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Abstract:Thepaper presents the results ofmodel tests con-
ducted for a flood embankment under varying conditions
of saturation. Test embankments were formed from the
natural sea sand. The test apparatus consisted of the box
with internal dimensions 200 × 100 × 4.5 cm , and thus
ensured the implementation of the plane strain state. In
most tests during watering air entrapment was observed,
leading to formation of open soil discontinuities, called
macropores (their dimensions many times exceeded the
grain size of the soil skeleton). Analysis of images from a
number of tests allowed to create a simplifiedmodel of the
evolution of a macropore. The numerical model has been
based on the finite element method using the PLAXIS 2D
software. A comparison has beenmade between the obser-
vation of the phenomena occurring in the physical model
and the results of the simulation of the phenomena in the
numerical model. A correlation has been proven between
the results acquired in reality and the results derived from
the numerical model.

Keywords: flood embankment, variable saturation condi-
tions, finite elements method analysis

1 Introduction
A flood embankment, an artificial escarpment-shaped fill,
whose primary parameter is its width, constitutes an im-
portant element for the protection of people, animals and
property against water surges. During its operation, the
flood embankment is repeatedly subjected to the impact of
destructive factors, the most important of which seems to
be the variable saturation level. It increases during heavy
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or long-lasting atmospheric precipitation as well as spring
melting, and decreases during dry periods. This is not
without significance for the stability of flood embankment
construction.

There are not many papers dealing with the phe-
nomenon of closing air in the pores of the ground. [13] pro-
posed a conceptualmodel of soil containing large gas bub-
bles. The number of papers on the topic is limited, proba-
bly due to the complexity of these phenomena and the dif-
ficulty in testing them by experimental methods [1, 5, 11–
18]. An important work on the appearance of open discon-
tinuities is Shin andSantamarina [10],whichdescribes the
different types of cracks caused by water or gas. With a
small amount of papers, it is not possible to create reliable
theoretical models and their implementation in numerical
methods.

The behavioural observations of the flood embank-
ment models were conducted in the years 2006-2013 in
the Institute of Hydroengineering of the Polish Academy
of Sciences in Gdańsk. The grants on which the research
was conducted are given in references.

2 Methodology
The starting point for the model tests was the experiments
conducted by Maghdy Abo Elela [1], who, during simula-
tions of rain, observed the entrapment of air in the central
zone of the body of the flood embankment model, as well
as an escape route for air from this area.

The experiments described in this paper were con-
ducted in a test rig constructed and tested in IBW PAN (In-
stitute of Hydroengineering Polish Academy of Sciences),
used in 1996 by Abo Elela. In 2006, this test rig was mod-
ernised by adding a system of sensors tomeasure the pres-
sure of air and water in soil pores. In 2011 other changes
were introduced, facilitating the acquisition of a more
complete record and digital analysis [2, 8, 9].

The test rig (Figure 1) for researching the flood em-
bankment model, consisted of a box with internal dimen-
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sions of 200 × 100 × 4.5 cm which thus enabled the con-
struction of the so-called slit model, meaning a model
whose one dimension (the depth in a direction perpendic-
ular to the cross-section) is considerably smaller than the
remaining twodimensions. This configuration ensured the
conditions of a plane strain state.

Figure 1: Components of the test rig.

The geometry of a model corresponding to the land-
ward or riverward (Figure 2a) part of the flood embank-
ment was used in the first part of the research (type 1). One
advantage of such a shape of the model was the ability to
increase its height to 1 m; its disadvantage being the intro-
duction of an impermeable border inside the body –which
did not correspond to the factualworking conditions of the
most frequently observed flood embankment types. The
secondpart of the research (type 2)was conducted ona full
flood embankment model (Figure 2b) with the slopes in-
clined in a similarmanner to the slope from thefirstmodel.
One disadvantage of this model, resulting from the lim-
itations of the measurement box, was the height, which
equalled 0.5 m. A substrate with a height of 0.4 m was
used in order to increase it. In all cases, the model was
formed using the sand rain method [7]. Lubiatowo-type
sand, whose characteristics are presented in Table 1, was
used in the construction of the type 1 model. The same
sandwas used to build a substrate in the type 2model. The
body of the type 2modelwas built of quartz sand, the char-
acteristics of which are also presented in Table 1.

The programme of the modelling studies, involved
three methods of saturating the model, all of them simu-
lating intense rain – landward slope, water flowing over
the top of the flood embankment, as well as a change in
the water level from the riverward slope side [2].

Table 1: Characteristics of the Lubiatowo and quartz sand used to
the tests.

Variable Value -
Lubiatowo sand

Value – quartz
sand

Median d50 0.25 mm 0.125 mm
Filtration

coeflcient ks
0.016 cm/s 0.009 cm/s

Bulk density 17.0 kN/m3 15.6 kN/m3

Figure 2a Geometry adopted for the examination of one of the flood
embankment model’s slopes.

Figure 2b Geometry adopted for the examination of a complete
model of the flood embankment.

The boundary condition for the F10 and F14 tests (type
1) - groundwater level was set at h = 10cm from the bottom
of the model. Type 2 tests did not set ground water level.
The tests were performed on a dry model.

3 Results of the observation of the
physical model

The initial observation results were described earlier [2, 4,
6]. In most tests, during saturation of the flood embank-
ment model, a phenomenon was observed involving the
entrapment of air in areas which remained dry for a cer-



Degradation of flood embankments | 239

tain time period, in spite of being surrounded from the
outside by saturated soil. As a result of the further evo-
lution of these areas, there were instances of the appear-
ance of open discontinuities, which took the form of var-
iously shaped fissures filled with air. They have been de-
scribed asmacropores, since their dimensions correspond
to a much higher number (about several thousand) of soil
grains compared to what was assumed by [12] when defin-
ing “large gas bubbles” (20-30 grains). A general image of
a macropore is presented in Figure 3.

Figure 3: General image of a macropore: 1 – an open macropore
filled with air, 2 – dry soil – supply area of the macropore, 3 – satu-
rated soil.

For most of its existence, a typical macropore (some
are very stable and do not dissipate until the end of the
experiment) is created at the upper edge of the air entrap-
ment area, although on the dry soil side. When saturating
themodel, themacropore volume increases at the expense
of shrinking the supply area, and the water from which
pushes the air confined in the soil pores upward. The sup-
ply area (air entrapment area) keeps shrinking after los-
ing contact with air from the atmosphere, which must re-
sult in the compression of air within the continuously de-
creasing volume. Upon exceeding the threshold value of
pressure, the air is released from the soil pores and creates
a macropore, the volume of which initially increases and
then stabilises. The pressure in a macropore which is sta-
bilised with respect to volume must keep increasing, be-
cause upon reaching another threshold value (or reduc-
tionof theweight of soil above themacroporedue tomicro-
sliding) the air is rapidly released into the atmosphere. The
release of air leads either to dissipation of the macropore
alongwith the supply area, or to an extreme decrease in its
volume. Usually, after the escape of air, the soil structure

remains disturbed with visible subtle, closed fractures –
the relics of macropores.

The collective location of the created macropores for
selected tests during model-based studies is presented in
Figure 4.

Figure 4: Location of the largest macropores in a cross-section of
the model (type 1): red colour – test F10, green colour – test F15.

In all tests (except for the type 2 model test), regard-
less of the method of saturation, progressive destruction
of the model slope occurred following a similar sequence
(Figure 5 – 6). The destruction process started at the foot
of the embankment and involved the sliding of small sep-
arated lumps along a relatively flat slide plane, extending
at a depth of approximately 18.5 cm, as measured from
the inclined profile of the embankment. A single destruc-
tion episode involving the sliding of an individual lump
has been described as a “micro-slide”. The range of sub-
sequent micro-slides is shown in Figures 5 – 6 as a black
dashed line. A solid black line corresponds to the initial

Figure 5: Embankment destruction mechanism (type 1 model) - test
F10 - test using a rain generator with a water outlet of qi ~ 10 ml/s.
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Figure 6: Embankment destruction mechanism (type 1 model) -
test F15 - a test with water overflow through the crown of the flood
embankment about q ~ 4 ml/s.

profile of the embankment, with the final one represented
by the red line.

Mechanism of destruction of model type 2 (Figure 2b)
is shown in Figure 7. As the water Table is raised, it infil-
trates into the interior of the model. After the water over-
flowed through the crown of the shaft, the dry area was
isolated, which, over time, reduced its volume until the
macropore appeared.

Figure 7: Embankment destruction mechanism (type 2 model) - test
with raising the water mirror.

4 Comparison of the physical
model and the numerical model

The finite element method has been used to analyse the
stability of the flood embankment model, because apart
from the value of the stability factor (which is known in ad-
vance to be close to one, due to themodel-formingmethod
whichuses pouring) it usually also provides a realistic pro-
cess of the destruction mechanism.

In the Plaxis software (version 2; PLAXIS Company,
The Netherlands, www.plaxis.nl), it is possible to analyse

stability by means of the strength reduction method (the
c-φ reduction method). This can be done using the Safety
module, which enables calculation of the global stability
factor, defined as the ratio of the actual value of strength to
the reduced value at which generation of the destruction
mechanism takes place. The output strength parameters
of soil – the angle of internal friction φ and cohesion c –
are proportionally reduced during calculations, according
to the correlation (1) which thereby defines the value of the
stability factor: ∑︁

Msf =
tanϕw
tanϕz

= cwcz
(1)

Indices: F – stability factor, Msf – reduction factor, “w” –
means the output value, “z” – the reduced value.

One advantage of using the Safety module is not only
the ability to determine the value of the embankment sta-
bility factor, but also the ability to automatically obtain a
sequence corresponding to that factor in the destruction
mechanism (there is no need to assume this mechanism
as, for instance, in the Bishop method). This results in the
ability to compare the factual experimentally determined
destructionmechanism to the calculated one, and thereby
the ability to verify the quality of the numerical simulation
using the finite element method.

Two model geometries have been analysed – type 1
(Figure 8) and type 2 (Figure 9) [3].

Figure 8: Geometric model of the slope (type 1 model) of a flood
embankment designed in the Plaxis software.

The values of material parameters for both types of
sand are listed in Table 2. Because only the stability of the
models was examined, the same values of stress-strain pa-
rameters (ν and E)were adopted for both sands (the stress-
strain parameters do not affect the results of the stability
analysis using the strength reduction method). The calcu-
lated values of the angles of internal friction of soils were
adopted based on the experimentally calculated angles of
natural slope. The value obtained in this manner for the
Lubiatowo sandwas lower by several degrees than the one

www.plaxis.nl
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Table 2: Calculation parameters for the Lubiatowo sand and fine quartz sand.

ID Name 𝛾d ν E c φ
[kN/m3] [ - ] [kN/m2] [kN/m2] [ ∘ ]

1 Lubiatowo sand 17.0 0.3 50000 0.1 26
2 fine quartz sand 15.6 0.3 50000 0.1 34

𝛾d - bulk density of dry soil, ν - Poisson’s ratio, E – elastic modulus, c – soil cohesion, φ - internal friction angle of soil.

Figure 9: Geometric model of a complete flood embankment model
(type 2 model) designed in the Plaxis software.

acquired in the triaxial shear test apparatus for a medium
dense sample. The minimum value of cohesion (0.1 kPa)
associated with the initial soil humidity was adopted for
the calculations.

5 Results and discussion
As a result of the conducted calculations, the initial value
of the stability factor was obtained for the tests: F = 1.09,
as expected (the safety margin for the embankment being
very small). The destruction mechanism corresponding to
this value is presented in Figure 10, which constitutes a
map of increments of the shear modulus. At a point close
to the loss of stability, one can observe the location of said
increments in the numerical model, and thus a sponta-
neously generated slide plane of the slope. The lighter the
color determines the theoretical mechanism of destruc-
tion, the red color means areas with high risk of destruc-
tion model.

The path of the slide plane in Figure 10 is typical of co-
hesionless soils, and in its central part it exhibits the na-
ture of a flat slide. The boundary conditions imposed by
the inflexible frames of the rig result in the curvature of
this plane in its upper and lower parts. The lower segment
intersects the line of the slope at a height of approximately
20 cm.

Figure 10: Theoretical embankment destruction mechanism of a
flood embankment model, corresponding to the value of the stabil-
ity factor F = 1.09.

Superimposing a sample factual embankment de-
struction process recorded during test F9 in Figure 10, the
result image is presented in Figure 11.

Figure 11: The factual destruction mechanism in the form of a se-
ries of micro-slides observed during test F10, superimposed over
a theoretical destruction mechanism obtained using the strength
reduction method.

The factual destruction mechanism progressed from
the bottom. Figure 11 shows that the recordedmicro-slides
advanced along the surface, which in approximately two
thirds of its length, as measured from the bottom, corre-
sponds very well to the theoretical slide plane.

An analogical analysis conducted for the geometry
presented in Figure 9 (test type 2) resulted in a stability fac-
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tor value of F = 1.07, which indicates the proper selection of
the material parameters of the soil. The destruction mech-
anism corresponding to this value, visible on the map of
increments of the shearmodulus, is presented in Figure 12.
It involves flat slides beginning at the top of the model, as
observed in reality (no series of micro-slides has been ob-
served).

The geometric relationship between the destruction
mechanism and a single open macropore during the test
on the type 2 model is shown in Figure 13, where the red
line marks an outline of a macropore – as seen, its upper
edge is tangent to the slide plane determined theoretically.

Figure 12: Theoretical destruction mechanism of a complete flood
embankment model, corresponding to the value of the stability
factor F = 1.07.

Figure 13: An outline of a macropore from test of model type 2, su-
perimposed over a theoretical destruction mechanism, obtained
using the strength reduction method.

Based on an analysis using the Plaxis 2D software for
the type 1 model, it can be concluded that the observed
micro-slides do not constitute the fundamental destruc-
tionmechanism, which involves themovement of an elon-
gated lump, separated by the slide line and corresponding
in shape to the area between the slide plane and the slope
line in Figure 9. The lack of continuous movement of this
lump, as well as its splitting into smaller parts, detached

from the whole in the form of micro-slides, are probably
associated with the sand gaining a certain false cohesive-
ness during saturation of themodel, related to the increase
in humidity.

The geometric relationship between the destruction
mechanism and a single open macropore during the test
on a complete model (type 2 model) is shown in Figure 13,
where the red line marks an outline of a macropore – as
seen, its upper edge is tangent to the slide plane deter-
mined theoretically.

If we link the location of macropores in selected tests
to the mechanism of advancing destruction by means of
the micro-slide method, it can be concluded that they can
contribute to the destruction of the flood embankment
construction.

6 Conclusions
As a result of the study, it was found that the macrop-
ores opening mechanism, preceded by the formation of a
feed area in which air is cut off from contact with the at-
mosphere, to the best knowledge of the authors, has not
been described in the literature to date. Its exact descrip-
tion requires further research, but based on the conceptual
model proposed in the work, it is possible to qualitatively
explain the processes leading to such open discontinuities
in the soil. The formation of open discontinuities in the
body of the flood embankment undoubtedly has a nega-
tive impact on its strength - we can imagine that if ground-
water continuity is lost in laboratory conditions where the
shaft model is built of homogeneous material, the easier
it can be to reach that kind of phenomena in real con-
ditions when the shaft creates a random mix of different
land. Macropores opening during irrigation of the initially
dry shaft model was found for all irrigation scenarios (rain
simulation, water level rise on the shaft end, overflow), ex-
cept for slowly raising water levels and low flow. However,
during the simulation of intense rainfall and overflowwith
sufficient expenditure, the highest number of macropores
occurred.

The geometric relationship between the destruction
mechanism and a single open macropore during the test
on a complete model (type 2 model) is shown in Figure 13,
where the red line marks an outline of a macropore – as
seen, its upper edge is tangent to the slide plane deter-
mined theoretically.

The location of the macropores depends on the water-
ing pattern, as shown in Figure 4, which shows the posi-
tion of the largest observedmacropores in the flooddivider
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model. Visible, is the local statistical spread of macrop-
ore locations, however, they focus, regardless of how the
model is watered, at half its height (0.5m). This is a hard to
explain regularity, suggesting, however, that the opening
of the macropore does not depend on the level of stress in
the model.
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