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Abstract - Heavy rain events that accompany recent climate
change, have triggered disasters of embankment structures, such
as road embankment and levee. Internal erosion, which is the
migration of soil particles following seepage flow, causes
inhomogeneity of the soil properties of the embankment.
However, there are very few studies investigating the effects of
soil inhomogeneities on the seepage behavior of groundwater
within embankment. In this study, small-scale modelling tests
were performed under repeated seepage flow histories. As a
result, the groundwater table gradually increased in accordance
with the number of seepage repetition. Modelling the fluctuation
of permeability due to internal erosion following seepage flow
was additionally performed using the soil/water/air coupled finite
element analysis, and seepage behavior was investigated. In these
analyses, the lower permeability of the toe of embankment was
shown to possibly cause an increase in upward water pressure.

Key words - Soil inhomogeneity; seepage behavior; road
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1. Introduction

In Japan, embankment damage has increased due to
flooding events accompanying torrential rain. River levees
and road embankments are one type of embankment
structure that has the important role of protecting human
lives, property, and social infrastructure. In recent years,
river levees have often been found to fail due to the
development of piping following seepage. For example, a
river levee along the Yabe River failed due to the
development of piping during the flood event following
heavy rains in Northern Kyusyu, Japan in 2012 [1].
Recently, road embankment damage, caused not only by
earthquakes but also by rainfall, has frequently occurred,
such as the losses that occurred in the 2015 heavy rain
disaster in the Kanto and Tohoku districts. Embankment
structures are usually constructed by compacting various
natural soils. Therefore, inhomogeneity of material
properties, such as density and particle size distribution, is
potentially inevitable. Additionally, they are semi-
permanently utilized, and hence, it is assumed that material
and physical properties spatially change from their initial
condition due to the seepage history of rain and river water.

Internal erosion, which is the migration of soil particles
following seepage flow, is well known as a phenomenon
which induces soil inhomogeneity. The formation of
highly permeable layers due to internal erosion may cause
the development of piping. Moreover, clogging from the
migrated soil particles increases the possibility of inducing
water table level rise within the embankment. Several
laboratory experiments to reveal the mechanism and the
triggers of internal erosion have previously been

performed. They have mainly been conducted with
elemental specimens, and hence, there were few cases
investigating internal erosion behavior at the model test
level. Horikoshi et al. [2] performed a series of
embankment model tests under constant boundary head
conditions. They revealed the eroded soil moves by both
seepage flow and gravitational force, which causes a
decrease in the permeability of the whole embankment.

In this study, a modelling test was performed with the
small-scale embankment model. Seepage behavior within
the embankment was investigated under the repeated
flooding histories. Additionally, assuming the permeability
within the embankment varied due to soil inhomogeneity
caused by internal erosion, seepage flow analysis was
performed using the soil/water/air coupled finite element
method.

2. Embankment modelling test under repeated seepage
histories

2.1. Test material
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Figure 1. Particle size distribution curve of test material

The test material, which included fine and coarse
fractions, was prepared by blending No.3 and No.7 silica
sands. The particle size distribution (PSD) curve of the test
material is shown in Figure 1. PSD is often used to evaluate
the vulnerability of the soil material to internal erosion. For
example, Kenny and Lau [3] proposed the filter criterion that
classifies the instability of soils against seepage. The internal
instability can be predicted by two parameters, H and F,
which are obtained from the PSD, as illustrated in Figure 2.
Soils which have (H/F)min of more than 1.3 are classified as
stable. The test material has (H/F)min of 0.05. Alternatively,
the gap ratio proposed by Chang and Zhang [4], is useful for
the soils which have gap grading. This is defined as the ratio
of the greater particle size dmax to the finer particle size dmin.
Soils which have less fines content (<10%) are classified as
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stable when G,<3.0. The gap ratio of the test material was
G=4.72. According to these approaches, the test material is
potentially vulnerable to seepage. These material properties
are summarized in Table 1.
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Figure 2. Definition of internal erosion parameters
Table 1. Material properties and internal erosion parameters

Srg\??tmgf Uniformity Maximum Minimum Ga
g Y coefficient void ratio void ratio  (H/F)min ap
soil particles ratio G,
G. U, €max €min
2.60 8.81 0.83 0.48 0.05 472

2.2. Model preparation and test procedures
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Figure 3. Experiment configuration

Figure 3 illustrates an overview of the test equipment.
The embankment model was constructed by compaction. To
prevent soil separation during model preparation, pre-
calculated water was added to the test material until a
moisture content of w=10%. The soil material is compacted
of five layers at a target relative density of D, = 60%. After
compaction, the excess sands were scraped off using pallet
knives, to be the geometry of 185mm in height, 60mm in
crest width, 330mm in base width, and 1:2 in a slope. Three
manometers were attached to the bottom of the base material
through the box. A mesh filter was fixed in a retaining plate
of the outlet side to allow the washing away of finer
particles. A digital camera was set up to capture the photos
of the manometers during the test. The ground water level
within the embankment model was specified by
continuously tracking the height of the manometers from the
photos. Water supply using a pump kept a constant water
level at the upper tank and the top of the embankment.
Repeated maximum water levels between 90% and 0% of
the embankment height were set over a period of 5 days, as
shown in Figure 4. Drainage water from the embankment toe
was collected, and turbidity was measured.
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Figure 4. Hydraulic condition
2.3. Test results

The water level measurements for each manometer
during the seepage test are shown in Figure 5. As
observed in the figure, the water levels show an increase
in an accordance with the number of seepage repetition.
They also slightly increase for 24 hours during each
cycle. This means the permeability of the embankment
gradually decreased with the seepage history. Figure 6
represents the results of turbidity during the test. The
turbidity gradually decreased in each cycle. Thereafter, it
slightly increased; however, this was negligible compared
to the initial decreasing fluctuation. To summarize the
above results, finer particles were washed away from the
embankment at the initial state. As internal erosion
progressed, clogging due to migrated particles led to the
formation of an area of lower permeability within the
embankment.
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Figure 6. Turbidity during flooding



ISSN 1859-1531 - THE UNIVERSITY OF DANANG - JOURNAL OF SCIENCE AND TECHNOLOGY, VOL. 21, NO. 9.3, 2023 3

3. Modelling of soil inhomogeneity using finite element
analysis

The previous section confirmed that internal erosion
influences seepage behavior within the embankment. In
this section, a soil/water coupled finite element analysis
was conducted to capture the seepage trend due to the soil
inhomogeneity within the embankment.

3.1. Numerical model

The soil/water/air coupled finite element analysis code
DACSAR-MP [5] was used for the analysis. The
constitutive model proposed for unsaturated soil [6] was
introduced. Effective stress is given by the following
equation.

o' =o0"" + p1 )

a.net = a_pallps =SeS (2)
Sr—Src

S=pa_pwvse=1__5m (3)

Where, @’ is the effective stress tensor; ™ is the net
stress tensor; 1 is the unit tensor; o is the total stress tensor;
ps is suction stress; pa is the pore air pressure; pw is the pore
water pressure; s is suction; Se is the effective degree of
saturation; S, is the degree of saturation; and Si is the
degree of residual saturation at s—oco. The constitutive
relationship is given by the following equations.

o =D:e-C-S, (4)

Where, D is the elastoplastic rigidity matrix; € is the
strain tensor; and C is the tensor representing rigidity
changes resulting from unsaturated conditions. Continuity
equations of pore water and pore air are given by the
following equations.

nS, — S.é, + divv,, = 0 (5)
Pa

a 0

(1-S5,)é,+nS, —n(1-S5,) —divi, = (6)

Where, n is porosity; ¥,, and v, are relative velocities
of pore water and pore air; ey is volumetric strain; and po is
the atmospheric pressure. The specific hydraulic
conductivity under unsaturated conditions was determined

by Mualem’s equation as below.
2

Ky = se% [1 - (1 - se%>m] (7

Where, kn is the specific hydraulic conductivity, and m
is Mualem’s coefficient. Kawai et al. [7] proposed a soil-
water characteristics curve model that can express the
influence of hysteresis between drying and wetting
processes. In this study, the model was introduced to
express unsaturated soil characteristics.

3.2. Analytical embankment model

Table 2 shows the material parameters input for the
analysis. A and k are compression and swelling index. M is
critical stress ratio. They are obtained from the soil tests.
The parameters ng, a and ns determine the increase in the
yield stress with change in degree of saturation, and are
given by fitting. The parameters ky and ky are the hydraulic
conductivity in each direction. The hydraulic conductivity
obtained from the constant head permeability test was used
without considering anisotropy. Figure 7 shows the

analysis elements and boundary conditions that mimic the
experimental embankment model. In this study, the
analysis proceeded as follows. First, a water head boundary
of Om at the embankment toe and the permeable boundary
of OkPa at the slope were set. Subsequently, the top water
level rise was simulated by increasing the water head
boundary by 3cm per minute up to 50% of the embankment
height. The water pressure at the center of the element
composing the slope was then monitored. The hydraulic
conductivity changed when water pressure converted from
a negative to a positive value below the infiltration surface,
as illustrated in Figure 8. To simulate the heterogeneous
embankment, seepage analyses were performed for
two cases; one in which the hydraulic conductivity
increased 100 times (Casel: 0.06m/day — 6.0m/day)
and the other in which it decreased to 1/100 times
(Case2: 0.06m/day — 0.0006m/day).

Table 2. Inputted material parameters

A k M m Ne
0.11 0.01 1.34 0.80 1.0
ke Ky
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Figure 7. Analysis elements and boundary conditions
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Figure 8. Region of change in permeability
3.3. Analysis results

Figure 9 shows the distribution of water pressure and
equipotential lines, obtained 3 hours after the hydraulic
conductivity changed. For comparison, the case with
constant permeability is also shown. For Case 1, the water
pressure distribution shows a similar trend to the case with
constant coefficient of permeability. Whereas, for Case 2,
the region of high-water pressure extends toward the
embankment toe compared to the other two cases.
Subsequently, comparing the total hydraulic head
distribution, Case 2 significantly differs from the other two
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cases. Higher potentials at the toe and extremely narrow
spacing between potential lines were observed, which
implies the hydraulic gradient increased. Additionally,
from the appearance of the equipotential lines, upward
flow is expected to occur around the toe. The upward water
pressure may lead to the instability of the soil.
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Figure 9. Distribution of water pressure and equipotential lines
(after forming the inhomogeneous region)
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Figure 10. Distribution of water pressure and equipotential
lines (after progression of the inhomogeneous region)

After the change in the hydraulic conductivity, the area
of positive water pressure was extended on the slope in about
one hour. The hydraulic conductivity of the element was
newly changed, whereby progression of the inhomogeneous
region was simulated. Figure 10 shows the results of analysis
after two hours. For Case 2, the spacing of the potential lines
became increasingly narrow, whereby the hydraulic gradient
significantly increased. As observed in the experimental
results, less permeability due to the progress of internal
erosion has a high possibility of causing embankment
instability. Whereas, increasing permeability does not affect
the seepage behavior within the embankment.

4. Conclusion

In this paper, a small-scale embankment model test was
performed under repeated flooding histories. Additionally,
seepage flow analysis, which simulated soil inhomogeneity
due to internal erosion, was performed. The following
conclusions were drawn.

(1) The groundwater table gradually increases in
accordance with the number of seepage repetition, which
means the permeability of the embankment decreases with
seepage history.

(2) The turbidity gradually decreases in each cycle.
This indicates that clogging due to migrated fine particles
leads to the formation of the lower permeability area of the
embankment.

(3) From the results of seepage analysis, in cases where
a higher permeability area was formed, the water pressure
distribution shows a similar trend to the case with constant
hydraulic conductivity. Whereas, in the case where a lower
permeability area was formed due to particle clogging, the
hydraulic gradient increased. Furthermore, in this case, the
upward water pressure may lead to the instability of soils.
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