] recommend the “safe” value Jc,mean = 0.75 for fine sands
in the case of good compaction and Jc,mean = 0.30 for poor compaction. These values have
already been adjusted (reduced) by the safety factor.

3.2. Soil Erosion

During each experiment, the progression of soil erosion was observed and evaluated
(Figure 7). Backward erosion was separated from lateral erosion for further analysis. The
soil volume transported from the pipe tip was attributed to backward erosion, while the
volume corresponding to pipe widening was assigned to lateral erosion (Figure 8).
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Based on the recorded pipe shape, for each time interval ∆ti the volume changes
and mass Mi of the eroded soil were calculated both for backward erosion and lateral
erosion. Given the known eroded mass and pipe-wetted surface for two consecutive time
instants, the rates of backward erosion

.
εB and lateral erosion

.
εL were calculated using the

following formulae:
.
εB,i =

Mi
∆ti·AB,i

, (5)

.
εL,i =

Mi
∆ti·AL,i

, (6)
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where
.
εi is the erosion rate at the ith time interval ∆ti = tj+1 – tj, AB,I is the mean area of the

cross section at the pipe tip corresponding to the time interval ∆ti, and AL,i denotes the
corresponding wetted surface (Figure 8).
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Backward erosion rates ranged from almost zero at the very beginning of the tests up
to almost 50 kg/s/m2 at the instant just before the pipe tip broke at the upstream part of
the sample (Figures 9–11). Before the erosion pipe fully developed, the lateral erosion rates
were very low, ranging from 0.25 to 2 kg/s/m2 for all tested sands. After the erosion pipe
had completely developed, lateral erosion rates increased up to 25 to 50 kg/s/m2.
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At the same time, it was observed that for materials with higher porosity, the erosion
rates were lower due to lower unit mass (the higher the porosity, the smaller the bulk
density of the soil).

3.2.1. Backward Erosion Piping

Based on the data obtained from the experiments, the relation between backward
erosion rate

.
εB and mean critical gradient Jc,mean, soil porosity n, and mean grain size

d50 was analyzed. A summary of all calculated erosion rates, sorted according to the
experiments from which they were obtained, was used to derive the relationships and
functional dependencies of individual variables. Using the least squares method, the
shapes of functional dependencies were derived; the criterion for the selection of the
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relation was the coefficient of determination R2. The following conditions were applied
when constructing the final relationship determined by the least squares approximation:

-
.
εB increases exponentially with increasing Jc,mean (Figure 9);

-
.
εB decreases with increasing n for most of the measured data (Figure 10);

-
.
εB decreases with increasing d50, according to Figure 11, and according to the theory
that with increasing grain size, larger forces must be in action to cause erosion.

Based on the trend analysis for the mean hydraulic gradient, an exponential relation
was chosen for the porosity, and for grain size, a linear dependence was used. The beginning
of the BEP was expressed by introducing the mean critical hydraulic gradient calculated
from Equation (1). The final formula for

.
εB determination holds:

.
εB = 0.94

[
−1 + e0.83(Jmean−Jc,mean)

]
·0.35

d50
·0.476

n
, for Jmean > Jc,mean, (7)

where
.
εB is the backward erosion rate [kg/s/m2], d50 is the grain size corresponding to

50% passing [mm], Jmean is the mean hydraulic gradient during the BEP, Jc,mean is the critical
mean gradient from Equation (1) [-], and n is porosity.

Equation (5) holds for uniform soils (uniformity coefficient Cu ≤ 3 with d50 ≤ 0.35 mm).
The constant 0.476 represents the maximum porosity of loose spheres with Cu = 1. Other
constants were determined using the weighted least squares method:

Sq =
w

∑
i=1

[( .
εB,i,exp −

.
εB,i
)2 1

.
εB,i,exp

.
εB,i

]
= min, (8)

where Sq is the sum of squared residuals, w is the number of experimentally determined
values,

.
εB,i,exp is the backward erosion rate from experiments, and

.
εB,i denotes the backward

erosion rates calculated using Equation (7). A comparison of experimental and calculated
values is shown in Figures 12 and 13.
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From Figures 9–13, it can be seen that the scatter of obtained values is large, resulting in
small values of R2. This is caused by the random nature of the soil erosion and additionally
by uncertainties arising during the evaluation of experimental BEP rates, i.e., the reading of
the erosion pipe dimensions from the video logs, the estimation of the pipe “depth” from
its final depth at the end of the test, and errors in the time step due to the high speed of
the erosion at the end of the test. Moreover, some soil characteristics were not taken into
account, such as grain shape and the roughness or uniformity of the sand (in a very narrow
range). Figure 11 indicates that, relatively speaking, better agreement is achieved in the
range of 0 to 5 kg/s/m2.

3.2.2. Lateral Erosion

As the erosion pipe widened during the tests, the characteristics of lateral erosion
during the BEP were evaluated using a methodology similar to that used by Wan and Fell
(2004) [7], who expressed the lateral erosion rate as follows:

.
εL = Ce(τ − τC) for τ > τc, (9)

where Ce is the coefficient of soil erosion, τ is the shear stress along the erosion pipe, and
τC is the critical shear stress.

The critical shear stress and coefficient of soil erosion were derived from the experi-
mental data. The critical shear stress was determined using values read at the instant of the
incipient movement of particles along the pipe wall using the formula:

τC = ρgRJ, (10)

where ρ is water density, g is acceleration due to gravity, R is the hydraulic radius related to
the erosion pipe (semicircle) with the diameter D when neglecting the effect of the smooth
plexiglass surface (R ≈ D/4), and J is the hydraulic gradient in the pipe at the instant of
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incipient particle movement. In Figure 14, the dependence of critical shear stress on sample
porosity is depicted. The critical shear stress drops with increasing porosity and increases
with increasing sand uniformity. The obtained values fit the critical shear stress τC < 6.4 Pa
obtained by Wan and Fell [7] for loose soils (USCS Classification SM) well.
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The derived coefficients of soil erosion do not show any analytical dependence on
sample porosity (Figure 15). However, the values of Ce in the range from 0.022 to 1.7
(with 80% of values being less than 0.4) correspond to the range obtained by Wan and Fell
(2004) [7] for loose soils (Ce from 0.02 to 0.25).
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4. Conclusions

In the paper, the results of experimental research on backward erosion piping through
uniform sand with grain sizes of 0/2, 0.25/2, and 0.25/1 mm are presented. Critical
hydraulic gradients were also investigated for glass beads with diameters of 0.2 and
0.5 mm. The small-scale measuring device and measurement methodology used were
proposed in a previous study [32].

The comparison of local hydraulic gradients at the pipe tip with mean hydraulic
gradients shows that in the case of this study, the local gradients are about 2.4 times higher
than the mean ones. Analysis of both local and mean hydraulic gradients indicated an
approximately linear relation to the sample porosity. The mean hydraulic gradients range
from 0.5 to 1.8 depending on sample compaction (porosity), which in some cases exceeds
values published in previous studies [26], though the gradients from previous studies were
derived for rather higher porosities.

The rates of backward and lateral erosion were derived from experiments. The formula
Equation (5) for the estimation of backward erosion rate was derived to be applied to
uniform sand (uniformity coefficient Cu ≤ 3) with the mean grain size d50 ≤ 0.35 mm.

The characteristics of lateral erosion, namely the critical shear stress and coefficient of
soil erosion, comply with values derived by Wan and Fell (2004) [7].

The obtained results, namely predicted erodibilities, suffer from a considerably wide
scatter. The scatter may also be observed in the results of internal erosion studies [20,34],
namely concerning critical shear stress, erodibility, slope angle at slope-type experiments,
critical hydraulic gradient, etc. The wide scatter may be attributed to the randomness of
the soil erosion phenomenon and to uncertainties and inaccuracies in the evaluation of
experimental erosion rates (reading of the erosion pipe dimensions from the video logs,
determination of the pipe “depth”, and time step errors in the case of very fast erosion).
During some tests, backward erosion temporarily stopped, which resulted in an almost
zero erosion rate during the corresponding time interval. After that, erosion reinitiated,
sometimes with more intensive particle detachment, which resulted in an extremely high
erosion rate. Related inaccuracies in input and measured variables are shown in Table 2.

Table 2. Absolute and relative deviations of measured and calculated variables.

Variable Measured (M)/
Calculated (C)

Absolute
Deviation [-]

Relative
Deviation [%]

Cross-sectional dimensions of testing box M 0.01 mm 0.008
Sample length M 1 mm 0.5
Sample weight M 0.1 g 0.004
Grain density C 10 kg/m3 0.38
Sample porosity C 0.0065 1.85
Distance of piezometers M 0.5 mm 2.5
Piezometric head M 0.5 mm 3.13
Seepage discharge C 2.16 × 10−8 m3/s 1.44
Hydraulic conductivity C 9.6 × 10−6 m/s 7.5
Critical local hydraulic gradient C 0.05 5
Width of the pipe M 0.5 mm 3.3
Depth of the pipe M/C 0.5 mm 10
Bulk density of eroded material C 10 kg/m3 0.55
Rate of erosion C 0.016 kg/s/m2 12.5
Mean hydraulic gradient during backward
erosion C 0.17 4.4

Mean hydraulic gradient during lateral erosion C 0.015 1
Cross-sectional area of the pipe C 6.97 mm2 11.8
Cross-sectional wetted length of the pipe C 1.12 mm 5.7
Shear stress C 8.6 Pa 19.7
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Some of these imperfections may be eliminated by using a longer experimental device
adapted to a longer sample and by using laser equipment for measuring pipe depth and
cross-sectional area. Further research will focus on testing more soil types with more
variable properties (e.g., grain size) with the aim of verifying the proposed formulas for less
uniform sands with a larger grain size. Glass beads are not suitable for such experiments
due to their smooth surface and spherical shape. The resulting formulae will be tested
using the BEP tests performed by other authors and field data from real dam failures. The
verification will need further extensive data sets from the experimental research and from
backward analysis of true incidents and accidents.
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