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Abstract:

This study evaluates the impact of geotextile installation
on the stability of a sand embankment under the
influence of water seepage. For the embankment,
uniform river sand was used from the lower course of the
Drava River, while a non-woven geotextile, commonly
used in hydraulic engineering works was selected. Five
physical models at a reduced scale were built in the HM
169 apparatus, where the geotextile was installed in
different configurations. The aim of the study was to
determine the effect of different geotextile configurations
on the stability of embankment slopes. The models
exhibited different behaviours under seepage influence,
ranging from very rapid failure in the case where no
geotextile was present in the embankment, gradual
failure with the application of geotextile without
wrapping, to stability without change when geotextile
was wrapped. The behaviour observed in the physical
models was then simulated with numerical models using
GeoStudio software. The goal of the numerical analyses
was to determine an appropriate method to define slip
surfaces and identify a suitable method to account for
the influence of geotextile. The positive influence of the
geotextile on stability was considered using various
methods implemented in GeoStudio software: 1. as a
standard reinforcement element, 2. by simulating a
positive contribution of the geotextile with external
forces (continuous load). The standard reinforcement
element did not yield satisfactory results due to the
position of the geotextile relative to the predefined
critical slip surface. As the geotextile wrapped around
the downstream slope, continuous load proved to be a
better option for simulating its effect.
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1 Introduction

Currently, the Republic of Croatia has over 4.000 kilometres of flood defense embankments.
The acceleration of climate change has led to increasingly frequent and intense flooding
events. A notable incident occurred in eastern Croatia in May 2014. Owing to unprecedented
water levels in the Sava River, the embankment failed, resulting in the loss of lives and the
evacuation of thousands of residents. There has been a significant increase in the
maintenance, enhancement, and modernisation of flood defense embankments to prevent the
recurrence of such events. Innovative technologies and solutions are being applied and
geosynthetics are becoming indispensable for constructing these structures. Geosynthetics
serve multiple functions in embankments, including reinforcement, impermeability, filtration,
and drainage. Additionally, their use in constructing these structures allows the use of soils
with poor characteristics. The use of natural materials can be significantly reduced depending
on the intended function [1].

Proper selection, placement, and adjustment of geosynthetic layers based on stability analyses
are important for optimising the embankment performance and ensure long-term stability under
various geotechnical conditions. Geosynthetic (e.g., geotextile) layers play an important role
in enhancing the embankment stability, serving as both tensile reinforcement and drainage
elements to mitigate pore pressure, as highlighted by Sari et al. [2]. Their research evaluated
the stability of embankments using geotexiles by considering factors such as the compressible
soil depth, embankment slope, and height. Geotextiles and geogrids enhance embankment
stability by ensuring more uniform settlement and improve the overall structural integrity [3].
Jayawardane et al. [4] further explained the role of composite geotextiles in expediting self-
weight consolidation during embankment construction, thereby enhancing stability through
drainage and reinforcement effects. In [5], stability analyses for embankments were conducted
using finite element analysis by incorporating geotextiles. In [6], the authors highlighted the
importance of adjusting the number of geotextile layers based on stability analyses for each
embankment to ensure optimal reinforcement. High-strength geotextiles also prevent plastic
deformation in foundation soils, increase embankment height on soft ground, and provide a
two-step failure mechanism to enhance the stability [7]. Thuo et al. [8] demonstrated the
strategic placement of geotextile layers to prevent pore water pressure development at the
bases of embankments, highlighting the significance of proper installation for stability.
Traditional geotextiles used in embankments reduce settlement, increase the bearing capacity,
and enhance slope stability [9-11]. Rahman and Lee [12] conducted a parametric study on
geotextile-reinforced soil stability by considering factors such as the tensile stiffness and
number and length of reinforced layers within embankments. Zimbu et al. [13] evaluated the
performance of reinforced embankments using geotextiles under different conditions and
demonstrated the effect of geotextile inclination on the embankment stability. The antifrost
effect of composite embankments with geotextiles under freeze-thaw conditions was
investigated by Gao et al. [14], who emphasised the importance of innovative solutions to
ensure embankment stability in different environments. Hourani et al. [15] conducted finite
element modelling of geotextile-reinforced embankments on soft clay and demonstrated that
a single layer of geotextile reinforcement at the base of the embankment increased the safety
factor by up to 40 %. Wu et al. [16] highlighted the various benefits of geotextiles in
geotechnical engineering applications, emphasising their role in enhancing the stability and
reinforcement of geotechnical structures such as embankments. They discussed the use of
optical fibre sensors to monitor the mechanical deformation, temperature, humidity, and pore
pressure, enabling the early detection of potential failures and facilitating preventive measures.
This study analyses the influence of geotextiles on embankment stability using physical and
numerical models. Uniform sand from a nearby river was used for the construction of a small-
scale embankment, and the slopes of the upstream and downstream sides of the embankment
model were 1:1,3 and 1:2; respectively, with a height of approximately 25 cm. The goal of the
physical modelling was to analyse the stability of the model with respect to the geotextile
installation method and its position in the body of the embankment. The objective of the
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numerical modelling was to verify various methods for defining critical slip surfaces and
implement the positive effect of geotextiles on stability.

2 Materials and methods
2.1 Physical models

The physical model HM 169 was used as an experimental apparatus for analysing seepage
and stability of the embankment structures [17]. Locally available material, river sand from the
downstream part of the Drava river was selected to construct the model. The granulometric
composition of the sand was examined using the sieving method, and the Proctor test was
performed in the laboratory of the Faculty of Civil Engineering and Architecture in Osijek. The
material was characterised as uniformly graded, with 97 % of particles ranging between 0,125
mm and 0,500 mm in size (Figure 1). Based on the results of the Modified Proctor test, an
optimal moisture content of 7 % was adopted to prepare the material for constructing the
physical models. The samples were prepared at five different moisture levels (4, 6, 8, 10, and
12 %) by adding the predetermined amount of water to 2 kg of dry material. The specific dry
weight of the material was 16 kN/m3. Non-woven geotextile with a specific mass of 300 g/m?
was used (thickness 3 mm, opening size ®90 70 ym, water permeability perpendicular to the
plane 40 I/sm?, longitudinal tensile strength 5 kN/m). Five physical models were constructed
(Table 1). Models 1 and 2 represent homogeneous embankment structures without
geotextiles, but with different upstream and downstream slope angles. Model 1 represents an
embankment structure with upstream and downstream slopes steeper than the recommended
or permissible values to provoke an instability as soon as possible [18]. Model 2 was
constructed with slope angles corresponding to the recommended values to confirm the
model's stability and subsequently validate the numerical model. Models 3, 4 and 5 retained
the same geometry as Model 1, but incorporated geotextiles to enhance the embankment
structure's stability. In Models 3, 4 and 5, the same type of geotextile was used. The objective
was to analyse and evaluate the impact of geotextiles on the stability of embankments
depending on the configuration of geotextile in the embankment.

100

99,83 % -99,45 %

" 57,25% |

Percent finner [%]

10 -

2,45 %
Dgg| | Dag| Dyg 1,1%

1 05 025 0,125 0,063 0
Grain diameter [mm)

Figure 1. Material granulometric curve
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Table 1. Physical models

Variant Embsakr;l;?ent Geotextile Scheme
8
R
5. :
Model 1 1:1,3 No i L,
717 + [cm]
.
T
Model 2 1:2 No B e e e o
10 + [em]
*L* — Geotextile
6. N 4T
I N
Model 3 1:1,3 Yes e
2 A N
1 : NG
7.7 ¥ [cm]
*L* — Geotextile
P
Model 4 1:1,3 Yes 2 A g,
1 2 A
717 + [em]
+L-F — Geotextile
6 N
Model 5 1:1,3 Yes g 7L T sy,
2 8N
1 -- LN
7.7 ¢ [em]
2.1.1 Model 1

The first model consisted of upstream and downstream slopes with a gradient of 1:1,3
(hereafter referred to as Model 1). Model 1 had a height of 24,5 cm and base width of 72 cm
(Figure 2). The mass of the prepared aggregate was 35 kg, and an additional 2,45 kg of water
was added to achieve a moisture content of 7 %. Compaction was carried out in 4 cm thick
layers. The layer thickness at the dam crest was 4,5 cm to meet the required 1:1,3 slope
gradient. To ensure effective slope compaction, the model was initially constructed to be
slightly wider than the planned final geometry at the base of each layer, and excess material
was removed after compaction. Compaction was performed using a wooden plate (10,5 x 10,0
cm) and a rubber hammer. Five hits per plate width were applied to each layer in both
directions. The model was constructed using 16,7 kg material. The volume and average
density of the constructed model were 0,01025 m® and 1.629,3 kg/m?, respectively. The
overflow was positioned at a height of 22,5 cm to prevent overtopping of the crest of the model,
while ensuring that water had sufficient energy to seep through the downstream slope.
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Figure 2. Model 1: a) schematic; b) constructed
2.1.2 Model 2

The procedure for material placement in the model with a slope gradient of 1:2 (hereafter
referred to as Model 2) and the testing process were identical to those of Model 1. The crest
height of the dam was maintained at 24,5 cm, and the base width of the model was 106 cm
(Figure 3). The mass of the prepared aggregate was 40 kg, and an additional 2,8 kg of water
was added to achieve a moisture content of 7 %. The volume and mass of the constructed
model were 0,01466 m? and 23,9 kg, respectively. The installation method was identical to that
of Model 1. The overflow was positioned at a height of 22,5 cm.
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~TNA L ) FA
= - AL - - - ————2 T
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- 4/// 1 K . 5 . - o \_\:;
y 106 + [em]
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Figure 3. Model 2: a) schematic; b) constructed
2.1.3 Model 3

The geometry of Model 3 was identical to that of Model 1 except for geotextile layers within the
body of the embankment model. The installation method was identical to that used for Models
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1 and 2, and the amount of material corresponded to that used in Model 1. Three layers of
geotextiles were incorporated to reinforce the embankment model (at the bottom of the model,
on top of layers 2 and 4). The first geotextile layer was placed at the bottom of the container
(Figure 4). The material was then added and compacted into two layers (2 x 4 cm). The
remaining portion of the geotextile was wrapped around the downstream slope such that 8 cm
of geotextile extended over the top of the compacted soil layer. The second geotextile layer
was placed on this levelled soil layer, and the process was repeated. The final geotextile layer
extended to the dam crest and was 8 cm in length (Figure 4b). The overflow was positioned at
a height of 22,5 cm.

Figure 4. Model 3: a) installation of the second geotextile layer; b) constructed model
2.1.4 Model 4

Similar to the previous model, this model also included three layers of geotextiles within the
body (at the bottom, on top of layers 2 and 4) and had the same geometry as Models 1 and 3.
The difference from the previous model was that the geotextile was placed only at the base of
each layer without wrapping it around the downstream slope towards the upper surface of the
layer (Figure 5). The installation method was identical to that used for Models 1 and 2, and the
amount of material corresponded to that used in Model 1.

Figure 5. Model 4: placement of geotextile on top of the a) second; and b) fourth soil
layer; c) the constructed model

2.1.5 Model 5

In this model, geotextile was also incorporated to enhance the stability of the embankment
model, with the difference being that only wrapping around the downstream layer was
implemented without placing a horizontal, linear section at the base of each layer (Figure 6).
Wrapping was done with a length of 8 cm from the downstream slope. The same geotextiles
used in Models 3 and 4 were applied. The geometry of Model 5 was identical to that of Models
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1, 3, and 4. The installation method was identical to that used for Models 1 and 2, and the
amount of material corresponded to that used in Model 1.

Figure 6. Model 5: a) downstream side of the model; b) constructed model

2.2 Numerical models

Physical models were numerically simulated using GeoStudio software. Physical Model 1
(2.1.1) was utilised in the calibration process of the numerical model, physical Model 2 (2.1.2)
was used for model validation, and physical Models 3, 4, and 5 were employed for verification
purposes.

First, seepage analysis was conducted for each numerical model to evaluate the water flow
through the embankment. Once the necessary pore pressures were obtained for a specific
time during the seepage analysis, slope stability analysis was performed to determine the
critical safety factors. The slope stability was assessed using the Spencer method [19]. The
"Cuckoo search” method was used to define the critical slip surface for numerical models 1
and 2. It is a stochastic algorithm that incorporates a random walk to identify a critical slip
surface [20]. The number of iterations in the analysis was set as 200.

Finally, numerical model 3 was developed to determine the most appropriate method for
simulating the geotextile influence on embankment stability. The stability was analysed using
the "Fully Specified” slip-surface method, which corresponds to the critical slip surface
obtained in numerical model 1.

2.2.1 Model 1

The first numerical model was constructed to match the geometry and boundary conditions of
physical model 1 (2.1.1). Transient seepage analysis was performed. The boundary conditions
are illustrated in Figure 7. The water level was defined using boundary condition “filling” that
specifies the filling rate of the reservoir, as recorded in physical Model 1. Calibration was
performed based on the saturation of physical model 1. Table 2 provides insight into the
parametric analyses conducted during the calibration process. The results illustrate the
influence of specific parameters on the model saturation mechanism (rate and shape). A
comparison between the numerical model and physical model 1 is presented for a time step
of two minutes after the start of seepage. A preliminary analysis reveals that the hydraulic
conductivity Ky and compressibility m, had the greatest influence on the rate and shape of
model saturation. Saturation was not sensitive to the parameter of volumetric water content
Os. At higher values of compressibility m, (0,12 /kPa), changes in water content @s had almost
no effect on the saturation mechanism. An effect on saturation was observed only at lower
compressibility values, but with atypical moisture content values for sand. Although saturation
for a conductivity coefficient of 5,9:10° m/s and mv values of 0,0012 /kPa and 0,0120 /kPa
were very similar to the saturation of the physical model, a significant deviation occurred later
in the simulation, with considerably slower propagation of the saturation front in the numerical
model. This was due to the very low hydraulic conductivity coefficient. For a hydraulic
conductivity of 5,9-10-° m/s and lower compressibility values, the saturation rate did not match
that of the physical model. Owing to the lower compressibility, the lower layers of the model
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saturated significantly faster than that under real conditions. At higher compressibility values,
this issue was eliminated, and the progression of the saturation front matched the physical
model. At lower hydraulic conductivity values (5,9-10“ m/s), regardless of the degree of
compressibility, significantly faster saturation occurred compared to the physical model.

Table 2. Calibration process for the numerical models

Compressibility my [ /kPa]
0,0012 0,0120

5,9-104

Hydraulic
conductivity | 5,9-10°
Kx[m/s]

5,9-106

Physical Model 1

Therefore, parameters obtained through the calibration process were as follows:

o Anisotropy with K,/Kx = 0,9;

o Volumetric water content of saturated soil &s: 39 %;

o Residual moisture content (assumed as 10 % of the volumetric water content of
saturated soil) &r: 3,9 %;

o Compressibility my: 0,12 /kPa;

o Hydraulic conductivity of saturated soil in the x-direction: Ky =5,9:10° m/s.

All calibration parameters were within the range of values reported in previous papers [21-24].
The total duration of the analysis was set to 30 min, which matched the measurement period
of the physical model. The specific dry weight of the river sand was determined to be 16 kN/m3.
An internal friction angle of 38° was adopted [25]. A stability analysis was conducted using
these parameters, and the results are presented in Section 3.2. The “Cuckoo search” method
was employed in the stability analysis to define the critical slip surface.

2.2.2 Model 2

The boundary conditions defined in Model 1 were also applied to Model 2: Similarly, boundary
condition “filling” was specified according to the filling rate of the reservoir space from the
physical Model 2 (2.1.2). The material properties were identical to those used in Model 1
(2.2.1). This numerical model simulated the behaviour of physical model 2, as described in
Section 2.1.2. The total duration of the numerical analysis, i.e., seepage, was set to 40 min,
matching the testing duration of the physical model. The “Cuckoo search” method was
employed in stability analysis to define the critical slip surface.
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Figure 7. Geometry of numerical models and boundary conditions: a) Model 1; b)
Model 2

2.2.3 Model 3

This numerical model was developed to define an appropriate method for simulating the
influence of geotextiles on the embankment stability. Physical model 3 (geometry, boundary
conditions, and analysis duration) served as the basis for creating this model. The effect of
geotextile wrapping could not be directly modelled using GeoStudio software because the
program considers the influence of the geotextile solely as a longitudinal force activated at its
position. Therefore, the effect of the geotextile was simulated using: 1. reinforcement only, 2.
continuous loads (Table 3).

The geotextile (reinforcement) was defined with the following characteristics:

o Interface shear angle 6 = 26,6°;
o Surface area factor = 2;
o Tensile capacity = 37,8 kN/m.

The pullout resistance was calculated based on the friction angle between the soil and
geotextile & (interface shear angle). The angle 6 was adopted as 6 = 0,7-¢ [1], where ¢
represents the internal friction angle of sand. In this case, the geotextile's tensile strength did
not play a significant role, but a value of 37,8 kN/m was adopted, which was within the
recommended range of 30-60 kN/m [1]. The positions of the geotextiles are listed in Table 3
and correspond to their positions in the physical model (Section 2.1.3).

A continuous load was defined using the surcharge-load option. It was necessary to define the
loading surface (height and length) and specific weight of the load. This was performed by first
calculating the pullout force using Equation 1 [26]:

P=2-b-L-o,-tgo (1

where, b is the model width on which the pullout force acts, L is the length of the geotextile
over which the force acts, g, is the vertical stress at the location of the geotextile, 0 is the
friction angle between the sand and geotextile, and the factor 2 is a scalar indicating that friction
occurs on both sides of the geotextile.

The pullout force was determined at the overlap point between the two geotextile layers. This
force represents the frictional force between the geotextile (at the wrapping and overlap points
of the two layers) and the model material. As the stability failure in Model 1 occurred in the
lower zone of the downstream slope, the pullout force was calculated at the overlap of the 15
and 2" layers of the geotextile (16,5 cm below the crown level). As the vertical stress was not
uniform along the horizontal plane of the geotextile (due to the downstream slope), the average
value of g, was used for the calculation of the force. The vertical stress 0, was calculated using
Equation 2:

_ (Ysat—¥w) -h _ (18.806,5 —9.810,0) - 0,165

- 2 2
O 5 5 742,21 N/m (2)
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where, ysa is the saturated specific weight of soil, yw is the specific weight of water, h is the
vertical distance between the model crown level and horizontal plane [m]. The other
parameters of Equation 1 were considered as follows: b=1m, L =0,08m, 6 =0,7-¢ = 26,6°.
Therefore, the pullout force was expressed as: P = 2-1-0,08-742,21-tg 26,6 = 59,47 N.
Subsequently, the continuous load components were calculated. The height was assumed to
be 4 cm, whereas the length was considered as the distance between the toe of the
downstream slope and the overlap point of the two geotextile layers (the horizontal plane on
which the pullout force was calculated). Additionally, the normal component of the pullout force
was calculated according to the software requirements. Therefore, the specific weight of the
continuous (surcharge) load ys was determined as:

Py sin30°-59,47
“b-hg-l 1-0,040-0,132

s = 6.933,7 N/m3 (3)

Table 3. Variants and characteristics of numerical Model 3

. Geotextile modellin .
Variant 9 Numerical model
method
’Cﬂcml‘
4 T
Yy 5
\‘ :“?_
A
Model Reinforcement e wiem s g
3.1 (geotextile) only I
50,9 cm -.J\ g
| | | | | v
20 30 40 50 60 70
Lenght [cm]
24 [ 4
21 — Y
=18 W4
555 . 3
Model . 12— \
Continuous load 5o 4l
3.2 T .
T "4 !
3y £
0 I \ | 3
0 10 20 30 40 50 60 70 )
Lenght [cm]

3 Results and discussion
3.1 Physical models
3.1.1 Model 1

A time duration of 75 s was required to fill the “reservoir space” to a height of 22,5 cm. The
model became fully saturated after approximately 11 min. After 12 min, progressive failure
occurred at the base of the downstream slope (Figure 8), demonstrating that the selected slope
gradient for the river sand was too steep.

Surface
failure

- —
- 5\

AY
1
A

e

n
S~

Figure 8. Sliding of the downstream slope in Model 1
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3.1.2 Model 2

The upper water level reached a height of 22,5 cm after 50 s. The model was fully saturated
after 30 min (Figure 9). In contrast to the model with a steeper slope (Model 1), no failure
occurred in this case. The exit pressure gradient was lower for gentler slopes because the
potential difference AH (22,5 cm) was dissipated over a greater distance. Strength parameters
such as the internal friction angle and cohesion are critical for embankment stability. As the
material was sand, the cohesion was zero. If the slope gradient exceeds the internal friction
angle of the material, the sandslope becomes unstable. The internal friction angle ¢ for coarse-
grained soils (sands and gravels) typically ranges from 30° to 45° and increases with gradation,
compaction density, and grain angularity. A slope gradient of 1:2 is within the stability limits for
most types of river sand, as confirmed by this model.

Figure 9. Model 2 after 30 minutes of the experiment
3.1.3 Model 3

The model became fully saturated after 11 min, corresponding to the saturation time of Model
1 because the same material (with the same moisture content) was used and compacted in
the same manner. After 30 min, no sliding or loss of stability was observed (Figure 10).

Figure 10. Model 3 during the experiment

3.1.4 Model 4

Similar to Models 1 and 3, Model 4 was fully saturated after approximately 11 min. After 12
min, progressive failure occurred at the base of the downstream slope (Figure 11). As
expected, this method of geotextile placement (without wrapping around the downstream
slope) had no impact on increasing the stability. The failure mechanism was identical to that in
Model 1.
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Surface
failure

Figure 11. Sliding and failure of the downstream slope in Model 4
3.1.5 Model 5

As in the cases of Models 1, 3, and 4, Model 5 became fully saturated after approximately 11
min. After 30 min, no sliding or loss of stability was observed (Figure 12). This method of
geotextile placement within the body of the embankment proved to be equally effective in
ensuring the stability of the downstream slope, as in the case of Model 3.

s

i.'.‘ e

‘..

2 @ 4 5 6 i 8 9 10 :

Figure 12. Model 5 after 30 minutes of the experiment
3.2 Numerical models
3.2.1 Model 1

The pore water pressure distribution was obtained from the 12" minute of the transient
seepage analysis (just before failure). Following the stability calculation, the slip surface was
identified at the position where sliding initiated (Figure 13). A safety factor of 0,57 was obtained
for the slip surface. Stability analysis was conducted using the “Cuckoo” method to define the
slip surface. The water seepage through the embankment in the physical and numerical
models for identical simulation and testing times is shown in Figure 14.

Water Total Head

Height [em]

0 10 20 30 40 50 60 70
Length [cm]

Figure 13. Critical slip surface and safety factor at the 12th minute of seepage
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‘Water Total Head

0 0-2cm
O2-4em
0 4-6cm
O 6-8cm
8-10em
M 10-12em
B 12-14cm
H 14-16cm
B 16-18cm
M 18-20cm
B 20-22cm
W 22-24cm

24

Figure 14. Comparison of seepage in the physical and numerical Model 1: a) 1 min; b)
2 min; ¢) 3 min; d) 7 min from the start of the experiment

3.2.2 Model 2

The numerical model was validated using Model 2. As shown in Figure 15, identical rates of
groundwater saturation were obtained for both the physical and numerical models.
Furthermore, stability analysis confirmed that the cross-section of the embankment model was
resistant to sliding. A safety factor of 1.64 was obtained for conditions at the end of the
experiment (40 min) (Figure 16). Stability analysis was conducted using the “Cuckoo search”
method to define the slip surface.

Figure 15. Comparison of seepage in the physical and numerical Model 2: a) 1 min; b)
15 min from the start of the experiment
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Figure 16. Critical slip surface and safety factor for Model 2
3.2.3 Model 3

The results of the analysis modelling the impact of geotextiles on the stability of the
embankment model are presented below. The stability of the critical sliding surface obtained
from numerical model 1 (the fully specified slip-surface method) was analysed. The pore water
pressure distribution was obtained from the 12" min of transient seepage analysis. This time
corresponds to sliding and failure in the baseline model (Model 1). The characteristics of the
geotextile (reinforcement) and concentrated forces are described in Sections 2.2.3.

Model 3.1 Reinforcement only: Figure 17 shows the safety factor values for the “Fully
Specified” slip surface and “Entry and Exit” method of defining the slip surface.

=
=]
=

Height [em]
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Length [cm] Length [em]

a) b)

Figure 17. Critical slip surface and corresponding safety factor: a) “Fully specified”
method; b) “Entry and Exit” method

For a predefined slip surface using the “Fully Specified” method, the reinforcement-only option
showed no effect on the model stability. This result is identical to that of model 1. In other
words, the software could not account for the positive effect of the reinforcement because the
predefined slip surface was located below the reinforcement line. This method of modelling
corresponds better to physical model 4.

Let us assume that the influence of geotextiles on stability is simulated solely through the
“‘Reinforcement only” option. In such a case, better results can be obtained if the “Entry and
Exit” method is used to define the slip surface. In this case, caution must be exercised in
calculating the slip surface entry area, which must be defined above the uppermost level of the
geotextile. The analysis results indicate the stability of the embankment model with a critical
safety factor of 1,94, which shows a satisfactory level of safety and lack of failure and agrees
well with the observations from physical model 3.

Model 3.2 Continuous load: The predefined critical slip surface (from Model 1) and
corresponding safety factor for the variant with a continuous load are shown in Figure 18. The
analysis clearly shows that this method of modelling the influence of geotextiles positively
affects the stability of the model. The safety factor obtained for a predefined critical slip surface
is 4,98.
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This method of modelling the impact of geotextiles on embankment net stability corresponds
to physical models 3 and 5.

4.98
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Lenght [m]

Figure 18. Fully specified slip surface and corresponding safety factor

4 Conclusions

This study demonstrates the feasibility of conducting saturation and failure experiments on
reduced-scale models of unreinforced and geotextile-reinforced embankments using an HM
169 apparatus. The experimental results indicate that it is possible to reliably model and
analyse the effects of various geometric relationships between the embankment elements and
different geotextile configurations.

Furthermore, the potential for the successful application of commercial software (GeoStudio)
in the development of numerical simulation models based on the physical model behaviour is
confirmed after performing the necessary calibrations. Based on the results of the numerical
analyses, recommendations are made for more reliable definitions of the numerical models
used for stability analyses involving geotextile reinforcement.

Special attention should be given to the seepage parameters in transient analysis. The material
used in the physical model was prepared and installed to simulate real conditions. As the model
was created on a small scale with limited dimensions, particularly in terms of the width, the
calibration process resulted in a compressibility parameter value that deviated from literature
values. Therefore, it is recommended to conduct the experiment on a larger scale. Additionally,
during numerical modelling, it is advised to avoid relying too readily on the recommended
values for a given material.

This study analysed the influence of geotextiles on the observed critical slip surface in both
physical and numerical models. The geotextile influence was simulated using the
“Reinforcement only” and “Continuous load” methods. “Reinforcement only” does not yield
satisfactory results due to the position of the geotextile relative to the predefined slip surface.
As the geotextile wraps around the downstream slope, “continuous load” is a better option for
simulating its effect. In the numerical model, this was implemented using the surcharge—load
option. Thus, the expected stabilisation of the downstream slope of the embankment model
was achieved.

Continuous loading was defined through a pullout force, which was assumed to be a reaction
to the hydrodynamic force acting in the seepage direction. A drawback of this method is the
challenge of accurately defining the contact length between the geotextile and material, where
the frictional force develops, considering that the critical slip surface appears below the
geotextile wrapping level.

Future research will analyse the stability of embankments with varying lengths of geotextile
wrapping within the embankment body. The aim is to construct larger-scale models and use
the similarity method to extrapolate the findings to real-scale conditions.
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