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Application of image subtraction data to quantify suffusion

E. ROSENBRAND* and J. DIJKSTRA*

A method for the study of suffusion by means of visualisation experiments is presented. Suffusion is
the removal of the finest grains from a widely graded soil due to seepage flow. The mobilisation and
transport of grains is strongly coupled to the structure of the soil. Images are acquired at suitable
spatial and temporal scales that allow for the coupled study of particle movement as well as the
change in structure of the sample. The observations are made for a gap-graded plane strain sample
behind a transparent window. Image subtraction is used for analysis of the results, i.e. the
identification of areas of the sample where particle movement occurs, the evolution of the locations
where particles are removed and their corresponding transportation paths and the evolution of
particle motion over the height of the sample. The presented method therefore employs the same
dataset to study particle motion and sample structure in space and time, thereby providing a means
to address the coupling between them.
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INTRODUCTION
Suffusion is a process of internal erosion whereby fine grains
are removed from a soil due to groundwater flow. Suffusion
is of particular concern when soils are subjected to a large
hydraulic gradient, i.e. within the proximity of hydraulic
dams (Fannin & Moffat, 2006; Muir Wood, 2007).
Currently, laboratory investigations are used to quantify
criteria for the onset of suffusion. Modified column or
permeameter apparatus are used to relate the removal of fine
particles from a sample to the hydraulic boundary condi-
tions (e.g. Skempton & Brogan, 1994; Fannin & Moffat,
2006; Bendahmane et al., 2008; Wan & Fell, 2008). The
hydraulic gradient at which suffusion occurs and the mass of
material that is removed depend significantly on the
experimental boundary conditions. Many factors affect
suffusion, and the process is suggested to be evolutionary
(Marot et al., 2009). An improved physical understanding of
the process of suffusion is required to better explain the
differences between experimental approaches and, ulti-
mately, to scale these to in situ conditions.

Quantitative visualisation experiments allow for the
study of particle movement in the spatial context over
time. Such techniques are used to investigate movement of
individual particles, for example colloid transport in
porous media (Ochiai et al., 2006) and entrainment from
a sediment bed (Radice et al., 2006; Wang et al., 2009), as
well as the movement of collections of particles using
particle image velocimetry (PIV) (e.g. White & Bolton,
2004; Slominski et al., 2007).

In order to study the coupling between the sample
structure and particle transport during suffusion, both the
movement of individual mobile particles and the distribution
of fine particles through the sample are of interest. This
requires simultaneous observation of particle motion (local)
and changes in the structure of the soil sample (global).
Structural changes occur over a longer time scale and greater

spatial scale than the movement of individual particles. The
movement of individual particles between stationary grains
typically leads to loss of correlation; methods based on
image correlation therefore do not perform well. Particle
tracking (PT) requires a low concentration of mobile
particles and is therefore less suitable for the study of local
composition and structure of a sample. This paper
introduces an alternative interpretative method to extract
information on both particle transport and structure of the
soil sample by using image subtraction.

Image subtraction, also referred to as image differencing,
is applied in a wide range of fields -– from astronomy to
granular transport – for the detection of motion (e.g.
Keshavarzy & Ball, 1999; Spinewine et al., 2003; Radice
et al., 2006). In this study of suffusion, the velocity of the
mobile particles is of secondary importance. The distribu-
tion of fine grains in the sample and the pathways by which
they are transported are of primary interest. This imposes a
minimum sample dimension that conflicts with the resolu-
tion required for PIV to observe changes on the grain scale.
Furthermore, the high image acquisition rates required for
both PIV and PT conflict with the duration over which
changes in the sample are to be studied.

THEORY
The method presented here is intended for application to
images in which the moving particles are not distinct; it is
not intended to quantify the exact number of mobile
particles. The entire soil specimen is the object of study and
the area in which fine particles are present is quantified.

The method relies on colour contrast in the image
between the fine and coarse grains that form the main
component of the soil. In the analysed experimental data
the fine grains have a lighter colour than the coarse grains
(Fig. 1(a)). As a result, high-intensity values indicate fine
particles between the window of the sample and the coarse
matrix grains. The removal of fine particles reveals the
underlying darker matrix. This is a reasonable assumption
for soils where the fraction of fine particles is limited (i.e. 5–
30% by weight).

The initial images contain noise from the image
acquisition and shadows of mobilised grains (Wang et al.,
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2009). Variations in the illumination intensity between
images lead to an additional error source in the difference
images, and this has a dominant effect on the results. These
effects are minimised by introducing a constant detection
threshold for all images. The detection threshold is chosen
sufficiently high to eliminate the effect of changes in light
intensity from the rotation of fine grains as well as shadows
cast by mobilised grains; that is, random variations in the
light intensity from particle rotation or cast shadows
should not result in an intensity difference after image
subtraction. Fine particles that move in front of the
brightest coarse grains may fall below the detection
threshold; this is estimated to affect approximately 4% of
the sample area.

Subtraction of two images results in a difference image
whose elements have a positive value where fine particles
are present in the first and not in the second image
(erosion) and a negative value where they appear in the
latter image (accumulation). A particle that is transported
results in an erosion and an accumulation spot. The terms
erosion and accumulation in this context do not necessarily
imply that the particle is stationary in either of the images.
Elements in the difference image with a value below the
threshold are set to 0, and positive and negative elements
exceeding the threshold are set to +1 and 21, respectively.
An example is illustrated in Fig. 1(b) where transport of
fine particles reveals a matrix grain in the upper right-hand
corner and occludes a matrix grain lower in the sample.

The proportion of pixels that indicate the erosion or

accumulation of fine grains in a given area is a measure of
the change in the sample composition that occurs in the
time interval between the acquisition of two images. This
change is the cumulative result of all particle movements
during that time interval. The maximum acquisition rate
used in this study is 1 fps (frame per second). The fraction
of the area in which particles are being transported relative
to the total sample area will be referred to as the mobilised
portion. During a longer time interval, more grains will be
mobilised; thus, when comparing the mobilised portion for
images taken at different acquisition rates, the mobilised
area is scaled by the length of the time interval.

The time evolution of locations where particles have
been transported is analysed by subtracting successive
images. That is, a series of images is taken where each
image is subtracted from the previous one to obtain a
sequence of difference images. An element-wise summation
of the absolute values of the sequence of difference images
results in an image where high values indicate locations
where the transport of fine grains occurred multiple times
(Fig. 2). This cumulative particle movement results in an
irreversible change of the original sample structure.

Temporal suffusion effects are captured by plotting
particle motion for a one-dimensional (1D) section of the
sample as a function of time. In a difference image, the
absolute element values are summed over a horizontal
section and scaled by the width of this section (Fig. 3). The
resulting vector indicates the proportion of the section
where material is transported for each position along the
height of the sample. The elements of the resulting vectors
are scaled by the length of the time interval that is spanned
by the difference image, and replicated by the length of the
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Fig. 1. (a) Example image of sample after suffusion experi-
ment. The fines are (light colour) suffused into the coarse matrix
(dark colour). (b) Fine grains have a light colour (a high intensity).
When fine grains are removed from an area, the second image
has a lower intensity value due to the darker matrix grains.
Accumulation of fine particles results in higher intensities.
Subtraction results in positive values (white) for erosion and
negative values (black) for accumulation in the difference image
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Fig. 2. The difference image (left) Dk indicates locations where
movement occurs during the time interval between image k and
image k + 1; erosion and accumulation are indicated by
elements with values +1 (white) and 21, respectively. In a
summation of difference images (right), high values indicate
locations where motion occurs multiple times
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Fig. 3. The absolute element values are summed over a
horizontal section of the difference image and scaled by the
width of this section. For a series of difference images, the
resulting matrices are horizontally concatenated with time
ascending along the x-axis, resulting in a temporal cross-
section of the sample
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interval. This is computed for the same location in a
sequence of difference images and the resulting matrices are
horizontally concatenated with time ascending along the x-
axis. This gives a temporal cross-section whose elements are
a measure of the fraction of the width of the section where
transport occurs at a given depth y at a time t, the mobile
portion for this section.

EXPERIMENTAL SETUP
The experimental setup is illustrated in Fig. 4(a). 2D
visualisation requires the tests to be conducted inside a
plane strain strongbox (height H 5 100 mm, width W 5
400 mm, thickness t 5 21 mm). The particle size distribu-
tion of the artificially gap-graded soil is shown in Fig. 4(b).
Full details of the setup and test procedure are given by
Rosenbrand (2011). The hydraulic head is applied on the
lower boundary and increased in two steps; the head is
increased for 10 s and then kept constant. Corresponding
average flow velocities are 0?2 and 0?4 cm/s. In each step,
the image acquisition rate starts at 1 fps for the first 25 s,
followed by 0?4 fps for the next 62?5 s and 0?1 fps for the
remaining time.

TEST RESULTS
The mobilised portion is shown in Fig. 5 for the period
prior to and after the second increase of the hydraulic head.
The results show a clear peak in the mobile portion during
the ramp and the following 15 s of constant head. Values
for erosion and accumulation are very similar, indicating

that net transport perpendicular to the field of view has a
negligible effect on the presented results (i.e. the plane
strain approximation is permissible).

Areal balances are computed from the difference images
representing the first 40 s of constant flow and the 40 s
encompassing the increase in hydraulic gradient. Figure 6
shows that, during constant flow, there is little transport of
material; change occurs during the increase of hydraulic
gradient. The area where material is eroded is greater than
the area where it has accumulated, indicating a loss of fine
particles from the sample. The significant area representing
accumulation indicates that a large portion of the eroded
particles is filtered within the sample.

The difference image spanning the 12 s immediately after
initiating flow in the sample is shown in Fig. 7. Erosion is
not uniformly distributed through the sample but is
concentrated in specific areas. The localisation of transport
during this period of time can be seen in Fig. 8. The regions
where more particles have been eroded tend to correspond
to those areas with a larger amount of movement. This
suggests a change in soil structure where preferential flow
paths have been formed with concentrated fluid flow and
increased particle transport.

The temporal cross-section for a 3 mm wide section (at x
5 113–116 mm) for the first 120 s of the experiment (when
the flow is first applied) is shown in Fig. 9. Initially, most
transport occurs in the top two-thirds of the section. In the
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Fig. 6. Areal balance showing proportions of the sample where
fine grains are removed and where they have accumulated for a
40 s period of constant head and for a 40 s period in which the
head was increased for 10 s and constant for the remaining
30 s (the increase in Fig. 5). Error bars indicate the uncertainty
due to thresholding
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first 40 s, this spreads upwards and downwards in the
sample due to positive feedback effects (i.e. an increase in
erosion leads to an increase in flow rate and therefore
another increase of erosion). After 100 s, no additional
mobility is detected in the lower part of the sample.
Random light intensity fluctuations (e.g. from particle
reorientation) are effectively suppressed by the current
image subtraction method.

The effects observed near the window can be different
from those within the sample. However, the phenomena
reported above are confirmed by qualitative observations
in permeameter tests (Moffat et al., 2011). Increments of
hydraulic gradient are reported to cause the washout of
fine particles where the rate of particle loss reduces over
time at constant head. Visual inspection through the outlet
of the sample and dissection of the samples indicate that
flowpaths can form throughout the cross-section of the

permeameter (Fannin & Moffat, 2006; Moffat et al.,
2011).

CONCLUSIONS
A method of post-processing subtracted images has been
introduced for the simultaneous study of structural change
and flow activity in a saturated plane strain porous medium.
The method allows image data to be analysed from a
suffusion experiment in a spatial and temporal context.

The results indicate that particle transport during
suffusion changes over time at constant-flow boundary
conditions. Transport and removal of material from the
soil appear to become localised due to positive feedback
effects. This results in localised depletion, which has
implications for the mechanical and hydraulic stability of
in situ constructions.
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Fig. 7. Difference image spanning 12 s after starting flow in the sample
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WHAT DO YOU THINK?

To discuss this paper, please email up to 500 words to
the editor at journals@ice.org.uk. Your contribution will
be forwarded to the author(s) for a reply and, if
considered appropriate by the editorial panel, will be
published as a discussion.
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