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Abstract: Backward erosion piping accounts for one of the leading threats to dams and levees
throughout the world. A laboratory modeling program has been conducted to interpret pore pressure
data and observations collected during backward erosion piping (BEP) initiation and progression in
sandy soils. An analytical model has been applied to assess the development of BEP mechanisms
as well as calculating the critical hydraulic conditions required for various BEP stages to initiate
and progress. The results with the predicted model are produced by successively matching the
hydraulic head regime surrounding the developing BEP stages based on observations and pore
pressure measurements obtained from the laboratory models. Interpretation based on an analytical
model allows assessment of the processes governing BEP initiation and progression, including:
(1) substantial concentrations of seepage flow around the edge of the exit area resulting in increased
gradients and BEP initiation (i.e., sand boiling); (2) soil particles collapsing leading to BEP progression
(i.e., channel development). The findings of the study identified the criterion for governing channel
progression that can be applied to the assessment of BEP mechanics.

Keywords: backward erosion piping; laboratory modeling; analytical model; concentration flow;
soils collapsing

1. Introduction

Backward erosion piping (BEP) is one of the least understood mechanisms of internal
erosion observed in dams, levees, and their foundations. Internal erosion in its various
forms can be attributed as one of the main causes of dam and levee failures worldwide [1,2].
BEP occurs with the removal of individual non-plastic soil particles out of a seepage exit
point thus resulting in the formation of a “backward” progressing channel or pipe toward
the seepage source.

Overview of BEP mechanism. A schematic interpretation of a condition where BEP
frequently occurs through a defect in an overlying low-permeability layer is presented in
Figure 1. The BEP mechanism consists of: (1) the formation of a loosened zone, (2) detach-
ment of individual soil particles, (3) transportation of soil particles to an exit, and (4) the
formation of one or several pipes. The loosened zone initially forms at the exit location and
has been observed to progress with the developing erosion [3,4]. As the hydraulic gradient
and total flows increase, the flow in the defect area starts carrying soil particles in suspen-
sion and the soil is “fluidized” [5–7]. Because the pipe is a path of least seepage resistance,
the pressure loss and hydraulic gradient inside the piping path decrease, then seepage from
the surrounding soil converges into the pipe and increases both the hydraulic gradient at
the pipe head and the flow volume within the pipe. Therefore, the pipe now has more
capacity to progress toward the flow source, forming an erosion pipe and uncontrolled
erosion can lead to the potential collapse of the structure.
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Figure 1. Schematic illustration of BEP and the mechanisms of BEP development (Adapted from
Peng et al. [3]).

Background. Numerous investigations are based on laboratory testing by a number of
researchers with the goal of observing the BEP mechanisms and quantifying the hydraulic
driving forces needed to initiate and progress BEP. Sellmeijer and his co-workers from Delft
Geotechnics Laboratories and Delft Hydraulics in the Netherlands performed a wide vari-
ety of BEP flumes tests on determining the critical hydraulic condition for BEP development
across the water retention structure [8–11]. At the same time, Miesel and his co-workers
from Germany conducted an extensive investigation for BEP processes [12–14]. Most exper-
iments indicated that BEP can initiate at one differential head and then reach an equilibrium
state without further BEP development, or a further increase in the differential head is
needed for the pipe to lengthen (progression controlled). However, in some of the experi-
ments, BEP can initiate at one differential head and then progress backward continuously
towards the seepage source without reaching any equilibrium (initiation controlled) [15–18].
Schmertmann also studied BEP through a variety of experimental flumes for analyzing the
critical heads needed for BEP initiation and progression [19]. The uniformity coefficient of
the sand was found to play a significant role in the erosion potential.

Although these flume experiments focus on the behavior of progressing BEP, their
main objective was to predict the critical hydraulic loading that was leading BEP initiation
and progression to failure, the small-scale mechanisms occurring around the initiated
point of erosion which play an important role in determining the progression, especially
the controlled factors for initiated erosion, and how to propagate to channel initiation
and development.

Several analytical predictive methods for determining the critical head have been
developed to investigate the critical conditions that lead to BEP failure. Sellmeijer com-
bined groundwater flow equations with equations for the micro-scale processes in the pipe
(grain equilibrium and Poiseuille flow) [9]. The model was calibrated using large-scale
experiments in the Delta flume and recently adapted on the basis of the results of additional
experiments [10,20]. Hoffmans deduced the Shields–Darcy model to predict pipe erosion
with the theories of Hagen–Poiseuille, Darcy–Weisbach, Grass and Shields as well as the
allowable hydraulic gradient at which the failure mechanism occurs [21]. However, the
Sellmeijer model is known to perform good predictions for large-scale experiments with
2D configurations but overpredicts the critical gradient in a three-dimensional configura-
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tion [22]. The Hoffmans model, used to calculate the critical hydraulic gradient at which
backward erosion leads to dike failure, has been verified with comparison using over
100 laboratory experiments and some field observations, but field observations indicated
that only a small portion of BEP initiation cases propagated without reaching equilibrium
until complete failure [23,24]. For these reasons, it is of significance to be able to assess
the BEP progression level corresponding with different hydraulic condition, such as the
relationship between the differential head of a location and channel length.

The main goal in this study is to assess the intermediate condition under which BEP
progression stops before reaching complete development of the erosion, which is built upon
previous three-dimensional laboratory test apparatus developed by Peng et al. [3] and
modelling them using analytical predictive equations by Xiao et al. [25]. First, this paper
briefly describes the conducted experiments and Xiao’s analytical model, then analyzes the
predicted erosion with comparison to the test results and discuss the mechanisms of the
BEP erosion process and the criterion for governing BEP progression.

2. Materials and Methods

The laboratory testing program was performed to record BEP development into
a constricted exit through visual observation and sensitive closely spaced pore pressure
sensors. The data and observations were then interpreted through an analytical model by
Xiao et al. [25].

Testing Apparatus. The laboratory models for this study were conducted using the
laboratory apparatus used in previous studies at Utah State University [3]. The apparatus
imposes an upward seepage on a soil sample to initiate BEP as illustrated in Figure 2.

The soil sample is constricted in a rigid-walled, plexiglass sample holder that is sealed
in a vertical position between two pressure cells. With the high-head reservoirs connected to
the bottom cell (high-head pressure cell) and low-head reservoirs to the top cell (low-head
pressure cell), the differential head across the sample is controlled by raising the Mariotte
tube. The system forces flow vertical through the soil specimen (from bottom to top) and
exit into a constricted vertical outlet at the top of the sample to model the initiation of BEP
through an impermeable clay layer. This system with application of back pressure is to
assist in the saturation of the sample and apparatus.

The soil sampler is a 12.7 cm high by 10.2 cm diameter Plexiglas cylinder with a plate
sealed over the top to form a constricted exit (see Figure 2). The plate contains a circular
orifice (diameters of 1.9 cm in this paper) at the center with a 5.1 cm-high riser tube of the
same inside diameter that allows the soil to heave more uniformly. The inside walls of
the sample holder are coated with silicone gel that not only provides a frictional interface
between the soil and the sample holder, but also prevents the potential for a preferred
seepage path to occur along the edges of the sample due to the smooth rigid Plexiglas
surface. Two silicone sheets are placed between the soil and the top plate to resemble the
contact in field conditions between the soil and clay. Screens have been placed to cover
the bottom base for retaining the soil particles while allowing water to flow freely into the
soil sample.

Figure 3 shows the locations of seven pore pressure measurement ports located in the
soil sample. Four ports are located inside the soil sample: three along the vertical sample
axis at distances of 1.9, 5.7 and 9.5 cm below the top and the fourth at a distance of 0.95 cm
from the top and shifted 1.14 cm away from the center. The rest of other three ports are
located at the top of the soil sample (right underneath the top plate) at a radius of 2.86 cm
away from center of the riser, with 120-degree intervals for each.
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Figure 2. Schematic illustration of the testing apparatus (Adapted from Peng et al. [3]).

For all the experiments, the seven pressure transducer ports were connected to Vali-
dyne DP15-26 differential pressure transducers to measure the differential hydraulic head
between the ports and the low-head reservoir (top of sample). The flow rate was measured
with a Kobold magnetic-flux flowmeter between the reservoirs in the tests. Data were col-
lected by a Campbell Scientific CR3000 data logger (Campbell Scientific, Logan, Utah) that
was connected to a computer for real-time observation throughout the tests. A video was
taken throughout each test and ensured response to each stage of the channel development
in more specific detail.

Testing Procedure. The tests were conducted using the following sequence:

1. Oven-dried soils were slowly placed in the sample holder and compacted through
tapping the outside of the holder with a metal rod in 1.2 cm lifts.

2. The two silicone sheets and the riser were sealed on top of the soil sample. The
soils were densified by compressing the silicon and riser after a slight overfilling of
the cylinder.
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3. The sample was saturated by: (a) flushing it with carbon dioxide, (b) slowly filling the
pressure cells and sample with deaired water from bottom to top, and (c) applying
backpressure of 103 kPa.

4. Prior to initiating the flow, the video recording and data collection were initiated,
and the differential heads for all pore pressure transducers were zeroed to the low-
head reservoir.

5. The differential head for each test was gradually increased in increments of about
1.2 cm (almost increasing the hydraulic gradient by 0.1) after the first movement of
any grain was visually observed. The increments rate was then decreased to about
0.6 cm (almost increasing the hydraulic gradient by 0.05) for the remainder of the
test, allowing the sample to observe active BEP and keep the head constant until
reaching equilibrium at each stage before further increasing. The test was either
finally progressed to complete failure of the sample or reached equilibrium with the
maximum differential head of the device.

Figure 3. Locations of pore pressure ports within the sample holder: (a) Top view and (b) Side view.

Soil Tested. Tests were performed on three sandy soils: (1) graded Ottawa sand (well-
rounded silica sand) conforming to ASTMC778-03 [26], (2) angular silica sand with identical
gradation matching that of the graded Ottawa sand, and (3) uniform, fine-grained (No. 100
sieve) garnet sand, and (4) zirconium-oxide beads with identical gradation matching that
of the graded Ottawa sand. Therefore, the test soils vary in shape, gradation and size and
that has satisfied the diversity of soils for analysis. A summary of critical properties and
characteristics for all four soils tested is provided in Table 1.
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Table 1. Properties and characteristics of soils tested.

Soil Type GS
a D50

b (/mm) Cu
c Φi

d (/◦) emin − emax
e ρsat

f

(kg/m3)
E g Ψ h ∆ i

Graded Ottawa 2.65 0.37 1.76 38 0.48–0.72 2.08 × 103 0.53 0.5 0.5
Graded Angular 2.63 0.30 2.18 44 0.63–1.15 1.89 × 103 0.73 0.7 0.4

Garnet Sand 4.05 0.15 1.25 44 0.96–1.54 2.47 × 103 1.08 1.1 1.1
Graded Zirconium Beads 3.84 0.37 1.57 24 0.46–0.60 2.87 × 103 0.52 0.9 0.9

Notes: a Specific gravity, b Cumulative particle size grain size, c Coefficient of uniformity, d Internal angle of
repose, e Min to max void ratio, f Saturated unit mass, g Void ratio, h Sphericity, i Roundness.

Analytical Model. Most experiments to investigate BEP criteria are performed in
flume with a unidirectional flow, however, in backward erosion experiments as well as in
field conditions, the flow pattern is not unidirectional [22]. The average gradient (H/L)
across the structure is therefore not equal to the local exit gradient (il) near the downstream
blanket defect. Numerical models can be refined to predict the gradients close to the
singularity, but frequently this will result in an averaged value for the exit gradient rather
than an exact value. The numerical model is therefore limited to calculate the local gradient
with a certain distance from the front of the channel tip and hardly predicts the actual
gradient located very close to the front of the channel tip. The analytical solutions are
preferable to numerical models of the channel progression, and the local exit gradient
at the vertical section of the channel tip had been successfully assessed by an analytical
model as a function of the distance from the channel tip using groundwater calculations
for the specific geometry [25], which is revealed through experimental observation by
Xiao et al. [27] A shallow ditch appears at the head of the channel before further channel
development.

Methodology. [25]. Figure 4a presents the schematic illustration of the channel tip,
and the vertical section of the channel tip is simplified for the numerical analysis, as shown
in Figure 4b.

Figure 4. Schematic illustration of: (a) the vertical section; (b) the simplified vertical section of the
channel tip [25].

The complex potential ω can be proposed using Equation (1):

ω = Φ + i Ψ = −KH + i Ψ (1)

where Φ is the ground water potential, K the permeability, H the groundwater head, and
Ψ the stream function depending on the complex coordinate z (z = x + iy)), which can be
obtained from the configuration in Figure 5.
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Figure 5. Conformal mapping schemes for the channel tip [25].

The mapping was fulfilled using Equation (2):

ω = iT

√
bt ±

√
z2 + b2

t (2)

where bt is the depth of the ditch and T is a constant number. When the condition meets

Im
√

z2 + b2
t < 0 or Im

√
z2 + b2

t = 0 and Re(z) < 0, take a minus sign for the Equation (2),
otherwise it should be a positive sign.

The complex coordinate z can be obtained as a function of a complex potential ω
in Equation (3):

z = ±

√[(ω

T

)2
+ bt

]2
− b2

t (3)

where the selection of positive and negative signs is the same as Equation (2).
When the head (H0) at a point (z = x0 + iy0) outside the ditch in Equation (2) is known,

then the constant T can be calculated in Equation (4):

T =
KH0

Im

√
bt ±

√
(x0 + iy0)

2 + b2
t

(4)

where the selection of positive and negative signs is the same as Equation (2). As any point
on the top of the sandy layer in front of the channel tip can be taken into account as yi = 0
and xi < 0 (the head is equal to Hi), then T in Equation (4) can be presented as:

T =
KHi

Im
√

bt −
√

x2
i + b2

t

=
KHi√√

x2
i + b2

t − bt

(x0 < 0) (5)

where the selection of positive and negative signs is the same as Equation (2).

3. Results and Discussion

Typical Test Results. Each test provided a time history of the raw data that includes
the differential head of each pore pressure port, the total differential head, and the flow.
An example test run on graded angular soil along with the associated flow rate can be
seen in Figure 6a. Visual observations of progressing erosion were made from the video
recorded through the top of the sample top plate. Three observable soil behaviors were
identified in the development of BEP erosion in the test apparatus: initial movement, sand
boil formation, channel initiation and progression. The first visible movement was observed
as a slight heave or rocking movement of individual sand grains along the exit face. This
movement was difficult to detect and often required repeated viewing of the portion of
the video where movement first occurred. Then one or several sand boils formed on the
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exit face. The first boil was generally initiated at the edge of the exit face, then additional
boils were detected at other locations on the exit face. As the differential head continued to
increase, one or several channels initiated at the edge of the exit face and then developed
between the riser and the sample at the limited range between the edge of the riser and the
edge of the sample holder.

Figure 6. Test data for graded angular sand: (a) pore pressure and flow data plotted versus time;
(b) sketches of BEP development from the video at key stages.

Vertical lines representing key stages (a through d) and sketches of the BEP progression
are plotted on Figure 6a,b, respectively. On the basis of observation and recorded data,
stage a represents the stage when the BEP had initiated boiling and reached equilibrium
prior to channel initiation, and stages b, c and d represent the stages the differential heads
for all the sensors responded to channel development. For example, a test where the
channel progressed quickly in the direction of PP2 between stages b and c in Figure 6b
corresponded with a dramatic drop in the head value of PP2 in Figure 6a, thus illustrating
how PP2 deviates from the ambient conditions as a result of the channel formation.

Mechanisms of BEP. First visible movement occurs when the seepage force and the
viscous shear forces reach the magnitude of the retaining forces (buoyant weight and
intergranular forces) on the soil grains at the exit face. At this point, the surface grains
around the edge of the riser are in a state of incipient movement and begin to move with
the increasing hydraulic gradient. As the hydraulic gradient across the sample is again
increased, the surface grains loosen until a maximum void ratio is achieved. Additional
increases in the gradient reduce the downward force of the upper grains on the next layer of
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underlying grains, thus allowing them to loosen until they have reached a state of equilib-
rium. This process continues with an increasing gradient across the sample as the loosened
zone increases in thickness and sand boils form around the edge of the riser. The position
of first visible movement and sand boils can be explained as below using a calculated
flow density curve and cumulative flow curve based on Equations (8) and (9) that were
originally proposed by Wu [28]. The curves can be seen in Figures 7 and 8, respectively.

q(r) =
4πr0H

πr2
0

1
2√

1−
(

r
r0

)2
=

1
2 qm√

1−
(

r
r0

)2
(6)

where q(r) = flow density at radius r; qm = average flow per unit area at the bottom of
shallow wells; H = differential head between the well and the infinite distance from the
well; r = the distance from the center of the riser; r0 = radius of the riser.

Q(r)
Q

=
∫ a

0

1
2√

1−
(

r
r0

)2
d
(

r
r0

)
(7)

where Q(r) = flow at a radius r; Q = total flow at the bottom of shallow wells; qm = average
flow per unit area at the bottom of shallow wells.

Figure 7. Flow distribution curve through the exit.

Figure 7 shows that the flow density q(r) is around half of the average flow per unit
area at the bottom of shallow wells qm and increases to infinity around the edge of the
riser, while Figure 8 shows that over half of the total flow is concentrated at the edge of the
riser, which accounts for about a quarter of the total area. Thus, the preferential pathway
pressure from increased gradients is concentrated around the edge of the riser. At the same
time, the particles in the horizontal direction are subjected to the horizontal seepage force
from the surroundings and the frictional force from the cover plate. The particles achieve
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equilibrium in the horizontal direction but initial movement and progress to sand boiling
in the vertical direction appear, as can be seen in Figure 9a.

Figure 8. Cumulative flow curve through the exit.

Figure 9. Schematic illustration of erosion development of BEP: (a) initial movement; (b) sand boiling;
and (c) channel development (the location of the figure being referred to is at the very top of the
sample with riser and cover, see Figure 2).
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As the hydraulic gradient further increases, the vertical direction of the narrow ditch
increases its size by progressing deeper underneath the edge of the riser, then more particles
become loose to maintain vertical equilibrium. As the horizontal seepage force acting on
the soil particles, which are located both under the roof of the cover and near to the ditch
(as seen in Figure 9b), increases rapidly, the surrounding particles are then allowed to move
into the ditch where a BEP channel is formed.

After the channel is formed, then the erosion progression is mainly focused on channel
development, as seen in Figure 9c. The assessment of the channel development can be
determined by whether the critical value of the soil to maintain the equilibrium located
in front of the channel tip is exceeded. With consideration to the vertical force-balance
analysis of the soil near the channel tip, the soil will push the cover upward when the
vertical seepage force fy acting on the soil is greater than its effective gravity G’, causing
the test cell cover to provide counterforce to the soil. However, the upward force acting
on the cover is much less than the critical force to cause deformation of the cover, and
then the soil in front of the channel reaches a state of vertical equilibrium. As the vertical
equilibrium is achieved, further erosion is determined by the horizontal condition. One of
the controlled forces is the horizontal force fx from the seepage force acting on the soil,
which is determined by the horizontal gradients acting on the tip of the channel and
the ditch depth. When the horizontal seepage force intends to push the soil to initiate
movement, the frictional force f caused by the contact between the soil strip and the cover
plate is initiated. The frictional force can be calculated based on the frictional coefficient
of the cover multiplied by its resistance force (fy − G’), which is used to maintain vertical
equilibrium. As described above, the erosion propagation will first lead to increasing the
ditch depth of the soil in front of the channel tip, then the horizontal force fx is increased
when the frictional force f remains constant without further increasing the total differential
head across the sample. As the horizontal force continues to grow to exceed the frictional
force f, then the soil in front of the channel collapses and falls into the ditch, leading to
channel development until equilibrium is achieved or total failure occurs.

Application of analytical model. Experimental data and observations were analyzed,
consisting of the following steps for using the numerical analysis. The following discussion
uses the graded angular sand test in Figure 6 as an example to provide details on the
application, with four steps outlined for back-calculation of the head of sensor PP3.

Step 1. The last stage prior to channel initiation (Stage a), an initial head of the
sensor PP3, Hi, represents the point that the differential pressure head of the sensor was
increased from zero (see Figure 10a). Then, a channel was initiated in front of the sensor
and developed between the sensor and the circular exit (see Figure 10b).

Step 2. As the sensor PP3 was located on the x-axis (as seen in Figure 10a) its y-axis
coordinate is zero. Therefore, the distance between the sensor PP3 and the edge of the
circular exit, xi, prior to channel initiation was measured to represent its x-axis coordinate.
It should be noted the distance was measured on the top of sample and contrary to the
x-direction, thus yi = 0 and xi < 0. By knowing that the depth of the channel is zero (bti = 0)
before initiation, the point with known head Hi, coordinates (xi, yi = 0), and the depth of the
channel (bti = 0) can be input into Equation (5) resulting in Equation (6) for the constant T:

T =
KHi√
−xi

(8)

Step 3. At a later stage (Stage b), a piping channel was initiated and developed in the
physical model around the orifice, and the observed distance between the sensor and the
assumed channel tip could be measured. As described above, the simplified numerical
solution was conducted using two-dimensional analysis. The assumed channel tip is
located at the line which is between the sensor and the center of the circular exit, instead of
the tip of the horizontal channel shape based on direct observations from the video. Thus,
the distance between the sensor and the assumed channel tip was measured as x1, and
y1 = 0 (see Figure 10b). The channels are assumed with a depth of 2.5 times the average
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grain size (bt1 = 0.075 cm) based on measurement of channel depths in small-scale backward
erosion piping experiments by others [7,27,29]. Through substitution of calculated constant
T from Equation (6), coordinates of (x1, y1) and the depth of the channel (bt1 = 0.075 cm)
into Equation (5), the head of the sensor PP3, H1, can be calculated by Equation (7):

H1 =
T
√√

x2
1 + b2

t1 − bt1

K
(9)

Step 4. As the total differential head was increased, the channel was again developed.
When the assumed channel tip in front of the sensor propagated, the distance between the
sensor and the assumed channel tip was again measured as x2, and y2 = 0 for Stage c and x3,
and y3 = 0 for Stage d, and the procedure of Step 3 was repeated to back-calculate the head of
sensor PP3 as H2 and H3, respectively. As the channel was further developed, the distance
from the sensor was less than 30 times the average grain size, and the repetition was seized.
This is because the effect of any loosened zone significantly enlarged surrounding the
channel tip, based on the measurements from others [27]. Therefore, the head of the sensor
was significantly deviated when the distance between the assumed channel tip and the
sensor reached a critical state, then causing the deviation between numerical results and
the experimental ones. In addition, it is also important to acknowledge factors that may
exist in the physical models that are not considered in the analytical assumptions, such as
multiple channels having an impact on each other, friction between the riser and the soil
caused by the silicon sheet, and the fact that the sample compaction is not entirely uniform
during the process of the channel development.

Figure 10. Schematic illustration of BEP development at two key stages of a test on graded angular
sand: (a) before channel initiation (Stage a); (b) after channel initiation (Stage b) (stage letters correlate
with Figure 6b).

Comparisons were made to assess how well the analytical model result correlated with
actual measured values. Figure 11 presents a comparison of experimental and measured
results of three key stages (stages with a total differential head of 6.3, 7.5 and 8.7 cm, see
Figure 6b) for sensor PP3 on graded angular sand. As the channels were further developed,
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the differential head of the sensor PP3 decreased, as well the calculated head of using the
model decreased. Theoretically, the differential head of a sensor decreases dramatically
when a channel is formed in front or nearby, but the surrounding loosened zone occupies
a proportional seepage concentration that will slow down the sensor’s reaction regarding
decreasing its differential head. However, it is important to acknowledge the loosened
zone that exists in the physical models that is not considered in the analytical assumptions,
as the effect of any loosened zone significantly enlarged surrounding the channel tip, based
on the measurements from others [27].

Figure 11. Plot comparing measured pore pressures versus numerical results for sensor PP3 in
three key stages for graded angular sand.

Greater variations occurred in the later test stages, and these are because differential
loosening has occurred without being observable, which is formed in front of or below
the channel when the channel progresses to reach closer to the sensor, such as in the
example test in Figure 6 when the erosion was developed after stage d. The maximum
deviation generally came from the influence of other channels that simultaneously formed
in same experiment, which changed the hydraulic conditions around the exit to cause the
deflection of the sensor’s reaction to channel development. For example, the measured
result for one of the sensors was most likely affected by the channel progression that was
occurring in front of or near to the surroundings when several other channels were also
developing in the early stages during the erosion process of the entire test. Moreover,
a portion of the observed error can also be attributed to the distance while the channel tip
is approaching the sensor. Although the results of numerical model present lower values
than the experimental results due to these reasons, it can be seen that the deviations among
all the stages were still being controlled in a very small range between the experimental
and numerical results.

As three repeated tests for each soil had been conducted without any property change,
the numerical model was applied to 11 tests for four different soils. The exception was
the third test for graded angular sand because multiple channels initiated at the same
period, then the changes of differential head for the sensors interfered with both channels
to cause additional deviations, and it was obviously not possible to apply the model for the
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back-calculation. Figure 12 presents a summary of comparison results from plots, similar
to Figure 11, for all the soils, and the laboratory results were compared to numerical results.
The differential estimation for each stage was based on the difference between measured
pore pressures and numerical results versus the total differential head of the stage. As seen
from Figure 12, only one sensor from each test was taken into account for comparison, and
the reason was necessarily discussed as follows. As the channel was initiated in a random
direction around the riser, the applied sensor in each test for comparison varies by the real
condition. For example, the first channel was initiated near to or in front of the sensor PP1,
then the model was applied to back-calculate the differential heads of this sensor instead
of the other two. This is because the hydraulic condition between the sensor (PP2/PP3)
and the riser is more likely in the ambient condition, for which the pore pressure regime
exists prior to any changes in the soil structure between them. As the total of differential
heads was increased, the channel was then further developed and the differential head
of the sensor PP1 decreased proportionally with the distance to the channel tip. In the
same period, as seepage concentrated between the sensor and channel, which decreased
the seepage portion between PP2/PP3 to the edge of the riser. It can also be recognized
that the soil structure between sensor PP2/PP3 and the edge of the riser is still within
the ambient condition, but the differential head of the sensor had deviated the ambient
condition as the seepage portions increased lower than expected. As observed from the
test, the channel was not initiated between sensor PP2/PP3 and the edge of the riser at
this stage. Therefore, the analytical model should be applied to back-calculate the head of
either of the two sensors, while the deviations were initiated, but the channel development
between the sensors and the riser was not responsible for these early deviations. This
means the model found it difficult to calculate the heads of these two sensors preciously
after the first channel had initiated and developed in the direction between sensor PP1 and
the edge of the riser. It should also be noted that only the three sensors as in one plane
at the top of the sample had been used for this analysis. This is because the other four
sensors located vertically inside the sample are used to measure the critical gradients for
soil loosening and the mechanism to create or expand the loosened zone, which is the
very first stage of initiation of the erosion. Therefore, the analytical model is validated
for its capability of predicting the progress of channel development, the erosion of which
develops in a horizontal direction instead of the vertical progression of the soil loosening.

Figure 12. Variations between laboratory testing and numerical analysis for the four different types
of sands. (Test 1 graded angular PP1 represents the sensor PP1 in the first test of graded angular sand
which was applied for comparison).
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As discussed above, the deviations between experimental and numerical results are
increased within the channel development, which is validated in Figure 12. The deviation
of most tests is less than 4% and the maximum deviation of these tests is no more than
10% for all the test stages. As seen in the aforementioned figure, some tests with more
rounded soil appeared to be detected at relatively higher deviations than the others. The
authors surmise that it is more attributable to the effect of soil loosening, which causes
such deviations when the erosion is propagated in the later stages. However, as seen in
the figure, the results between the numerical and experimental data stayed in very close
agreement for the different soils when the shape, gradation and size of the soils varied.

4. Conclusions

The initiation and progression of backward erosion piping around the exit area in
uniformly graded sands was assessed through laboratory tests. The observations and
pore pressure measurements were interpreted by rectifying the observed progression and
changes in the flow regime using an analytical model. The analytical model for predicting
BEP initiation progression on the basis of the effect of a ditch in front of a channel tip was
found to provide accurately calculated results, corresponding with the general observed
and measured conditions at various stages of BEP development.

The mechanisms of BEP initiation and early progression in sandy soils when a defect
was present in an overlying soil blanket were studied. The position of the first visible move-
ment and sand boils were assessed as the preferential pathway pressure from increased
gradients which are concentrated around the edge of the riser. The soil particles in front
of the channel tip can achieve equilibrium with the cover providing counterforce to the
soil, and the channel will progress backward to seepage force only due to a horizontal
seepage force greater than the frictional force acting on soils caused by the contact with the
cover plate.

The model has only evaluated the validity of the application on small-scale experi-
ments. Further research is needed to provide more insights into the mechanisms of BEP
and the capability to predict the occurrence of BEP over a range of problem scales.
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