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Abstract

Graphical abstract

Natural disasters such as landslides are becoming more frequent due to
global warming. Because of the more frequent occurrences of natural
disasters, there is an urgent need for researchers in geotechnical
engineering fo conduct slope stability analysis. This paper presents the
findings of a laboratory experiment and numerical analysis of the
behaviour of silica sand under static loading conditions. The laboratory
experiment modelled a small-scale slope in a 500mm wide, 1000mm high
and 1500mm long acrylic box. The numerical modelling in the experiment
employed, Finite Element Modelling (FEM), Plaxis 3D, and the Hardening
Soil Model (HSM). The researchers conducted a consolidated-drained
(CD) friaxial compression fest to determine the parameters of the silica
sand. The FEM results are similar to the test results for the maximum
loading conditions of 9.6kN/m2. The experimental observation revealed
that applying a surcharge load on the top of the slope surface resulted in
deformation and bulging. These observations were consistent with and
validated the experimental and numerical results. The results of this study
will be used fo investigate the application of a proposed prototype
inclinometer sensor for slope monitoring technology.

Keywords: Hardening soil model, numerical modelling, Plaxis 3D, small-
scale model, silica sand

Abstrak

Kejadian bencana alam seperti tanah runtuh semakin kerap disebabkan
kesan pemanasan global. Disebabkan perkara ini, ia adalah penting
unfuk penyelidik kejuruteraan geotfeknik melakukan analisis kestabilan
cerun. Kertas kerja ini membentangkan keputusan uji kaji makmal dan
analisis berangka kelakuan pasir silika di bawah bebanan statik. Uji kaji ini
membina model cerun skala kecil dalam kotak akrilik dengan dimensi
500mm lebar, 1000mm tinggi dan 1500mm panjang. Pemodelan
berangka uji kaji menggunakan perisian geoteknik, Model Unsur
Terhingga (FEM), Plaxis 3D, dan Model Tanah Pengerasan (HSM).
Parameter pasir silika untuk uji kaji ditentukan melalui ujian mampatan
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terkukuh-salir (CD) tiga paksi/tripaksi. Keputusan FEM menunjukkan trend
yang sama dengan keputusan ujian, unfuk keadaan bebanan
maksimum  9.6kN/m2.  Pemerhatian uji kaji menunjukkan bahawa
mengenakan beban tambahan pada bahagian atas permukaan cerun
akan menyebabkan ubah bentuk dan kesan pembonjolan. Pemerhatian
ini selaras dengan dan mengesahkan keputusan uji kaji dan analisis
berangka. Keputusan kajian ini akan digunakan dalam kajian berhubung
aplikasi sensor inklinometer prototaip yang dicadangkan untuk teknologi

pemantauan cerun.

Kata kunci: Model tanah pengerasan, pemodelan berangka, Plaxis 3D,

model skala kecil, pasir silika

© 2024 Penerbit UTM Press. All rights reserved

1.0 INTRODUCTION

One of the critical parameters in geotechnical
engineering that is determined by the factor of safety,
is slope stability analysis. The slope stability analysis has
been receiving increasing attention and employed by
researchers due to its crucial importance in ensuring
stable and safe slopes in geotechnical engineering
projects. The advances in modern tfechnology
facilitate soil testing and slope stability analysis of
natural and man-made slopes, thus ensuring safe and
cost-effective slope designs [1-3].

Numerical modelling for slope stability analysis is a
powerful tool often adopted in geotechnical
engineering projects [4, 5]. Numerical modelling
tfechniques can provide solutions to problems that
cannot be resolved using conventional procedures,
such as complex geometry, non-linear behaviours,
and in-situ stresses [1]. FEM using 3D finite element
analysis is a popular tool for investigating complex
geotechnical conditions [é].

The Plaxis 3D, a specialized three-dimensional finite
element analysis computer program for analysing soil
stresses and deformation was used to develop the 3D
finite element model [7]. It has features to handle the
critical parameters of complex geotechnical
engineering structures [8, 9]. Among the constitutive
models used in Plaxis 3D are the Mohr-Coulomb model
(MC), the hardening soil model (HSM) and the
hardening soil model with small-strain stiffness model.

Schanz et al, developed the HSM which is an
elasto-plastic  second-order hyperbolic isotropic
hardening model using the Plaxis software [10]. HSM
exhibits material behaviour more redlistically than the
MC model concerning the non-linear stress-strain
relationship  with  stress-dependent  stiffness  [11].
Moreover, it is regarded as one of the advanced soil
constitutive modellings for studying the deformation
problems of various geotechnical structures [12 - 20].

According to Chheng and Likitlersuang (2018), HSM
can use the popular hyperbolic model developed by
Duncan and Chang 1970 [21] to describe soft and siff
soils [4]. Schanz et al., 1999 presented a detailed
discussion of HSM [10]. Strength and stiffness are the
critical parameters in slope deformation analysis. The

soil model parameters using finite element methods
are vital components for stress-deformation analyses of
geotechnical structures [22].

The vertical strain, €1, and deviatoric stress, g, in the
primary trioxial loading are characterized by a
hyperbolic relationship in the HSM, where Qo is the
asymptotic value of the deviatoric stress, and Eced™®f is
the reference soil tangent stiffness of the primary
oedometer loading. The 50% of the ultimate deviatoric
stress gr, at a reference pressure, pref is represented as
the confining stress-dependent stiffness modulus, Esoref.
Another parameter in this model is Euef, which is the
reference unloading/reloading stiffness modulus [22,
23].

The power law (m) represents the sfress
dependency level of soil sfiffness, while @' is the
effective friction angle. In addition, y' is the effective
dilation angle of the soil, and the ratio of the ultimate
to asymptotic deviatoric stresses is the failure ratio, Rt
[22].

This study determined the strength and stiffness of
silica sand by conducting consolidated-drained friaxial
compression tests. Furthermore, the study employed
Plaxis 3D software to simulate and verify experimental
results using the FEM software program. The paper
presents and discusses the results from the laboratory
tests and numerical analysis.

2.0 METHODOLOGY
2.1 Laboratory Testing

This study used fine and uniform dry silica sand and
determined its physical properties following the British
Standard (BS).

2.1.1 Sieve Analysis

The sieve analysis test followed BS 1377: Part 2:1990,
while the classification of soil distribution was as per the
British Soil Classification System (BS 5930.81). The sieve
analysis test was conducted using a mechanical
shaker shown in Figure 1.
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Figure 1 Sieve analysis using a mechanical shaker

2.1.2  Soil Compaction Test

The soil compaction test followed BS 1377:1990: Part 4.
It involved placing and compacting the soil sample in
the mould by compacting each three layers of the soil
sample with a 2.5 kg hammer for 25 blows, as shown in
Figure 2.

Figure 2 (a) and (b) Soil compaction

2.1.3 Consolidated-Drained Triaxial Test

This study measured the shear strength of the silica
sand by conducting the CD ftriaxial compression test
based on the British Standard (BS) BS:1377-8. The
specimen is 50 mm in diameter and 100mm high. The
cylindrical specimen was remoulded at the optimum
moisture content. The typical triaxial system shown in
Figure 3 consists of the pressure transducers, load cell,
linear vertical displacement fransducer (LVDT) and
computer logging system to record and process the
data.

Figure 4 shows the complete CD test equipment
comprising the saturation, consolidation, and shearing
stages for determining the drained parameters. Figure
4(a) shows the saturation stage using a 10kPa back-
pressure saturation method. The consolidation stage
shown in Figure 4(b) was consolidated at varying
effective pressures of 50, 100 and 200kPa, while Figure
4(c) shows the shearing stage carried out after the
consolidation stage. During the shearing stage, the
drainage pipe was opened to allow any pore water
pressure that had accumulated to dissipate.

Cell pressure
transducer

Back pressure
transducer

Figure 4 The three stages of the consolidated-drained triaxial
compression  fests are the (a) safuration stage
(b) consolidation stage (c) shearing stage

2.2 Experimental Test

In the experimental test, the small-scale ground model
was prepared in a 500 mm wide, 1500 mm long and
1000mm high acrylic box as shown in Figure 5. Figure 6
shows the compaction of silica sand in the acrylic box,
where successive 100mm sand layers  were
compacted to achieve a height of 800mm, as shown
in Figure 7. The relative density, or the ratio of
compacted soil in the acrylic box to the soil
compaction test, is 81%.
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For each level of loading, a surcharge load of 8 kg
was applied to the top of the soil slope model to
initiate slope failure. The study used a 500mm long and
200 mm wide steel plate as a base to apply the
surcharge load. In addition, several coloured marks
using ink that have a distance of 30 mm from each
other have been applied in this experiment as shown
in Figure 7, to facilitate the observation of soil slope
movement. The distance of ink is determined based
on a grid aftached to the surface of the acrylic box
that has a dimension of 10 mm x 10 mm.

Figure 5 The dimensions of the acrylic box

. _
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Figure 7 The dimensions of the soil slope model

2.3 Numerical Simulation using the Laboratory Test
Results

The laboratory fest results for the silica sand were used
to perform numerical analysis using FEM and the Plaxis
3D software. The bottom boundary of the slope model
has a fixed dimension of 2.0 m long, 0.8 m high and 0.5
m wide, and the ground surface was unrestrained from
moving in all directions as shown in Figure 8. In order to
prevent movements in the orthogonal directions, the
vertical borders were fixed.

Figure 8 The slope model in Plaxis 3D software

In this study, each refinement’s element size factor
was automatically managed and the finite element
models for the constructed slope used the medium
mesh refinement. The numerical analysis for
constructing the Plaxis model consists of three phases,
namely the initial, excavation and surcharge phases.
The initial phase was constructed by activating the
materials, the excavation phase was analysed by
deactivating the excavated soil volume, and the
surcharge phase was carried out by applying the
surcharge load on top of the soil surface.

3.0 RESULTS AND DISCUSSIONS
3.1 Aboratory Test

Figure 9 presents the particle size distribution curve,
which shows that the soil consists of 0% gravel, 99.2%
sand and 0.8% silt. The uniformity coefficient (Cy) and
curvature coefficient (Cc) of 1.04 and 0.9 mean that
the soil is uniformly graded sand.

‘Graph of Percent Finer (%) vs Particle Diameter (mm)
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Figure 9 Sieve analysis results of silica sand
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Figure 10 presents the silica sand’s moisture content, w
(%), and dry density, yd, determined through the
standard proctor test. The silica sand has a maximum
dry density of 15.33 kN/m3 and 16.7% optimum
moisture content.

Table 1 The shear strength results of silica sand

Effective minor Effective major

Graph of Dry Density (kN/m*) vs Moisture Content (%)
154
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142
10 12 14 16 18 20

Dry Density, Yd (KN/m*)

14

Specimen principal stress, a’s  principal stress, o'
(kPa) (kPa)
A 50 260.43
B 100 491.13
C 200 839.68

Moisture Content, w (%)

Figure 10 Graph of the silica sand’s dry density, yd against
moisture content, w (%)

Direct evaluations of the laboratory test results and
parametric studies of curve fitting results were used fo
determined the input soil strength parameters of HSM
for silica sand. Figures 11(a), (b) and (c) show the final
conditions of the specimen after the CD triaxial test at
varying confining pressures of 50kPa, 100kPa and
200kPa.

Figure 11 The specimens after failure at (a) 50kPa (b)100kPa
(c) 200kPa

3.2 Stiffness Parameter

In the CD triaxial compression tests, Specimens A, B
and C were subjected to varying confining pressures
of 50kPa, 100kPa and 200kPa, respectively. Table 1
presents the effective minor and major principal
stresses at failure for the three specimens, and Figure
12 shows the Mohr circle of the effective stress. The
parameters obtained from the test results are
cohesion, ¢, and angle of internal friction, .

Graph of Effective Shear Stress (kN/m?) vs Effective Normal Stress (KN/m?)
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Figure 12 Mohr circle from the test result

The gradient from axial strain-volumetric strain
curve shown in Figure 13 which gives the dilatancy
angle, y, shows that the 50kPa confining pressure has
a smaller dilatancy than the other confining pressures.
Based on the confining pressure curve in Figure 12, the
dilatancy rate, d value at 50kPa was 0.0236. The d
value was used in Equation (1) fo calculate the
dilatancy angle, y [24].

Graph of Volumetric Strain (%) vs Axial Strain (%)
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Figure 13 Determination of the dilatancy angle

W = sin! (d/2-d) (1)

The plastic soil stiffness parameter, Esgf, was
determined from the CD triaxial test. Figure 14 shows
the deviatoric stress-strain curve for the three confining
pressures, and Figures 15(a), (b) and (c) show the
determination of the Esoef for specimens at confining
pressures of 50kPa, 100kPa and 200 kPa, that shows
softening behaviours. The Esoef for Specimens A, B and
C are 28404kPa, 32138kPa and 54929kPa.
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Graph of Deviatoric Stress (kN/m?) vs Axial Strain (%)
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Figure 14 The stress-strain curve
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Figure 15 Determination of the Eso moduli at (a) 50kPa, (b)
100kPa, and (c) 200kPa

Figure 16 shows the determination of m value
based on the slope inclination relationship between In
[(c® + ¢ cotd)/(100 + ¢ cotd)] and In Eso [25]. The
value formis 0.5.

Graph of In Esy vs In [ (6°3 + ¢ cotg) / (100 + ¢ cotg)]
11.0000
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Figure 16 Determination of the stress dependency level of the
soil stiffness (m) parameter

The secant stiffness, Esoef is derived from Equation
(2) and the results are tabulated in Table 2 [26]. The
final Esoef is determined from the average values of a
total of three soil testing.

Eso = Eso®f [(03 + ¢ cot®)/(100 + c cotd)]m )

Table 2 Secant stiffness, Esoef

[(c®+c
o's (kPa) Eso (kPa) cot®)/(100 + Esoref (kPa)
c cot®)|m
50 28404 0.737 38540.03
100 32138 1.000 32138.00
200 54929 1.383 39717.28
Average 36798.44

The value of v, Rt and pref were obtained from Plaxis
manual with value of 0.2, 0.9, T00kN/m?2, while K, Eced'f
and Eu'ef were obtained from equations of 1-sing,
Eso/1.25, and 3Esoef respectively [11, 20, 24]. Table 3
presents the description and input strength parameters
of HSM obtained from the CD triaxial tests results.

Table 3 The parameters of the HSM for the silica sand

Parameter Value Unit
Esoref 36798 kN/m?2
Eoedref 29438 kN/m?
Eyref 110394 kN/m?2
Vur 0.2 -
pref 100 kN/m?2
Ko 0.3572 -
c 8 kN/m?2
¢ 40 degree(°)
% 15.33 kN/m3
U] 0.7 degree(°)
m 0.5 -
R 0.9 -
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3.3 Validation of Soil Properties with Previous Studies

Table 4 compares the soil properties determined
through laboratory tests with those from previous
studies based on the HSM parameters. The Esoe' and
Ecea®® stiffness parameters range between 16MPa and

26MPa, and the values for Exef range between 48MPa and
78MPa.

Based on the previous results, the cohesion and
friction angle properties vary from 0.06 to 9 and 29 to
36 degrees. The findings of this study consisted with
previous studies.

Table 4 The soil properties from previous studies

Wang Momemi Momemi Zheng
Reference et al. et al. et al. et al.
[27] [28] [28] [29]
Esoef (MPQ) 17.5 15.99 25.86 50
Eoedf®! 17.5 15.99 2586 50
(MPa) : : :
Eure’ (MPa) 70 47.97 77.58 150
Vur 0.2 0.2 0.2 -
Ko 0.4179 0.49 0.51 -
c (kN/m?2) 8.6 0.06 0.08 1
D (°) 35.6 30.5 29 35
W (9 5.6 - - -
m 0.336 0.5 0.5 -
y (kN/m3) 17.9 19.5 19.63 -

3.4 Numerical Analysis

The numerical analysis used the Plaxis 3D geotechnical
software with HSM parameters to numerically model
and simulate the physical slope model failure.

Figures 17(a)-(c) show the results of the sail
numerical analysis using Plaxis 3D software. Figure
17(a) shows the state of the soil slope model, where
there is more movement at the top of the slope and
on the inclined surface. The red area in Figures 17(b)
and (c) are the most critical when applying the
surcharge load. The numerical analysis gave a factor
of safety of 3.61.

Deformed mesh |u] (scaled up 0.500 times)
Masdmien valie = 0.2418 m (at Node 4792)

(a)

Total displacements |u]
Maximun vakse = 0.2418 m (Sement 2742 at Node 4792)

(o)

Total displacements [u (scaled up 0.500 times)
Maximum vakie = 0.2418 m (Bement 2742 at Node 4792)

(c)

Figure 17 The finite elements given by Plaxis, 3D for (a) mesh
deformation (b) contour deformation, and (c) location of the
critical deformation

3.5 Verification of the Experimental and Numerical
Results

This study compared the experimental and numerical
results. Figure 5 shows the initial state of the soil slope
model with a dimension of 500mm wide, 1500mm long
and 800mm high. Figure 7 shows the soil slope model
coloured with markers to facilitate observation of
whether the applied load caused any soil movements.

Figure 18 shows the experiment was conducted
with load values of 9.6kN/m2. Figure 18(a) and (b)
show the experimental results and have been
compared with the numerical analysis shown in Figure
18(c). The soil movement in the experimental and
numerical slope model occurred primarily on top of
the slope, and there was bulging near the slope
surface. Figure 18(b) shows that the maximum soil
movement based on the vertical axis of the
experimental results is 2cm, whereas the numerical
analysis gave a maximum soil movement of 3cm, as
shown in Figure 18(c).
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Figure 18 The results based on the (a) experimental results (b)
soil displacement after failure, and (c) Plaxis 3D analysis

4.0 CONCLUSION

This study performed numerical analysis using FEM to
simulate the experimental results and verify them using
Plaxis 3D program. The soil slope behaviour was also
described using the hardening soil parameters
obtained from the CD ftrioxial tests. The soil
compaction results showed that the silica sand has a
maximum dry density of 15.33 kN/m3, optimum
moisture content of 16.7%, and 12.47kN/m3 relative
density. The shear strength parameters for ¢, ¢, y and

m were 8kPa, 40° 0.7° and 0.5, and the stiffness
parameter, Esgf, is 36798kPa. This study adopted the
Eoced™®f, Eu®f, vur, pref, Rt and Ko values recommended in
the Plaxis manual. The findings from this study for HSM
parameters of silica sand can provide a beneficial
guide to carry out further studies on similar soil types.
Furthermore, analysis of the numerical and
experimental results revealed that the load
application caused similar bulging on the top surface
of the slope. In summary, slope stability analysis with
numerical modelling of advanced constitutive soil
models is beneficial in geotechnical analysies and
provides a better understanding of soil behaviour.
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