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ARTICLE INFO ABSTRACT

Keywords: The flooding of infrastructure embankments has the potential to cause lasting destabilisation through seepage-
Internal Erosion driven internal erosion development. To understand the effects of such erosion on slope behaviour it is imper-
Embaf"kmem ative to identify where in slopes material alteration most commonly occurs. Laboratory testing on scale models of
Is:L()f(f):sl::)i transportation embankments was undertaken to identify the locations within slopes where material movement,
Seepage and likely property alteration occurs, caused by seepage through slopes. Changes in material properties were

most commonly found to occur along the base of slopes and in regions of slopes adjacent to water inflow. Slope
toes were found to have a greater proportion of fine material than elsewhere, with the mean grain size of the
slope toe region 4.5% smaller and the coefficient of curvature 9% higher than in the main slope body, suggesting
the development of a low permeability region towards the slope toe. The source zone for material deposited at
the toe of slopes was the section of slopes adjacent to water inflow and the base of slopes away from the toe,
shown by a coarsening of sediment in these zones. Material alteration following flooding was best identified
using a combination of coefficient of curvature and mean grain size data. These results have implications for the
stability of earthworks during and after flood events, and for the design of earthwork inspection and maintenance

Rail infrastructure

regimes.

Introduction

Transport embankment failures following flooding are relatively
common globally (e.g. [25,28]). These embankments are often not
designed for water impoundment, yet large volumes of ponding can
develop when linear earthworks are constructed along the base of slopes
and on floodplains (e.g. [22,4]). Sometimes these slopes fail in the
aftermath of flood events (e.g. [30]). However, for slopes which remain
intact after an individual flood event, there is evidence that flooding and
cyclic wetting-drying leads to long-term weakening [27,13,21]. Un-
derstanding the lasting alterations in material properties caused by
flood-induced processes in sections of slope which are affected by
flooding is key to understanding of the potential changes in slope sta-
bility and for developing techniques for increasing the flood resilience of
slopes. This is especially important given the effects of climate change,
in particular the widespread increases in rainfall and flooding which are
expected to occur [10], and given that more infrastructure is likely to be
developed to support the world’s burgeoning population.

Floodwater impoundment behind transportation embankments can
cause acute destabilisation through processes including saturation and
pore pressure increase, loading and rapid draw down [13]. In addition,
seepage-induced internal erosion, scour and cyclic wetting-drying
[3,27] cause lasting alterations to slope stability through changes to
slope structure and changes in material properties including strength,
stiffness and permeability [6,14]. Internal erosion processes, including
suffusion and piping, cause the movement of fine particles through
slopes. The locations of fine particle loss and accretion are key to
determining locations of material property change in slopes after flood
recession. Internal erosion of slopes develops in response to flood
ponding when there is a hydraulic gradient and sufficient associated
water flow within soils and sediments, creating fine particle migration
[32].

Previous studies which assessed the effects of flooding on model
slopes used spherical silica beads with a bimodal distribution to identify
the predominant locations of slope property changes (e.g. [12]). Fine
particle movement, measured using average grain size reductions, was
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found to be predominantly below the phreatic line and towards the base
and toe of slopes, under the effects of seepage and gravity [12]. Re-
ductions in average grain size of the material can be considered material
‘fining’, whereas increases in the average grain size are ‘coarsening’. The
bimodal grain size distribution of materials used in tests of model slopes
with silica grains does not allow for the full development of processes
occurring in full-scale slopes comprised of normally graded materials,
thus results may not be consistent with graded materials. The fining
identified by Horikoshi and Takahashi [12] in lower portions of slopes
constructed of silica grains is consistent with observations from seepage
flow tests undertaken using permeameters and triaxial apparatus which
found that fining occurs towards the seepage outflow (e.g. [15,6]).
Triaxial testing has also shown reductions in soil strength behaviour (e.
g. [26,19]) and stiffness [2,16] following internal erosion development
in soils. Given that these small-scale laboratory tests show that the
migration of particles causes property alterations, it is important to
understand how this behaviour occurs in up-scaled scenarios.

In addition to average grain size and fines distribution change, it is
important to consider the effects of seepage on material indices
including coefficient of curvature (Cc) and coefficient of uniformity (Cu)
(Equations 1 and 2) in addition to the effects of particle migration on
average grain size.
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Cu and Cc are commonly used to determine the gradation and en-
gineering suitability of soils for embankment construction. UIC 719R,
the high-speed rail embankment material specification given by the
International Union of Railways, requires 1 < Cc < 3 and Cu > 6.

Using a laboratory model of a slope, we aim to increase under-
standing of where particle movement and fines redistribution is likely to
occur in slopes constructed of materials representing those used in
embankment construction when subjected to flood simulation loading.
Additionally, we assess how seepage and particle movement cause
spatially distributed changes in the values of the key material grading
parameters, Cc and Cu.

Methods

Model slopes, replicating a truncated embankment cross section,
were constructed (Fig. 1) using material comprising well-graded silts-
gravels which met grain size criteria stipulated in UIC719R [29]. Model
slopes were used to enable higher relative durations of seepage through
slopes, representing longer-term flood conditions, in comparison to
sampling full-scale embankments where particle migration would likely
take longer to develop. Materials with a realistic grain size distribution
and properties representing embankment specifications were used to
create a more accurate model of fine particle behaviour, especially in the
slope toe region, with the acceptance that this may cause more inter-test
variability.

OQutflow

Fig. 1. Experiment design schematic for constructed model slopes. Impermeable section barriers were not present in slopes A, B or E and basal anti-sliding supports

were not present in slopes D or E.
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Equipment design and slope structure

In total, five slopes (denoted A-E) were constructed. Each slope was
constructed in a transparent Perspex box, to allow for observation of
slope behaviour during seepage. Slopes were designed to represent one
side of an embankment and were 170 mm high, 400 mm long and up to
480 mm wide. Slope dimensions were selected to create a slope angle
commensurate with full-scale embankments. Slopes were split into two
sections: a flat topped section representing an embankment crest at the
head of the slope and a frontal slope section with a slope angle of ~33°.
Wooden basal supports were installed to prevent basal sliding between
the Perspex box and soil material in slopes A-C (Table 1); these were not
used in slopes D and E to ensure that there was no disruption to fluid
flow along the base of slopes. Longitudinal supports ran continuously
across the full width of slopes, whereas spikes were discontinuous. A
fluid reservoir was located behind a permeable Perspex sheet divider at
the back of the slope. Seepage into the back of the slope occurred
through a series of holes with a grid spacing of 50 mm and 4 mm
diameter, to represent infiltration of water during a flood event. The
internal faces of the Perspex box were rough, helping to prevent pref-
erential seepage flow between the soil - box contact. No preferential
seepage was observed along this interface during the experiments.

For each test, a slope was constructed using moist compaction with
lifts of 25 mm between compactions; slopes were constructed with a
target density of 1550 kg m ™ (Table 1). Moist compaction was utilised
to prevent fines separation during the construction processes [18]. The

Table 1
Slope design properties and seepage conditions. Slope density was not available
for slope A.

Slope  Mean Seepage
slope duration,
density, mins

kgm®
A - 85 3

Hydraulic
gradient, i

Sampling Slope
structure

Nine samples Longitudinal
per transect; basal

three transects. supports
Samples from
all transects
had the same
seepage
volume.

10 samples per
transect; three
transects.
Samples from
all transects
had the same
seepage
volume.

10 samples per
transect; four
transects.
Transects were
sampled every
135 min,
having
undergone
progressively
longer seepage
durations.

10 samples per
transect; two
transects.
Transects
sampled after
0 and 135 min.
24 samples Single

from a single narrow slice
transect. All

samples taken

at end of test.

B 1483 246 1 Basal spikes

C 1532 135-552 1 Three slope
dividers

Basal spikes

D 1578 0-145 3 Three slope

dividers

E 1517 374 1
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development of seepage through slopes was established via the use of
fluorescein powder which was inserted at multiple depths at the head of
slopes during compaction and used to track fluid and particle move-
ment. Fluorescein powder is water soluble and allowed the progression
of seepage to be tracked through model slopes when illuminated with
UV light, as the slope material lacked organic matter and was therefore
considered non-acidic [23]. The powder is soluble and therefore it does
not alter the soil behaviour during seepage. The development of fluo-
rescence across the length of a model slope showed that seepage was
developing through a slope. Throughout the duration of tests, the fluo-
rescein response weakened due to dilution from additional seepage
water inflow and was not consistently visible towards the toe of the
slopes. Water which seeped through the slope drained via a drainage
hole in the Perspex beyond the slope base.

In slopes A, B and E, continuous slopes were constructed without
dividers (Fig. 1). In slopes C and D, impermeable dividing barriers were
inserted into the slopes parallel to flow (Fig. 1) to create up to four
testing transects which could have independent seepage durations —
allowing the time-dependent development of particle migration during
seepage to be identified for the same slope. In slope C, transect C-i)
underwent the least seepage at 135 min, with each additional transect
undergoing an additional 135 min of seepage. After the requisite time,
the inflow seepage holes were blocked to prevent further seepage into a
transect — preserving the material in state until the end of the test. In
slope D, transect D-i underwent no seepage and is a control section.

Slope material

Granular soils were reconstituted to form a material with the desired
grain size distribution and properties. Soils used were produced by
mixing two bulk soils with a known grain size distribution. Soil grada-
tion curves are shown in Fig. 2. Material stability was assessed using the
stability criteria (Table 2) prescribed by Kenney and Lau [17] which
dictate that soils with a h/f value > 1.3 are stable and a h/f value of
1-1.3 indicates a soil in transition between stability and instability,
where f is the weight fraction finer than grain size d and h is the weight
fraction between grain size d and 4d. A ‘f’ value of 125 pm was used
during calculation of the h/f values (Table 2). The use of well graded
soils means that slopes better represent more modern embankments,
specifically those designed with floodwater retention in mind.

Testing processes

Following slope construction, a hydraulic head was applied to the
back of the slope. Tap water was used to fill the water reservoir, which
took approximately 1 min. Total seepage durations and head values used
are displayed in Table 1. A constant head was used during seepage. A
hydraulic gradient of 1 was used on slopes B, C and E, and a hydraulic
gradient of 3 was used on slopes A and D to accelerate particle move-
ment; higher hydraulic gradients were not used in all tests due to the
potential for uplift pressures to cause instability. Hydraulic gradients
were measured as the ratio of the height of the slope to the height of the
water in the water reservoir. All tests were planned to run for a mini-
mum total of 480 min of seepage time. In tests where slope failure
occurred, seepage was halted at the onset of failure to preserve the
remaining slope material. Failure was considered to have occurred when
there was surface water flow which caused incision into the slope sur-
face and debris flow development.

Samples were taken from slopes immediately following seepage and
draining. During sampling, material was taken from sampling zones
approximately 40 mm wide, 40 mm deep and 40 mm high; the location
of the centre of each sampling zone is labelled in Figs. 3 and 4. For slopes
A-D, the sampling zone centres were approximately 50 mm and 100 mm
apart in the vertical and horizontal directions, respectively. In slope E,
the centres of sampling zones were 50 mm apart in both the horizontal
and vertical orientations. Material was sampled from three slope
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Fig. 2. Grain size distribution of soil material used during slope construction.

Table 2
Slope material stability criteria. Materials with h/f values >1.3 are considered
stable. ‘f” fraction relates to material <125 pm.

Slope Cu Cc Kenny — Lau h/f ratios (1985) ‘f* Fraction
A 6.8 1.3 2.4 8.0
B 9.9 1.1 2.1 12.8
C 7.5 0.9 1.8 11.6
D 6.5 1.0 1.7 10.4
E 5.8 1.1 1.5 9.3

transects in slopes A and B, four transects in slope C, two transects in
slope D and one transect in slope E (Table 1, Figs. 3 and 4). In slopes A
and B, material was sampled from four zones in the basal sampling layer,
three zones in the central sampling layer and two zones in the upper
sampling layer for each transect, creating a total of 9 sampling zones per
transect. In slopes C and D, material was sampled from five zones in the
basal sampling layer, three zones in the central sampling layer and two
zones in the upper sampling layer for each transect, creating a total of 10
sampling zones per transect. In slope E, 24 samples were taken from a
single transect to obtain higher resolution results — samples were taken
from four vertical sampling layers; nine horizontal sampling zones were
used in the lowest layer, reducing by two for each layer above (Figs. 3
and 4). The slope toe region comprises all sampling zones at a horizontal
distance of 35 cm or greater.

Samples were initially taken from the top layer of slopes, before
remaining material from the sampled layer was removed and the sam-
ples were taken from the layer below. Of the two transects in slope D,
one was a control section which comprised a transect of the slope
sampled without undergoing seepage; the second transect was sampled
after undergoing seepage. After drying, the grain size distribution was
measured for each sample by sieving using 12 size grading bands. Cu, Cc
and average grain size values were calculated for each sample; average
grain size for each sample was taken as the geometric mean, after Shirazi
and Boersma (1984). A small amount of mass at higher grain sizes can
have a disproportionally large effect on the results if an arithmetic mean
value is taken. Fines were non-plastic so fines loss during sieving

through fine particle conglomeration or fine particle attachment to
coarser particles is thought to be minimal; this was confirmed by mi-
croscope analysis of the sieved particles.

Results

Here, the assumption is made that areas where mean grain size is
smaller (fining of material) coincide with locations where fine particles
accumulated, or coarse particles eroded, while locations with larger
mean grain size indicate that fine particles were removed, or coarse
particles were deposited, in that section of a slope. Grain size distribu-
tion (Fig. 3) and Cc (Fig. 4) data suggest that the predominant locations
of changes in material properties were along the base of slopes and the
sections of slopes adjacent to the water inflow. Although these patterns
were seen across all slopes, they were most clearly observed in slope E
which had a higher sampling resolution (Fig. 3E, 4E). Grain size distri-
bution across each slope can be split into two broad categories. In the
first, as measured in slope E and transects of slope A, B and C, higher
mean grain size values were measured along the section of the slope
adjacent to water inflow and along the base of the slope, with finer mean
grain sizes at the toe of the slope (Fig. 3). In the second category, the toe
of the slope and the section of the slope adjacent to water inflow had
higher grain sizes with comparatively lower mean grain size measured
along the central section of the lowest sampling layer — e.g. in slope
transect D-ii (Fig. 3).

The combined average grain size behaviour for all slope transects
(Fig. 5a) shows that a consistent trend in particle movement and
deposition occurred across all slopes. Average grain sizes in Fig. 5a were
obtained by first calculating the geometric mean grain size for each
transect and then taking the arithmetic mean of these values for each
sampling zone, not including control sections. Average grain size mean
of the slope toe region was 4.5% smaller across all non-control slope
transects than in the slope body (Fig. 5a), indicating that fine particle
accumulation had occurred in the toe region. The 4.5% change in grain
size in the slope toe region is greater than the 3% variability seen be-
tween all data points. Fining of the slope toe region is also shown in
average grain size data for slopes A and B (Fig. 5¢ and 5d). Similar fining
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patterns in the slope toe are observed in slopes with hydraulic gradients
of 1 and 3 - suggesting that similar seepage patterns developed in
models with differing hydraulic gradients (Table 1). Although the base
of slopes predominantly showed higher mean grain sizes than sampled
layers above, indicating that fine particles had been removed, at the toe
of slopes mean grain sizes were predominantly lower relative to values
along the base of the slope (e.g. transects B-iii and C-iv). Across all slopes,
a consistent trend in average grain size behaviour was not as well
defined in the upper right sections of slopes, which was thought to be
above the phreatic surface — meaning there would have been little to no
seepage through this material.

In slopes D and E, the mean grain size for each sampling layer

(geometric mean of each horizontal layer) shows that the top half of the
slope had a constant average grain size and in the bottom sampling
layers the mean grain size increased (Fig. 6). Increases of 17.5% were
observed in the lowest layer in transect D-ii and 12.5% across the lowest
two sampling layers in transect E-i. This pattern was not observed in the
control transect of slope D (D-i), which had a maximum measurement
range of 3.7% between sampling layers; as transect D-i was sampled
without undergoing seepage this suggests the variance observed in
transect D-i was caused by slope inhomogeneity. Accounting for the
inherent inhomogeneity from slope construction, increases of 13.7% and
9.7% are thought to have developed due to seepage-induced particle
migration in transects D-i and E-i, respectively.

Normalised mean grain size
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Fig. 6. Normalised mean grain size for each horizontal layer in slopes D and E. Transect ‘D-i’, was a control section, sampled without seepage. Values normalised by

the geometric mean grain size of each transect.
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Distinct Cc patterns were observed in slopes C, D and E (Fig. 4). In
slope transects B-i, B-ii, C-iv, D-ii and E-i low Cc values were observed in
the basal slope layer relative to higher sampling layers, with the
exception of the slope toe. In slope C, in the slope section adjacent to
water inflow, Cc values were lowest following the initial stage of seepage
(transect C-i), and increased with further seepage. Along the base of
slope C, Cc values increased after the initial stages of seepage (C-ii), then
predominantly decreased with time — excluding in the slope toe region
(C-iii and C-iv) (Fig. 4c). Normalised average Cc values for all tests,
normalised by the average Cc value of all samples in slopes A-D com-
bined, showed distinctly higher Cc values in the slope toe region
(Fig. 5b). Higher Cc values recorded at the toe of the slope indicate that
the material became better graded, which is consistent with fine particle
deposition. Areas with lower Cc values indicate that the slope-forming
materials were more poorly graded. Across all tests, no spatial or tem-
poral behavioural trends were observed in Cu data, suggesting that there
was not a distinct effect of fine particle migration on the Cu values. Mean
post-seepage Cc values for all transects of slopes A-E were: 1.27, 0.75,
0.77, 0.78 and 0.63, respectively. Mean post seepage Cc values for each
slope were lower than the initial Cc values for the initial soil mixes
(Table 2). Post seepage mean Cc values were higher for slope A than for
the other model slopes.

In slope C, in the transect sampled after the first stage of seepage,
average grain size values were initially higher at the head of the slope
relative to the rest of the slope, with larger fines content at the slope toe.
Samples from transects C-ii, C-iii and C-iv, which were subjected to
progressively greater seepage volumes, show that the toe of the slope
coarsened before fining again, while towards the head of the slope the
material initially fined and then became coarser. Temporal development
of slope properties was also observed in slope D, in which there was a
decrease in mean grain size in the slope area adjacent to water inflow
and increase in grain size along the base and toe of the slope with time.

Little variation was observed in the properties of materials in the
upper right portion of slopes. Furthermore, a fine-grained zone was
observed in the bottom left corner and slope toe region of transects A-i
and A-ii; (Fig. 7). In slope transect A-i, the fine particle accumulation was
visible at the toe of the slope after 75 min of seepage (Fig. 7), consistent
with the observed fluorescence development through the slope and
lower mean grain size values measured in this region. Fine-grained
material was observed exiting the toe of slopes with seepage progres-
sion in all slopes. Fluorescence migration through slopes primarily dis-
played movement towards the slope toe and downwards towards the

Towards slope
head and

water inflow Yellow-green zone of
fluorescein which has
migrated through slope!
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slope base from the input locations. Fluorescence migration was more
obvious in the lower sections of slopes, consistent with locations of
observed spatial trends in Cc and mean grain size data. In slope A,
fluorescent water can be seen rising over the zone of fines deposition at
the slope toe (Fig. 7). Debris flow failures initiated in the upper sections
of slopes A, B and D. In slope C, a rotational failure initiated in the
middle of the slope. These tests were halted at this point to preserve the
remaining material for sampling. Material altered by failure was not
sampled.

Discussion

Observed spatial patterns in mean grain size and Cc data are
consistent with the migration of fine particles, driven by water inflow at
the back of the slope, from the rear of the slope towards the slope toe,
with movement primarily occurring along the basal sampling layer of
the samples. These findings are broadly consistent with previous model
slope tests which used bi-modal silica as a soil substitute (Horikoshi and
Takahasi, 2015). The highest mean grain sizes were most commonly
measured along the base and at the rear of the slope, suggesting that fine
particle removal occurred from those areas. Low average grain sizes
were most commonly found in the toe of the slope, consistent with fine
particle deposition in this area. Higher Cc values, suggesting a better
graded soil, at the toe of the slope also support the suggestion that there
was migration of fine particles towards the slope toe, with the source
regions being the back of the slope and slope base. Post seepage Cc
values are lower than the initial values for the bulk soil mixture for all
slopes (Table 2). Smaller Cc reductions in slope in slope A are attributed
to the shorter seepage duration for the slope, limiting the number of fine
particles removed from the slope. The deposition of fine particles in the
downstream section, specifically the toe region of the slope, has the
potential effect of reducing permeability [7] and increasing pore water
pressures; these changes may reduce slope stability when applied to
larger embankments. Fluorescein flow over the top of the fine particle
accumulation zone in the slope toe (Fig. 7) provides qualitative evidence
for the development of an area of lower permeability. If fine particles are
lost from an area of a slope, material permeability may increase.
Permeability increases have the potential to reduce the susceptibility of
a material to the effects of rapid drawdown, as pore water pressures will
dissipate more quickly during the drawdown process [24], increasing
slope stability. Conversely, increases in surface permeability, which
controls water infiltration into a slope [11], are capable of increasing

Section of slope
shown in figure

Visible fines
accumulation

B S N I W Rl A T AT

Slope base

Fig. 7. Fine particle accumulation at the toe of slope ‘A’. Fluorescein migration is also evident, with a fluorescent zone visible above the zone with fine parti-

cle deposition.
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water infiltration from flooding or rainfall — potentially causing
destabilisation through increases in pore water pressures.

In some tests, higher mean grain sizes were observed in the slope toe
region than for the remainder of the slope base, e.g. in transects D-ii and
C-ii. This is thought to be due to shorter durations of seepage in these
tests and the removal of mobilised loose fine particles from the slope toe
during early seepage — but without enough seepage volume to move
additional fine particles washed out from the back of the slope into the
terminal slope sections. Loose particle migration at the onset of seepage,
followed by coarser particle movement and macropore development, is
consistent with the expected behaviour of unstable granular soils [8]. In
addition to the aforementioned seepage-driven directional movement of
fine particles, the development of zones with locally increased grain
sizes along the base of slope A is thought to have been caused by
deposition of fine particles behind impermeable berms and the removal
of such particles from in front of them. Higher mean grain sizes in the
slope regions closest to water inflow and in the lowest sampling sections
of slopes, e.g. slope E, (Figs. 3, 5a) suggest that the majority of fine
particles deposited in the toe or washed out of slopes are sourced from
these regions.

Under the effects of seepage, the localised movement and redistri-
bution of fine particles, initially located in inter-granular zones, into
constrictions at inter-particle contacts, is thought to have an important
effect on the mechanical behaviour of slopes [2]. Although the particles
mobilised are not removed from the slope during this localised redis-
tribution, the restructuring of the soil alters the material behaviour. As
particles are not removed from the slope during localised redistribution,
average grain size, Cc or Cu will be consistent with pre-seepage values at
the slope scale. The permeability reductions associated with the move-
ment of fine particles from head to toe of slopes and accumulation of fine
particles at interparticle contacts are potential causative factors for the
formation of failure events observed during the latter stages of flow
during testing. If extrapolated to larger-scale slopes, as found in infra-
structure earthworks, these changes have the potential to cause long-
term degradation of slopes and associated destabilisation; material
changes may not be observable without intrusive investigation.
Although the authors are not aware of studies on full-scale embank-
ments undertaken to assess the effects of flooding on particle migration,
there is plentiful evidence available of subsurface sediment removal
from slopes (e.g. [1,31,5,20,9]).

Although the laboratory model used in the testing is thought to be a
good proxy for assessing the potential for changes in full-scale
embankment properties caused by water impoundment and seepage
throughflow, boundary effects may have altered the primary flow
pathway. Additionally, the impermeable base prevented the movement
of water and fine particles out of the slope base. The permeability barrier
formed by the soil-box base contact may exacerbate the role of basal
flow in these tests, making them more representative of scenarios where
embankments overlie impermeable soils or bedrock. However, it is
evident from the primary trends in Cc and mean grain size data that the
most property alteration is likely to occur in these lower slope regions.
Due to the time-dependent nature of the effects of seepage on slopes, it is
difficult to specify the exact property changes that would develop in full-
scale embankments after a specific flooding event as they may be
dependent on factors including the head of water, previous slope alter-
ation and duration of the specific flooding process in question [13]. We
found that, during initial seepage, fine particles are lost from the slope
toe region; deposition subsequently occurs in this area due to particle
migration from upstream sections of a slope.

Geometric mean grain size and Cc were found to display the most
obvious patterns of material behaviour following seepage; no distinct
spatial or temporal pattern was observed in Cu data. Based on these
results, Cc and geometric mean grain size change are thought to be the
most reliable measure for assessing changes in the behaviour of mate-
rials following seepage development. It is thought that Cu values are not
consistently altered by the migration of fine particles as the movement of
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fine particles has more effect on D1g and D3y, which have a greater
control on Cc than Cu, than on Dgg. The patterns of material alteration,
likely caused by the redistribution of fine particles, identified in our
experiments suggest that funding should be invested to examine the
scale of slope alteration following flooding in full-scale embankment
slopes.

Conclusion

Seepage through scale model slopes caused material property dif-
ferences along the slope profile relative to the control slope where no
differences were observed across the slope profile. The spatial differ-
ences were observed in geometric mean grain size and Cc data. Larger
mean grain sizes were primarily observed at the base and back of slopes,
suggesting that fine particle loss occurred. Smaller mean grain sizes
were most commonly found at the toe of slopes, suggesting fine particle
deposition occurs in these areas. The movement of fine particles
appeared to be time dependent. Initial short durations of seepage may
remove fine particles from some areas, such as the slope toe, before
additional seepage causes deposition of fine particles sourced from up-
stream sections of slopes. Reduction in average grain size, and associ-
ated fine particle deposition, at the toe of slopes has the potential to
reduce overall slope permeability and may cause slope destabilisation.
This potential for slope destabilisation suggests the need for investment
in larger-scale analysis of embankment slopes affected by flooding.
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