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Abstract
An image processing-based approach is developed and integrated into the one-dimensional suffusion tests to quantify the

redeposition of eroded finer particles along the seepage direction. The results indicate that the redeposition mass of eroded
finer particles exhibits an exponential decay along the seepage direction across various soil gradations and hydraulic condi-
tions. A theoretical relationship is established between this exponential decay and the redeposition probability. Furthermore,
the redeposition probability is found to be negatively related to the content of finer fraction, which is demonstrated to be
rooted in the transition from a homogeneous to a localized distribution of redeposition position within the cross-section as
the content of finer fraction increases from 15% to 35%.
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Résumé
Une approche basée sur le traitement d’images a été développée et intégrée aux essais de suffusion unidimensionnels afin de

quantifier la redéposition des particules fines érodées dans la direction de l’écoulement. Les résultats indiquent que la masse
redéposée des particules fines érodées présente une décroissance exponentielle dans la direction de l’écoulement, et ce, pour
différentes granulométries de sol et conditions hydrauliques. Une relation théorique a été établie entre cette décroissance
exponentielle et la probabilité de redéposition. De plus, la probabilité de redéposition s’est révélée négativement corrélée à
la teneur en fraction fine, ce qui s’explique par la transition d’une distribution homogène à une distribution localisée de la
position de redéposition dans la section transversale, à mesure que la teneur en fraction fine augmente de 15 % à 35 %.

Mots-clés : érosion, barrages en terre, écoulement, suffusion, redéposition

1. Introduction
Suffusion involves the migration of finer particles within

the voids of coarse skeletons in soils under seepage flow
(Wan and Fell 2008). It is often encountered in soils featured
by relatively wide particle size distributions (PSDs) without
sufficient medium-sized particles, e.g., gap-graded soils fea-
tured by a hiatus of particle sizes and concave upward soils
with PSDs having a flat fine tail and a steep coarser fraction
(Chang and Zhang 2013). During suffusion, the finer parti-
cles are transported by the seepage flow within the voids
of the coarse skeleton, and some of them are washed out
from the soil matrix. The finer particle loss has gained spe-
cial attention in previous research (Indraratna et al. 2018;
Annapareddy et al. 2024; Cheng et al. 2024a, 2024b) since it
is a fundamental mechanism for the development of suffu-
sion and the associated seepage failure of earth structures.,
e.g., dam foundations (Luo et al. 2017), colluvial slopes (Cui
et al. 2017), and soil–rock mixture embankments (Johnston
et al. 2021, 2023). Apart from the loss of finer particles, some

finer particles washed out (or eroded) from the upstream soils
may be redeposited within the downstream soils during their
transportation by seepage flow (Sibille et al. 2015; Marot et
al. 2016; Yang et al. 2019; Choe et al. 2024). The redeposi-
tion of eroded finer particles is also critical for the failure of
real-life dam foundations and slopes. For example, Luo et al.
(2017) demonstrate that the finer particles eroded from the
upstream side of a cutoff wall in the dam foundations may be
redeposited within the downstream side of the cutoff wall. It
leads to an increased pore water pressure and decreased ef-
fective stress around the redeposition position, which further
affects the deformation of dam foundations during the de-
velopment of suffusion (Horikoshi and Takahashi 2015; Luo
et al. 2017). Besides, the redeposition of eroded finer parti-
cles has been found to occur within the slope toe and the
lower layer of the slope, which may lead to an increase in
the local pore water pressure and a generation of weak layers
that play a critical role in the failure of colluvial slopes under
rainfall (Cui et al. 2017; Johnston et al. 2023). Actually, the
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redeposition of eroded finer particles affects the distribution
of finer particles within the soils and thereby influences the
evolution of hydro-mechanical properties of soils during suf-
fusion. Therefore, it is crucial to have a better understanding
of the redeposition of eroded finer particles during suffusion.

Several research works (Chang and Zhang 2011; Ke and
Takahashi 2014; Benamar et al. 2019) investigate the distri-
bution of finer particles within 1D soil columns after suf-
fusion tests. In these studies, the soil columns are removed
in several layers after suffusion tests, and their PSDs are ob-
tained by sieving to evaluate the loss of finer particles in
each layer. Kenney and Lau (1985) divide the soil columns
into six layers for sieving. They found that the contents of
finer particles within the downstream soil columns are gen-
erally larger than those in the upstream soil columns. Sim-
ilar observations are also obtained by subsequent research
in various situations, e.g., upward (Benamar et al. 2019) or
downward (Mehdizadeh et al. 2021; Prasomsri and Taka-
hashi 2021) seepage flow, multiple seepages (Prasomsri and
Takahashi 2021), step-wised or constant hydraulic gradient
(Rochim et al. 2017), samples under gravity with no surcharg-
ing (Rochim et al. 2017; Benamar et al. 2019), samples under
one-dimensional consolidation (Kenney and Lau 1985), triax-
ial isotropic (Prasomsri and Takahashi 2021) or anisotropic
(Chang and Zhang 2011) compression. A higher content of
finer particles in the downstream soil column should be due
to the downstream redeposition of the eroded finer particles
washed out from the upstream soil column during suffusion,
as demonstrated by Ke and Takahashi (2012) and Mehdizadeh
et al. (2021). The sieving analysis results after suffusion gener-
ally support the hypothesis of the redeposition of the eroded
finer particles during suffusion, although a direct observa-
tion of the redeposition is not possible by only using sieving
analysis.

For direct observation of the evolution of the distribution
of finer particles within the voids of the coarse skeleton dur-
ing suffusion, several visualization techniques have been in-
troduced, such as plane laser-induced fluorescence (Hunter
and Brown 2018; Deng and Wang 2022) and X-ray-computed
tomography (Nguyen et al. 2019; Xia et al. 2024). Besides, the
coupled modelling of suffusion using the computational fluid
dynamics and the discrete element method provides further
insight into the redeposition of eroded finer particles and
the associated fabric evolution during suffusion (Cheng et al.
2018; Mu et al. 2023). The observations from these techniques
confirm the redeposition of eroded finer particles during suf-
fusion and shed light on the micro-scale or pore-scale mecha-
nisms of redeposition during suffusion. However, a quantita-
tive evaluation of redeposition within each layer of the down-
stream soil column is still needed. It is unknown how the
soil gradations (e.g., content of finer fraction, gap ratio) and
the hydraulic conditions will affect redeposition. Although
several research (Lei et al. 2017; Yang et al. 2019; Ma et al.
2022) implement redeposition law into the continuum model
for suffusion, the quantitative description of redeposition is
based on a hypothesis that still lack experimental validations.

This study is mainly focused on quantifying the redeposi-
tion of eroded finer particles within the downstream soil ma-
trix during suffusion. For this purpose, an image processing-

based approach is developed and incorporated into the one-
dimensional suffusion tests to quantify redeposition along
the seepage direction. A typical exponential decay for the
redeposition of eroded finer particles along the seepage di-
rection is observed for various soil gradations and hydraulic
conditions. Meanwhile, theoretical analyses are performed to
gain insight into the exponential decay of redeposition from
the perspective of redeposition probability. Finally, the rede-
position probability is found to be negatively correlated to
the content of the finer fraction, which is further explained
from the perspective of redeposition pattern.

2. Materials and methods

2.1. Testing materials
Typical gap-graded soils with various contents of finer frac-

tion, Fc, and different size ratios, D15
′/d85

′, are considered
in the experimental tests, as shown in Fig. 1 and Table 1,
in which D15

′ is the diameter corresponding to 15% passing
of coarser fraction’s PSD, while d85

′ is the diameter corre-
sponding to 85% passing of finer fraction’s PSD. It is note-
worthy that the “finer fraction” refers to the particles with
relatively smaller sizes compared to the coarser particles in
gap-graded soils, as shown in Fig. 1. It is different from the
definition of “fine particles” or “fines” with diameters smaller
than 0.075 mm (or 0.063 mm) in geotechnical standards
(e.g., ASTM D2487-11 (2011)). Although fines may have im-
portant influence on the internal stability of soils as demon-
strated by Wan and Fell (2008) and Chang and Zhang (2013),
they are not considered herein for simplicity. The gap-graded
soils tested are evaluated to be very susceptible to suffu-
sion according to two typical internal stability criteria, i.e.,
Chang and Zhang (2013) criterion and CSD (Constriction Size
Distribution)-based criterion (Indraratna et al. 2015, 2022),
as presented in Table S1 of Supplementary Information. The
minimum and maximum void ratios of soils are determined
using the procedures proposed by Lade et al. (1998), as listed
in Table 1. The details of the procedures are described in Sec-
tion S2 of the Supplementary Information. The soils consist
of silica sands\gravels, the images of which are presented in
Fig. 1. The properties of the silica sands\gravels are detailed
in Table S2 of the Supplementary Information. Note that both
white and red silica sands are used as the finer fraction to fa-
cilitate the quantification of the redeposition of eroded finer
particles, which will be detailed in Section 3. The roundness
of the sand\gravel grains is calculated with the method given
by Kuo and Freeman (2000), in the high-resolution images of
the grains are taken for the calculation of roundness using
MATLAB. The results show that the finer white and red parti-
cles have similar shapes (see Table S2 of the Supplementary
Information).

2.2. Experimental setup
The suffusion tests are conducted using a customized

equipment, as illustrated in Fig. 2. A comprehensive descrip-
tion of the equipment is provided in Section S3 of the Sup-
plementary Information. In particular, the soil column is
210 mm in height (note that it is increased to 270 mm for
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Fig. 1. Particle size distributions of tested gap-graded soils with various contents of finer fraction, Fc, and different size ratios
of coarser to finer fractions, D15

′/d85.

Table 1. List of index properties of gap-graded soils.

Symbol Maximum void ratio, emax Minimum void ratio, emin Content of finer fraction, Fc (%) D15
′/d85

′

FC15-GN 0.899 0.416 15 8.81

FC25-GN 0.842 0.342 25 8.60

FC35-GN 0.726 0.309 35 8.41

FC15-GW 0.861 0.413 15 15.43

FC25-GW 0.620 0.305 25 15.52

FC35-GW 0.591 0.281 35 15.59

Fig. 2. Schematic for the suffusion testing equipment.
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Fig. 3. The upstream and downstream soil columns, with finer red and white particles packed in voids of the coarse skeleton,
respectively.

certain samples to accommodate an additional overlying soil)
and 150 mm in diameter. The column diameter is selected to
be 25 times the maximum particle size, which is sufficient
to mitigate preferential flow along the side wall (Moffat et al.
2011). Constant hydraulic gradients, up to a maximum of 10,
could be applied to the soil column using the upstream and
downstream water tanks with adjustable water levels (see
Fig. 2). A particle collection system is employed to isolate and
measure the mass of eroded finer particle from the outlet wa-
ter flow. Water flowrates and hydraulic gradients within the
soil samples are monitored using a flowmeter (IHGYG-A10-
DRS: 3–20 L/min, ±1.0%; GF-04: 0.08–4.17 L/min, ±1.0%; note
that two flowmeters with different measurement ranges are
used for samples with relatively high and low hydraulic con-
ductivities, respectively) and pore water pressure transducers
(0–35 kPa, ±0.3%; BP9325), respectively.

2.3. Soil column preparation
The gap-graded soils are prepared using a moist tamping

method (Ke and Takahashi 2012) to prevent separation of the
coarser and finer fractions. In this approach, the coarser and
finer particles are pre-mixed with an initial water content of
3%. Then, they are carefully deposited into the soil column in
10 layers. For each layer, the soil is compacted to the specified
density using a rubber hammer. The packing densities of all
samples are controlled to be medium dense, corresponding
to a relative density of approximately 53%. Saturation of the
sample is performed by purging de-aired water into the sam-
ple from the bottom at a very slow rate for 2–3 h. To exam-
ine the repeatability and uniformity of the prepared samples,
preliminary tests are conducted and additional three samples

(Fc = 25%, target void ratio is 0.577) are prepared using a sim-
ilar technique. The overall void ratio is measured for each
sample. Meanwhile, for each sample, it is sampled in five lay-
ers and the void ratio and finer fraction of each layer are mea-
sured. The overall void ratios for the three samples are found
similar (the maximum deviation is no more than 0.005). For
each sample, there are certain fluctuations among each layer
for the void ratio and the finer fraction, while the maximum
deviation is less than 0.005 for void ratio and 0.3% for finer
fraction. These results confirm the repeatability and unifor-
mity of the prepared samples.

Finer particles colored red (see Fig. 1) are used to pack the
top third of the soil column (7 cm in height), while finer white
particles (see Fig. 1) are used for the bottom two-thirds of the
soil column (14 cm in height), as shown in Fig. 3. This specific
arrangement is implemented to facilitate quantification of
the downstream redeposition of finer particles eroded from
the upstream soil skeleton using an image processing tech-
nique, which is described in detail in Section 3. Hereafter, the
top third of the soil column, packed with finer red particles,
will be referred to as the “upstream soil column”, while the
bottom two-thirds, packed with finer white particles, will be
referred to as the “downstream soil column”.

2.4. Experimental scenarios and conditions
A wide range of scenarios are considered, including vari-

ous combinations of upstream and downstream soil columns
with different contents of finer fraction (i.e., Fc

up = 15%, 25%,
and 35%; Fc

down = 0%, 15%, 25%, and 35%), different methods
for applying hydraulic gradients (i.e., step-wised or constant;
see Fig. 4), varying water flowrates, and the presence of addi-
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Fig. 4. Schematic of different manners for applying the hy-
draulic gradient, i.

Fig. 5. Schematic for overlying soil layer above the upstream
soil column.

tional overlying soil layers on the upstream soil column (see
Fig. 5). Note that in the cases with overlying soil layers, the
downstream redeposition of the finer particles in red washed
out from the upstream soil column is quantified, similar to
other cases. Details of the experimental conditions are pro-
vided in Section S4 and summarized in Table S3 of the Sup-
plementary Information.

3. Quantification of redeposition of
eroded finer particles: an image
processing-based approach

As previously mentioned, the finer red particles in the up-
stream soil column are eroded by the downward seepage flow
and then partially deposited in the downstream soil skeleton
with finer white particles packed in the voids during suffu-

sion tests (see Fig. 3). As a result, the finer red particles are
mixed with the white ones in the downstream soil column
after suffusion, as shown in Fig. 3c. However, quantifying the
mass of the finer red particles in the mixture of finer red and
white particles using only a sieving method is challenging
due to the similar sizes of the finer red and white particles.
To address this, an image processing-based approach is pro-
posed to measure the mass of finer red particles within the
mixture.

3.1. Proportion of finer red particles within the
mixture: correlation establishment

Generally, the finer red and white particles should con-
tribute differently to the grey value of an image capturing
their mixture. Thus, it is reasonable to infer that the propor-
tion of finer red particles in the mixture correlates with the
grey value of the image.

A custom lightproof box, as illustrated in Fig. 6, is designed
to capture images of mixtures of finer red and white particles.
This setup helps establish the correlation between the pro-
portion of finer red particles in the mixture and the mean
grey value of the image.

Mixtures of finer red and white particles with varying pro-
portions of finer red particles, αred, ranging from 0% to 30%
are prepared. These mixtures are deposited into a rectangu-
lar container measuring 80 mm in length, 45 mm in width,
and 2 mm in height for the capturing of images, as illustrated
in Fig. 6a. Note that the 2 mm height is selected to be around
10 times the maximum diameter of the finer particles, allow-
ing for the creation of several layers of particles within the
container. Then, the rectangular container is placed inside
the lightproof box equipped with LED lights (Fig. 6) to pre-
vent interference from external light sources that could af-
fect the grey values of the images. A high-resolution camera
(6260 × 4185 pixels; Canon EOS 6D Mark II) is placed on the
top of the box to capture the images of the top view of the
rectangular container filled with mixtures of finer red and
white particles. The distance between the camera and the
surface of the rectangular container is 18 cm. A black card
is positioned next to the container to serve as a reference for
monitoring potential fluctuations in LED light intensity. The
relative variation in the grey values of the black card across
all tests is found to be no more than 5% (see Fig. 7), confirming
that the light intensity fluctuations are negligible.

The image resolution is 2850 × 1603 pixels for the
80 mm × 45 mm rectangular container, resulting in a pixel
size of approximately 0.028 mm. Given that the smallest finer
particles have a diameter of 0.15 mm, each particle occupies
at least 28 pixel blocks. Preliminary tests indicate that this
resolution is sufficient for the study’s needs, as the focus is
the mean grey value of the images rather than precise parti-
cle recognitions.

Based on the above experimental technique, the grey val-
ues of the mixtures packed in the rectangle container (see
Fig. 6) of the lightproof box are obtained for mixtures with
various proportions of finer red particles. It is noteworthy
that the red particles may lose their color due to flow-induced
rinsing effect, and at the same time the white particles may
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Fig. 6. The customized lightproof box for capturing images of mixtures of finer red and white particles (the distance between
the camera and the surface of the rectangle container is 18 cm).

become dyed red by the water flow from the upstream layer
formed of red particles (although the color change is barely
perceptible to the naked eye) in the suffusion tests. To mimic
the possible color changes of red and white particles during
suffusion tests, additional seepage tests are conducted on soil
columns packed with layered red and white particles, as il-
lustrated in Fig. 8. The red and white particles used in the
seepage tests are the same as those finer particles used in
the suffusion tests. The duration of the seepage tests is 100
min, which is consistent to that of the suffusion tests. After
the seepage tests, the red and white particles are sampled, re-
spectively, and then used to test the grey values of their mix-
tures with different proportions of red particles. Note that the
red and white particles may suffer from flow-induced rins-
ing and dying effect, respectively, during the seepage tests,

which is similar to that in the suffusion tests. On the other
hand, the red and white particles not suffering from flow-
induced rinsing and dying effect are also used to test the
grey values of their mixtures for comparison. The correla-
tions between the grey value of the mixture and the propor-
tion of red particles in the mixture are obtained as shown
in Fig. 8. The mean grey value, GRm, of the mixture has a bi-
linear correlation to the proportion of red particles for both
samples with and without suffering from flow-induced rins-
ing and dying effect. Meanwhile, the GRm of the mixtures
suffering from rinsing and dying effect is slightly smaller
than that not suffering from rinsing and dying effect. This
is because the dying of white particles leads to a decrease in
the grey value of the white particles, and thereby a smaller
GRm at the same proportion of red particles. Nevertheless,
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Fig. 7. Examination on the light fluctuation within the light-
proof box using a reference card in black (in which different
αred indicates different tests for capturing the pictures of mix-
tures of finer red and white particles; the vertical axis repre-
sents the mean grey value of the reference card).

the relatively error is no more than 3.5%. To consider the
effect of flow-induced particle color change, the correlation
obtained for the samples suffering from flow-induced rins-
ing and dying effect is subsequently used to quantify the
downstream redeposition of the eroded finer particles, specif-
ically the proportion of the finer red particles within the mix-
ture of finer red and white particles in the downstream soil
column.

3.2. Quantification of redeposition of eroded
finer particles

The redeposition of the finer particles eroded from the up-
stream soil column varies along the seepage direction (see
Fig. 3c), which is a key focus of this study. To analyze this
variation, the downstream soil column (i.e., the bottom two-
thirds of the soil column) is taken out layer by layer in seven
layers, with a thickness of 2 cm for each layer, after the suf-
fusion tests, as illustrated in Fig. 9a.

The particles from these layers are dried and sieved to
separate finer particles from coarser ones (see Fig. 9b). The
sieved finer particles, a mixture of red and white particles,
are mixed uniformly for each layer. The mixture are then
placed in the rectangular container (see Fig. 6), and images
of the mixtures from each layer are captured in the light-
proof box (see Fig. 9c). The mean grey value of each im-
age is obtained (see Fig. 9d), which is used to determine
the proportion of finer red particles in the mixture from
each layer using the correlation shown in Fig. 8 (see Fig. 9e).
Given that the total mass of finer particles in each layer is
measured by sieving after the suffusion tests, the mass of
finer red particles deposited in each layer could be calcu-
lated once the proportion of finer red particles in the mixture
is obtained. These data will be used to quantify the down-
ward redeposition of the finer particles eroded from the up-

stream soil column, which will be detailed in the following
sections.

4. Variation of redeposition ratio of
eroded finer particles along seepage
direction

4.1. Redeposition ratio per seepage length, γd:
definition, calculation, and validation

To quantify the redeposition of eroded finer particles in the
downstream soil skeleton, a redeposition ratio per seepage
length, denoted as γd, is defined as follows:

γdi = mdi/Me

�zi/Dmax
× 100%(1)

where Me is the total mass of the finer red particles washed
out of the upstream soil column (i.e., the column consist-
ing of finer red particles as illustrated in Fig. 3); mdi is the
mass of the finer red particles washed out from the up-
stream soil column and subsequently deposited within the
ith sublayer of the downstream soil column, as illustrated in
Fig. 10; and �zi/Dmax represents the normalized thickness of
each sublayer by the maximum diameter, Dmax, of coarser
particles. It is noted that only a portion of the eroded or
fluidized finer particles from the upstream soil column is
washed out through its bottom; some of the eroded finer par-
ticles may be redeposited within the upstream soil column
itself, a process referred to as “self-redeposition” (or “self-
clogging”). This study focuses primarily on the redeposition
of the finer particles in the downstream column that have
been washed out from the upstream column while does not
consider the self-redeposition of eroded finer particles within
the upstream soil column.

For the experiments, the downstream soil column is uni-
formly divided into seven sublayers (see Fig. 9a) to calculate
mdi and γdi. The thickness, �zi, of each sublayer is set at
20 mm, which is approximately three to four times the max-
imum diameter of coarser particles. It is noteworthy that a
pore body is generally considered as the pore space within
a tetrahedron formed of four particles (Shire and O’Sullivan
2016). Therefore, three layers of particles are generally able
to accommodate an entire pore body——constriction system,
as illustrated in Fig. 10. Thus, the sublayers with thickness
of around three to four times the maximum diameter of
coarser particles are expected to accommodate at least one
pore body——constriction system, which could be considered
as one complete fundamental unit for the redeposition of
finer particles. Note that only the top six sublayers are con-
sidered in the analyses, as the seventh sublayer is adjacent to
the filter layer beneath the soil column (see Fig. 3) and may
be affected by boundary effects.

In the experimental tests, the total mass, Me, of eroded
finer particles washed out from the upstream soil column
(see Fig. 10) is calculated as the difference between the mass
of the finer particles before and after suffusion in the up-
stream soil column, which could be easily determined using
sieving analyses. The mass of finer particles (mdi) washed out
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Fig. 8. Correlations between mean grey value, GRm, of the finer red and white particle mixtures with the proportion of finer red
particles, αred, within the mixture (“rinsing and dying” represents that the red and white particles used to form the mixtures
are pre-treated using the seepage tests illustrated in the right part of this figure).

Fig. 9. Flow chart for determining the proportion of finer red particles in the mixture of finer red and white particles.
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Fig. 10. Schematic illustrating the movement of finer red particles: washed-out from the upstream soil column (Me) and
deposition within the downstream soil column (in which mdi stands for the mass of finer red particles redeposited within the
ith sublayer, Si, of the downstream soil column; mcs((i − 1) �z) is the mass of finer red particles passing through the top surface
cross section of Si, in which (i − 1) �z represents the z coordinate of the top surface of Si; Mout is the mass of the finer red
particles washed out from the soil column).

of the upstream soil column and subsequently deposited in
each sublayer of the downstream soil column (see Fig. 10) is
measured as the mass of finer red particles in the sublayer
after suffusion, using the image processing-based approach
detailed in Section 3. Additionally, some of the eroded finer
particles are washed out of the soil column (see Fig. 10) and
collected in the particle collection system (see Fig. 2). These
collected particles are typically a mixture of finer red and
white particles, as the finer particles both in the upstream
and downstream soil columns may be washed out. Similarly,
the mass, mwo, of the finer red particles collected in the parti-
cle collection system is measured using the image processing-
based approach described in Section 3.

Ideally, the total mass, Me, of the finer particles washed out
from the upstream soil column should equal the sum of the
total mass,

∑Nlayer

i=1 mdi, of the finer red particles deposited in
each layer of the downstream soil column and the mass, mwo,
of the finer red particles collected in the particle collection
system. This relationship serves as a reference to assess the ac-
curacy of the image processing-based approach. The relative

error,

(
mwo+∑Nlayer

i=1 mdi

)
−Me

Me
, is generally within ±5% for most ex-

perimental tests, although in some cases, it ranges from ±5%
to ±10%, as shown in Fig. 11. This error may be rooted in the
accuracy of sampling and sieving analyses as well as the preci-
sion of the correlation established in Fig. 8. Nevertheless, the
error is considered acceptable for the purpose of this study.

Fig. 11. Comparison of the total mass of eroded finer par-
ticles from the upstream soil column: predicted by the
newly developed image processing-based approach, MPre

e =(
mwo + ∑Nlayer

i=1 mdi

)
, versus measured by sieving analyses, Me,

for all suffusion tests in this study.
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4.2. Exponential decay of γd along seepage
direction

The redeposition ratio per seepage length, γd, is calculated
for each sublayer using eq. 1 and then plotted against the
normalized seepage length, z/Dmax for soil samples with vari-
ous contents of finer fraction, Fc, as presented in Fig. 12a; in
which z represents the distance between the bottom of the
upstream soil column and the midpoint of each sublayer in
the downstream soil column, as illustrated in Fig. 9a.

The results indicate that the redeposition of eroded finer
particles decays exponentially along the seepage direction, as
indicated by the approximately linear relationship between
γd and z/Dmax on a semi-logarithmic scale for soil samples
with a broad range of contents of finer fraction, Fc, from
15% to 35% (Fig. 12a). Additionally, a comparative test, i.e.,
case T1, is conducted where the downstream soil column is
packed with only coarser particles (i.e., Fc

down = 0%) while
the upstream soil column is packed with gap-graded soil hav-
ing Fc

up = 25%. In this case, the downstream redeposition
of the finer particles washed out of the upstream soil col-
umn could be easily quantified using the sieving analyses.
The results show an exponential decay in redeposition along
the seepage direction, similar to the cases where the down-
stream soil columns are packed with gap-graded soils (i.e.,
Fc = 15%–35%). It is noteworthy that case T1 is similar to the
self-filtering in base soil-filter systems described in Raut and
Indraratna (2008) and Locke et al. (2001). However, for other
cases (T2–T21), the downstream soil columns are packed us-
ing gap-graded soils consist of both coarser and finer parti-
cles. The downstream redeposition of finer particles eroded
from the upstream soil and the erosion of finer particles ini-
tially packed in the downstream soil occur simultaneously
in the downstream soil, which are different from the self-
filtering in base soil-filter systems.

The results shown in Fig. 12a reveal that the downstream
redeposition of finer particles consistently follows an expo-
nential decay pattern, regardless of the content of finer frac-
tions in the downstream soil column. To test the generality
of the results, we perform suffusion tests on gap-graded soils
with different size ratios between the coarser and finer frac-
tions (see Fig. 12b), applying hydraulic gradients in different
ways (see Fig. 12c), and using different flowrates through the
soil column (see Fig. 12d). The downstream redeposition of
finer particles along the seepage direction consistently follow
an exponential trend. Besides, we conduct additional exper-
iments with an overlying soil layer (6 cm in height) placed
on top of the upstream soil column, as depicted in Fig. 5. As
presented in Fig. 12e, the presence of the overlying soil layer
has a minimal impact on the downstream redeposition of the
finer particles. γd consistently follows an exponential decay
pattern, regardless of the overlying soil layer. This suggests
that the location of the upstream soil column, whether at the
top or within the soil column, has limited effect on the down-
ward redeposition of the finer particles washed out from the
soil column. In reality, the content of finer fraction can dif-
fer between the upstream and downstream soils. Therefore,
we further considered situations in which the upstream and
downstream soil columns have different initial contents of

finer fraction, i.e., Fc
up and Fc

down, respectively. For this pur-
pose, we tested nine soil samples with various combinations
of Fc

up and Fc
down, specifically at 15%, 25%, and 35%, and the

results are presented in Fig. S3 of Supplementary Informa-
tion. The redeposition of finer particles is affected by the con-
tent of finer fraction in the upstream soil column. Despite dif-
ferent finer fraction between the upstream and downstream
soil columns, the redeposition of finer particles still follows
an exponential decay pattern.

In summary, it can be concluded that although the redepo-
sition ratio differs across various situations, the exponential
decay behaviour remains unchanged. The impact of these fac-
tors on the redeposition of finer particles will be investigated
in Section 6. It is noteworthy that the exponential decay of re-
deposition does not necessarily mean that most of the eroded
finer particles from the upstream soil column would escape
from the downstream soil skeleton. To clarify this, we cal-
culate the total redeposition ratio �d = Md/Me in the down-
stream soil column for each test, as listed in Table S4 of the
Supplementary Information, in which Me is the total mass
of the finer particles eroded from the upstream soil column
and Md is the total mass of the finer particles eroded from
the upstream soil column and then redeposited in the down-
stream soil column. For the downstream soil column with rel-
atively small finer fraction (e.g., T1–T4, Fc = 0%–15%), most
(>90%) of the eroded finer particles are redeposited in the
downstream soil column, indicating that a very small propor-
tion (<10%) of the eroded finer particles pass through and es-
cape from the downstream soil skeleton. While for the down-
stream soil column with relatively large finer fraction (e.g.,
T16–T19, Fc = 35%), a relatively large proportion (60%–70%) of
the eroded finer particles escape from the downstream soil
skeleton. Nevertheless, there is still a certain amount (30%–
40%) of eroded finer particles redeposited within the down-
stream soil skeleton.

5. Theoretical analyses for the
exponential decay of γd

5.1. Theoretical derivation of γd based on the
redeposition probability

To have an insight into the exponential decay of γd, a the-
oretical model is developed to describe the decay of γd along
the seepage direction. To this end, the downstream soil col-
umn is divided into equally sized sections, termed Si, with a
thickness of �z, as illustrated in Fig. 10. The finer red particles
are washed out from the upstream soil column and progres-
sively transported through the subsequent sections, Si, of the
downstream soil column. Let mcs(z) represent the mass of the
finer red particles passing through a cross-section at coordi-
nate z within the downstream soil column. Consequently, the
mass of finer red particles entering section Si is the mass of
the finer red particles passing through the top surface cross-
section of Si, which is mcs((i − 1)�z), where (i − 1)�z is the z-
coordinate of the top surface of Si (see Fig. 10). It follows that
mcs((i − 1)�z) decreases with the increasing i since the finer
red particles are gradually redeposited as they move down-
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Fig. 12. Decay of the redeposition ratio per seepage length, γd, along the seepage direction for different initial contents of finer
fraction, Fc, different size ratios, D15

′/d85
′, different manners for applying the hydraulic gradient, different flowrates, Qw, and

soil columns with\without overlying soil layers (in which the contents of finer fraction, Fc, are the same for both the upstream
and downstream soil columns unless otherwise stated; Fc

down and Fc
up stand for the finer fraction of the downstream and

upstream soil column, respectively).

C
an

. G
eo

te
ch

. J
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

45
.8

1.
12

9.
19

 o
n 

05
/1

9/
26

http://dx.doi.org/10.1139/cgj-2025-0071


Canadian Science Publishing

12 Can. Geotech. J. 62: 1–21 (2025) | dx.doi.org/10.1139/cgj-2025-0071

ward. On the other hand, the mass of the finer red particles
entering the first section S1, i.e., mcs(0) is equal to the total
mass, Me, of the finer red particles washed out from the up-
stream soil column.

Given that the washed-out finer red particles would be par-
tially redeposited in each section Si, a redeposition probabil-
ity per seepage length, Pdi, is defined for each section Si as
follows:

Pdi = mdi/mcs|(z=(i−1)�z)

�z
(2)

where z = (i − 1)�z denotes the z-coordinate of the top surface
of Si; mdi is the mass of the finer red particles deposited within
each section Si. Note that Pd is analogous to the concept of
probability density.

Considering the mass conservation for finer red particles
entering a section Si, the following mass balance equation is
derived:

mcs|(z=i�z) = mcs|(z=(i−1)�z) − mdi(3)

According to this mass balance equation (eq. 3), the mass of
the finer red particles entering the S(i + 1) section (i.e., pass-
ing through the top surface cross-section of S(i + 1)), which is
mcs|(z=i�z) where z = i�z is the z-coordinate of the top surface
of S(i + 1), is related to the total mass, Me, of the finer red parti-
cles washed out from the upstream soil column and the mass,
md, of the finer red particles deposited within each section as
follows:

mcs|(z=i�z) = Me −
i∑

j=1

mdj(4)

By substituting eq. 2 into eq. 4, we get

mcs|(z=i�z) = Me −
i∑

j=1

(mcs ) |(z=(j−1)�z)Pdj�z(5)

As �z approaches a very small value, eq. 5 can be re-expressed
in an integral form as follows:

mcs (z) = Me −
∫ z

0
mcs (λ) Pd (λ) dλ(6)

in which λ is an integration variable. Differentiating both
sides of eq. 6 with respect to z, we obtained a first-order ordi-
nary differential equation for mcs(z), as follows:

dmcs (z)
dz

+ Pd (z) mcs (z) = 0(7)

Solving eq. 7 provides the mass, mcs(z), of finer red particles
passing through the cross section at coordinate z within the
downstream soil column:

mcs (z) = Ce− ∫
Pd(z)dz(8)

where C is an integration constant. Substituting eq. 8 into eq.
2, the mass, md(z), of redeposited finer red particles within
each sublayer of the downstream soil column is related to
the redeposition probability per seepage length, Pd(z), as
follows:

md (z) = CPd (z) e− ∫
Pd(z)dz�z(9)

Considering the definition of the redeposition ratio per seep-
age length, γd, i.e., γd = md/Me

�z , γd(z) is related to Pd(z) accord-
ing to eq. 9, as follows:

γd (z) = C
Me

Pd (z) e− ∫
Pd(z)dz(10)

Equation 10 indicates that γd exhibits an exponential-like de-
cay along the seepage direction. The exact form of this decay
depends on the variation of the redeposition probability per
seepage length, Pd(z), along the seepage direction. This rela-
tionship will be explored in the following section:

5.2. Variation of redeposition probability along
the seepage direction

The redeposition probability per seepage length, Pd, of
the finer red particles deposited within the sublayers of the
downstream soil column (see Fig. 9a) is calculated using the
experimental data as follows:

Pdi = mdi/(Me − ∑i−1
j=0mdj )

(�zi/Dmax)
(11)

in which mdi and mdj denote the mass of the finer red particles
deposited in the ith and jth sublayers, respectively, as mea-
sured using the proposed image processing-based approach
as detailed in Section 3.2. md0 is defined as zero.

The variation in the redeposition probability per seepage
length, Pd, is obtained along the seepage direction for differ-
ent contents of finer fraction, Fc, as presented in Fig. 13a. For
the sample with Fc

down = 0% (i.e., the downstream soil column
contains only coarser particles), Pd fluctuates around a rela-
tively constant value along the seepage direction. In contrast,
for soil samples with Fc = 15%–35%, Pd initially decreases,
then the rate of decrease slows. It eventually approaches a
constant value. The initial decrease in Pd should be attributed
to the occupation of preferential deposition positions by finer
particles eroded from adjacent soil sublayers, which will be
detailed in Section 8. The adjacent occupation can limit the
redeposition of the finer red particles (eroded from the up-
stream soil column) within the downstream soil column, ex-
cept in the uppermost sublayer, where there is no adjacent oc-
cupation since its upstream side is adjacent to the upstream
soil column. For the sample with Fc

down = 0%, there is no
adjacent occupation since the downstream soil column con-
tains no finer particles. Consequently, no significant initial
decrease in Pd is observed for this sample.

To test the generality of the results, variations in Pd along
the seepage direction are examined for samples with dif-
ferent size ratios between the coarser and finer fractions
(see Fig. 13b), as well as for samples tested with different
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Fig. 13. Variation of redeposition probability per seepage path, Pd, along the seepage direction for different contents of finer
fraction, Fc, different size ratios, D15

′/d85
′, different hydraulic gradient application methods, and different flowrates, Qw.

methods of applying the hydraulic gradient (see Fig. 13c) and
varying flowrates through the soil column (see Fig. 13d). In
these cases, the variations in Pd along the seepage direction
show a similar pattern: Pd initially decreases within 2–4Dmax

along the seepage direction and then approximately levels
off. Meanwhile, we also noticed several exceptions. One is the
sample with Fc = 15% and a relatively large size ratio, D15

′/d85
′

= 15.43 (i.e., T7 in Fig. 13b). This sample exhibits a relatively
large fluctuation in redeposition probability along the seep-
age direction, similar to the behaviour observed in the sam-
ple with downstream soil columns packed exclusively with
coarser particles (i.e., T1 in Fig. 13a). This behaviour should be
attributed to the very loose packing of finer particles within
the voids of the coarse skeleton for the T7 sample with rela-
tively small Fc and large size ratio. The other one is the test
T3 (in which i = 5 and Fc = 15%) in Fig. 13c, in which an ab-
normal increase after Z/Dmax = 12 is observed. This should be
attributed to a random fluctuation, which is similar to that
in the sample with no finer particles in the downstream soil
column (i.e., T1 in Fig. 13a), as well as in the sample with a
relatively large gap (i.e., T7 in Fig. 13b).

5.3. Derivation of the exponential decay of γd

based on the variation of redeposition
probability

The precise form of the decay of the redeposition ratio per
seepage path, γd, depends on the variation of the redepo-
sition probability per seepage length, Pd(z), along the seep-
age direction, as given by eq. 10. As previously noted, Pd

initially decreases along the seepage direction, then the rate
of decrease diminishes, and eventually Pd approaches a con-
stant value within the downstream sublayers approximately
2–4Dmax from the upstream soil column. That is to say, the
redeposition probability is nearly constant over most of the
seepage path. The derivation of the theoretical model is based
on this assumption. Note that this assumption is obtained
in the experimental tests on uniformly packed soils columns
under 1D seepage (see Fig. 13). However, it is not always valid
in real-world scenarios since the soils may be nonuniform
along the seepage path. Nevertheless, the nonuniform soils
could be treated as piecewise uniform along the seepage path
in many situations. Therefore, the theoretical model based
on constant redeposition probability assumption may be ap-
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plied individually to each uniform soil column, although the
soils may be nonuniform along the seepage path. However,
further studies are still needed for the validation of the theo-
retical model in nonuniform soil columns, which will be con-
sidered in our future study. On the other hand, the seepage
path may converge or diverge in real-life dam foundations
and slopes while it is always parallel in the current tests. The
converging or diverging of the seepage path should have im-
portant influence on the redeposition probability while it is
not considered in the current study. Therefore, the assump-
tion of constant redeposition probability and the associated
theoretical model are only applicable to the situations with
parallel seepage paths.

To simplify the derivation of γd, the process is conducted in
two phases. First, Pd(z) is approximated as constant along the
seepage direction to simplify eq. 10. Subsequently, additional
parameters are incorporated into this simplified expression
to account for the initial decrease in Pd(z) along the seepage
direction. It should be acknowledged that this approach may
introduce some deviation, which will be examined in the fi-
nal part of Section 5.

Assuming Pd(z) is constant and denoted as Pd0 in eqs. 8 and
10, these equations can be simplified as follows:

mcs(z) = Ce−Pd0z(12)

γd(z) = C
Me

Pd0e−Pd0z(13)

Given that mcs(0) = Me, the constant C is determined to be
equal to Me according to eq. 12. Consequently, the expression
for γd(z) (i.e., eq. 13) can be further simplified to

γd(z) = Pd0e−Pd0z(14)

Equation 14 indicates an exponential decay of the redeposi-
tion ratio, γd, along the seepage direction.

Subsequently, an additional parameter is introduced into
the expression for γd(z) (eq. 14) to account for the variation
in Pd along the seepage direction, as observed in the experi-
mental tests (see Fig. 13). Specifically, a parameter α is incor-
porated into eq. 14 as follows:

γd(z) = Pd0e−αPd0z(15)

The parameter α reflects the variation in Pd(z) within the
downstream soil column. Additionally, as z approaches zero,
the deposition rate per seepage path, γd(z→0) approaches the
deposition probability per seepage path, Pd(z→0), based on
the definitions of γd (eq. 1) and Pd (eq. 11); note that z→0 indi-

cates
∑i−1

j=0
mdj = 0 in eq. 11. Furthermore, γd(z→0) equals Pd0

according to the eq. 15. This implies that Pd0 equals Pd(z→0),
meaning that Pd0 represents the redeposition probability per
seepage length within the uppermost downstream sublayer.
Hereafter, Pd0 will be referred to as the original deposition
probability per seepage length.

5.4. Examination on the validity of eq. 15
The parameters Pd0 and α are determined by fitting eq. 15

to the experimental data for the variation of γd with z (see
Fig. 12). The fitted parameters are listed in Table S5 of the

Fig. 14. Comparison between the total mass, Md
Pre, of the

finer red particles deposited within the downstream soil col-
umn predicted using eq. 15 and those measured in the exper-
imental tests.

Supplementary Information, and typical fitted curves are pre-
sented in Fig. S4 of the Supplementary Information. It can be
seen that eq. 15 provides a reasonable fit to the experimen-
tal results. Meanwhile, it should be acknowledged that the
redeposition near the inlet of the downstream soil column
(i.e., within the range z/Dmax = 0–2) is underestimated. This
is because the initial reduction in redeposition probability
(see Fig. 13) could not be fully captured by the parameter α

in eq. 15.
For a further validation, eq. 15 with the fitted param-

eters (see Table S5 of the Supplementary Information) is
used to predict the total mass, Md

Pre, of the finer red par-
ticles redeposited within the downstream soil column as
follows:

MPre
d = Me

∫ L/Dmax

0
γd (λ) dλ(16)

where L is the total length of the downstream soil column;
Me is the total mass of the finer red particles washed out
from the upstream soil column, determined through siev-
ing analysis as described in Section 4.1. Md

Pre is compared to
the experimentally measured mass of redeposited finer red
particles within the downstream soil column, termed Md

Exp.
As shown in Fig. 14, the predicted mass Md

Pre is generally
close to experimentally measured mass Md

Exp with relative
errors typically not exceeding 10%. It confirms the validity of
eq. 15.

6. Effect of content of finer fraction on
the redeposition probability

The redeposition probability per seepage length, Pd, is a
crucial quantity that influences the downstream redeposition
of finer particles washed out from the upstream soil skele-
ton, as indicated by eq. 15. It is expected to be closely related
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to the content of finer fraction, Fc, as indicated by Fig. 13.
This will be explored further in this section. Note that Pd ex-
hibits some variations along the downstream soil column in
each test, as depicted in Fig. 13. Therefore, two distinct char-
acteristic redeposition probabilities are considered: the orig-
inal redeposition probability per seepage length, Pd0, and the
ultimate redeposition probability per seepage length, Pd_ult,
as illustrated in Fig. 13a; here, Pd_ult is defined as the mean
value of the redeposition probabilities per seepage length
over the sublayers located 4Dmax away from the interface be-
tween the upstream and downstream soil columns (note that
Pd approximately becomes constant in these sublayers, which
are 4Dmax away from the interface).

The effects of the content of finer fraction in the upstream
and downstream soil columns, denoted as Fc

up and Fc
down,

on redeposition probabilities are investigated. The two char-
acteristic redeposition probabilities per seepage length, Pd0

and Pd_ult, are determined for soil samples with varying Fc, as
shown in Fig. 15a; note that the Fc

down in the downstream soil
column may differ from Fc

up in the upstream column, while
the redeposition probabilities are plotted against the Fc

down

by default.
Figure 15a reveals that both the Pd0 and Pd_ult significantly

decrease with the increment of the content of finer fraction
in the downstream soil column, regardless of the Fc

up. It indi-
cates that the finer particles washed out from the upstream
soil column are less likely to be redeposited in the down-
stream soil column with a higher content of finer fraction.
This observation seems to be counterintuitive, as a higher
content of finer fraction typically implies a denser packing of
finer particles within the coarse matrix, which should have
been expected to create more resistance to the passage of
fluidized\eroded finer particles, thus enhancing their rede-
position. To verify the reliability of these results, additional
testing conditions are considered.

One such condition is the water flowrate, which is ad-
dressed in Fig. 15b. Note that soils with a higher content
of finer fraction typically have lower hydraulic conductiv-
ities, resulting in generally lower water flowrates. Water
flow with a lower flowrate has a reduced capacity to trans-
port fluidized\eroded finer particles, which consequently en-
hances the redeposition of the particles, leading to a higher
redeposition probability, as shown in Fig. 15b. This suggests
that the observed decrease in redeposition probability with
the increasing Fc would be more pronounced if the water
flowrate were consistent across all experimental tests with
different Fc values.

Additionally, results for gap-graded soils with varying size
ratios between the coarser and finer fractions, D15

′/d85
′,

are presented in Fig. 15c. Generally, a larger size ratio,
D15

′/d85
′, is associated with a lower redeposition probabil-

ity. This is because a larger size ratio generally signifies a
reduced resistance to the migration of eroded finer parti-
cles through the pores of the downstream soil column, due
to the larger constriction sizes of the coarse matrix relative
to the diameter of the finer fraction. Notably, the observed
decrease in redeposition probability with the increasing Fc

persists at larger size ratios between the coarser and finer
fractions.

Furthermore, different methods of applying hydraulic gra-
dients (including step-wised and constant hydraulic gradi-
ents) and the presence of overlying soil layers above the up-
stream soil column (see Fig. 5) are considered. As shown in
Figs. 15d and 15e, variations in redeposition probabilities
with Fc are found to be largely unaffected by the hydraulic
gradient applying methods and the presence of overlying soil
layers.

In summary, the redeposition probability generally ex-
hibits a decreasing trend with the increasing content of
finer fraction, Fc, under various testing conditions. To fur-
ther understand this phenomenon, the concept of prefer-
ential deposition position is introduced and discussed in
Section 7.

7. Preferential deposition position:
concept and its relation to
redeposition probability

Firstly, we investigate the redeposition positions of the
finer red particles within the downstream soil column. To
achieve this, cross-sectional images of soil samples with
varying Fc are captured after suffusion, as presented in
Fig. 16.

The images reveal that the redeposition of finer red par-
ticles is relatively homogeneous in the cross-section of soil
samples with Fc = 15%, while they exhibit significant localiza-
tion within specific regions in the soil samples with Fc = 35%.
The degree of homogeneity and localization of the finer red
particles is quantified using the nearest neighbour analysis
(NNA) (Clark and Evans 1954), specifically through the aver-
age nearest neighbour ratio, rann presented in Fig. 16. De-
tailed methodology for the calculation of rann is provided in
Section S7 of the Supplementary Information. Typically, a
smaller rann (<1) corresponds to a more localized distribution
of the redeposited finer red particles within the cross-section,
as illustrated in Fig. S5 of the Supplementary Information.
These results offer quantitative evidence that the channels
for the transportation and redeposition of the finer red par-
ticles become more localized as the content of finer fraction,
Fc, increases.

We further propose that certain positions within the voids
of the coarse skeleton facilitate the redeposition of finer par-
ticles, as illustrated in Fig. 17. These positions are referred
to as preferential redeposition positions. It should be noted
that the theoretical concept of preferential redeposition po-
sition is a hypothesis used to explain the observations in the
current study which will be detailed below.

The number of such preferential deposition positions in a
given coarse skeleton is assumed to be approximately con-
stant, provided that other conditions, such as the finer par-
ticle diameter and the water flowrate, remain unchanged.
From this perspective, a homogeneous distribution of the
channels for transporting and redepositing the finer parti-
cles in the downstream soil columns with Fc = 15% (observed
in the experiments as shown in Fig. 16) suggests a higher
likelihood of these particles being transported to and re-
deposited at these preferential positions, compared to the
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Fig. 15. Variation of the original redeposition probability per seepage length, Pd0, and the ultimate deposition probability per
seepage length, Pd_ult with the content of finer fraction, Fc, under various testing conditions, including different Fc

down and
Fc

up, different size ratios, D15
′/d85

′, different methods of applying hydraulic gradients, the presence or absence of overlying soil
layers above the upstream soil column (in which Fc

down and Fc
up stand for the content of finer fraction in the downstream and

upstream soil columns, respectively).
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Fig. 16. Homogenization and localization of redeposition positions of finer red particles within typical cross-sections of soil
columns with varying contents of finer fraction, Fc (in which two representative cross-sections at different heights in the
downstream soil column, i.e., z/Dmax = 8.3 and 11.7, are considered. The average nearest neighbour ratio, rann, is used to quantify
the homogenization and localization, with detailed calculations provided in Section S7 of the Supplementary Information).

Fig. 17. Schematic for redeposition of finer particles within coarse skeleton voids.

more localized distributions of channels observed in the
downstream soil columns with Fc = 35% (observed in the
experiments as shown in Fig. 16), as illustrated in Fig. 18.
Consequently, the redeposition probability decreases with
the increasing content of finer fraction, Fc, as presented in
Fig. 15.

On the other hand, in downstream soil columns with a rela-
tively high Fc, such as Fc = 35%, most of the preferential rede-
position positions within the voids of the coarse skeleton are
initially occupied by finer particles already packed in these
voids. Therefore, downstream soil columns with a higher Fc,
such as Fc = 35%, should have fewer available positions for
the redeposition of finer particles washed out from the up-
stream soil columns, which may also lead to a lower redepo-
sition probability compared to those with a lower Fc, such as
Fc = 15% (see Fig. 15).

8. Discussion on the initial decrease of
Pd along the seepage direction:
insights from preferential deposition
position

The initial decrease in Pd along the seepage direction (see
Fig. 13) should be closely related to the occupation of pref-
erential deposition positions by finer particles eroded from
adjacent soil sublayers. In the interior soil sublayers of the
downstream soil column (i.e., those not adjacent to the up-
stream soil column; see Fig. 19a), finer particles eroded from
neighboring sublayers may occupy some preferential depo-
sition positions within these interior soil sublayer (see Fig.
19b). This occupation impedes the redeposition of finer par-
ticles washed out from the upstream soil column (Fig. 19c), a
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Fig. 18. Schematic of preferential deposition positions in soil samples with different contents of finer fraction, Fc (note that the
illustrations of homogeneous and localized channels, respectively, for Fc = 15% and 35% are observations in the experiments
as shown in Fig. 16).

Fig. 19. Illustration of adjacent and separated occupation effects in the downstream soil column.

phenomenon referred to as adjacent occupation effect within
the downstream soil column.

Conversely, in the top soil sublayer of the downstream soil
column (i.e., the sublayer adjacent to the upstream soil col-
umn; see Fig. 19a), only finer particles washed out from the
upstream soil column are redeposited. This sublayer is unaf-
fected by the adjacent occupation effect. Consequently, finer

particles washed out from the upstream soil column have a
higher redeposition probability in the top soil sublayer com-
pared to interior soil sublayers, contributing to the initial de-
crease in Pd along the seepage direction, as presented in Fig.
13.

It should be acknowledged that, in an interior soil sub-
layer of the downstream soil column, finer particles eroded
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from nonadjacent sublayers of the downstream soil column
(e.g., separated by one or more sublayers; see Fig. 19b) may
also occupy some of the preferential deposition positions
within the current sublayer. This is termed as the separated
occupation effect. Typically, the separated occupation effect
should be more pronounced in lower sublayers due to greater
number of separated sublayers above it. However, the sepa-
rated occupation effect should be much weaker than the ad-
jacent occupation effect, as a large proportion of finer parti-
cles eroded from the separated soil sublayers are redeposited
before reaching the current sublayer, as indicated by the ex-
ponential decay of redeposition ratio (Fig. 12). Thus, Pd in in-
terior sublayers of the downstream soil column should be pri-
marily affected by the adjacent occupation effect rather than
the separated occupation effect. Since the adjacent occupa-
tion effect should be relatively uniform across different inte-
rior sublayers, the decrease in Pd becomes less pronounced
and stabilizes to a nearly constant value within the interior
soil sublayers, i.e., those 2–4Dmax away from the upstream soil
column, as shown in Fig. 13.

It is noteworthy that this study mainly focuses on the quan-
tification of redeposition along seepage path while the role of
soil microstructure and fabric in redeposition is not explored
due to the limitation of the experimental technique used in
the current study. The X-ray CT or micro-CT imaging (Nguyen
et al. 2019; Mousavi et al. 2025) could be helpful for an insight
into the microscopic mechanism of redeposition, which will
be considered in the future study.

9. Practical implications and limitations
of this study

This study is focused on the redeposition of eroded finer
particles along the seepage path during suffusion, which in
practice would simulate key mechanism of suffusion in dam
foundations and slopes. For example, rainfall-induced suffu-
sion in colluvial slopes generally involves the redeposition
of eroded finer particles within the slope toe and the lower
layer of the slope, which is critical for the slope failure (Cui
et al. 2017; Lei et al. 2017; Johnston et al. 2023). The expo-
nential decay of the redeposition (Fig. 12) suggests that most
of the finer particles redeposited or clogged at the slope toe
or the lower layer of the slope should come from the up-
stream soil layers close to the redeposition or clogging posi-
tion. On the other hand, the redeposition probability is found
to be decreased with the increase of the finer fraction and wa-
ter flowrate (Fig. 15a). This observation could be further con-
sidered in the redeposition\clogging models (Lei et al. 2017;
Yang et al. 2019; Ma et al. 2022) to have a better prediction of
the suffusion development in real-life dam foundations and
slopes. Notably, the seepage paths in full-scale dam founda-
tions and slopes may be different from those considered here
for simplified laboratory equipment (one-dimensional). As an
example, the seepage path may converge at the toe of slopes
while it is always parallel in the experimental tests. The con-
verging of the seepage path should have important influence
on the redeposition while it is not considered in the current
study. Therefore, the applicability of the proposed redeposi-

tion law to the field problems should be validated further, but
they can still be recommended as preliminary guides prior to
detailed analysis.

10. Conclusions
This study primarily investigates the downstream redepo-

sition of finer particles eroded from the upstream soil ma-
trix during suffusion. To quantify this redeposition, an im-
age processing-based approach is developed and integrated
into the one-dimensional suffusion tests. The following con-
clusions can be drawn:

(1) The image processing-based approach involves packing
finer fractions of the upstream and downstream soil
columns with different colored quartz sand particles, al-
lowing for the identification of migrated and redeposited
particles based on color. The proportion of the finer parti-
cles, distinguished by color, within the mixture of differ-
ent colored particles is found to be piece-wised linearly
correlated to the mean grey value of the mixture. This ap-
proach enables the quantification of redeposition within
each sublayer of the downstream soil column.

(2) The redeposition ratio, γd, of the eroded finer particles ex-
hibits a typical exponential decay, i.e., γd (z) = Pd0e−αPd0z,
along the seepage direction z for various soil grada-
tions (including different finer fractions 15%–35% and dif-
ferent size ratios 8.41–15.59), different hydraulic condi-
tions (including step-wised or constant hydraulic gradi-
ent and varying magnitudes of hydraulic gradients\water
flowrates), and different positions of the upstream soil
column (whether at the top or in the interior of the soil
column).

(3) For the downstream soil column with relatively small
finer fraction (e.g., Fc = 0%–15%), a large proportion
(>90%) of the eroded finer particles from the upstream
soil are redeposited in the downstream soil column. As
the Fc increases to 35%, the redeposition proportion de-
creases, while there is still a certain amount (30%–40%)
of eroded finer particles redeposited within the down-
stream column.

(4) Theoretical analyses provide insight into the exponential
decay of redeposition ratio, viewing it through the lens
of redeposition probability. Experimental results suggest
that the redeposition probability remains roughly con-
stant throughout the downstream soil column, except in
the layer immediately adjacent to the upstream soil col-
umn (with a thickness 2–4 times the maximum diameter
of the coarser particles), where it initially decreases but
then experiences a slowing rate of decrease. Considering
this variation in redeposition probability, the theoretical
analyses deduce that the redeposition ratio decays expo-
nentially along the seepage direction.

(5) The redeposition probability is negatively correlated to
the content of finer fraction, which stems from changes
in the distribution of redeposition position. The ultimate
redeposition probability decreases from around 8% to
around 2% as the finer fraction increases from 15% to
35% for size ratios within the range 8.41–15.59. With the

C
an

. G
eo

te
ch

. J
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

45
.8

1.
12

9.
19

 o
n 

05
/1

9/
26

http://dx.doi.org/10.1139/cgj-2025-0071


Canadian Science Publishing

20 Can. Geotech. J. 62: 1–21 (2025) | dx.doi.org/10.1139/cgj-2025-0071

increase of finer fraction from 15% to 35%, the distribu-
tion of redeposition position shifts from homogeneous
to more localized patterns within the cross-section of
the downstream soil column, as demonstrated by the re-
sults of NNA. The localization of redeposition indicates
that the migration and redeposition of eroded finer par-
ticles are restricted to several localized channels, reduc-
ing their chances of reaching preferential deposition po-
sitions that are supposed to be uniformly distributed
within the downstream soil column. Consequently, with
a higher content of finer fraction, the redeposition prob-
ability decreases due to the more localized distribution of
redeposition positions.
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