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Abstract

Anthropic slopes are common in constructing embankments and earth dams and forming
open pit mines and fills, among others. However, these slopes artificially built sometimes
could fail due to the variability of the soils, lack of expertise in determining the design
parameters, and lack of knowledge of the soil’s true behavior and construction methods,
among others. To address these problems, physical models were made in a geotechnical
centrifuge with similar characteristics to study the effect of variability. Subsequently,
Monte Carlo simulations were performed using finite element models (FEM) with random
geotechnical parameters for an elastic model with Mohr-Coulomb failure criteria. From
these simulations, the influence of geotechnical parameters on the factor of safety and
deformations was observed. The results show that the coefficient of variation obtained for
the factor of safety was less than the coefficient of variation of the geotechnical parameters
taken into account. This means that the coefficient of variation of the factor of safety is not
the sum or the average of the coefficients of variation taken in the analysis. However, when
the factor of safety is more or less constant, but the coefficient of variation of the parameters
increases, the probability of failure may increase. This shows that a slope with a factor
of safety greater than one can have a high probability of failure. In addition, low friction
angle and low cohesion values tend to present more significant slope crest displacements.

1. Introduction

The construction of artificial slopes is a common
practice in practical geotechnics. Some examples of uses
are in the construction of embankments, earth dams for
mining, earth dams, formation of open pit mines, among
others. However, these artificially formed slopes sometimes
fail. This could be explained by the intrinsic variability
of the soils, lack of expertise in determining the design
parameters, lack of knowledge of the true behavior of the
soil, inadequate design and construction methods, among
others. The research presented here studies the influence of
the variation of geotechnical parameters on the behavior of
the factor of safety (FS) on slopes, trying to understand the
possible reasons why one slope fails and another does not,
if they were both built using similar materials and following
the same construction method.

Studies that have contributed to a better understanding
of the variability and sensitivity of the probability of failure
for a factor of safety are presented by Lacasse & Nadim
(2007), Phoon & Kulhawy (1999) and Tan et al. (2003) .
Additionally, Phoon et al. (2006) have experimentally shown
that performing many tests can reduce the standard deviation,
while Gong et al. (2017) have shown that numerical techniques

can optimize site investigation and reduce exploration costs
to obtain optimal characterizations.

The effect of variability on slopes has become vitally
important in recent years (Jiang et al., 2022). The Strength
Reduction Method has been commonly implemented in slope
stability and is often preferred over the Limit Equilibrium
Methods because assumptions regarding inter-slice forces are
not required (Dyson & Tolooiyan, 2019). Zienkiewicz et al.
(1975) developed one of the first methods of the Strength
Reduction Method (SRM), with a reduction of the shear
parameters (cohesion and friction angle). So, slope failure
occurs when elements with applied shear stresses exceed
the material shear strength, causing excessive distortion.
Dyson & Tolooiyan (2018) compared different techniques
from Strength Reduction, which showed advantages or
disadvantages for different proposals in the literature.
Regarding variability geotechnical in slopes, Chok et al.
(2015) applied the Local Averaging Subdivision (LAS)
technique to incorporate spatial correlation in slope stability.
This technique generates random field parameters such as
soil weight, elastic modulus, friction angle, cohesion, etc.
Dyson & Tolooiyan (2019) conducted a probabilistic slope
stability analysis using the Random Finite Element Method
(RFEM) combined with processes to determine the level of
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Influence of intrinsic variability in anthropic slopes

similarity between random fields. The study showed the factor
of safety’s convergence with less finite element simulation
when using the Monte Carlo Method.

The above characteristics create the need to better
understand the influence of variability on the factor of safety
and the contribution of each geotechnical parameter. This
problem is addressed by generating physical models with
similar characteristics in a geotechnical centrifuge. This
was done starting with a slope with an unstable geometry.
Subsequently, Monte Carlo simulations were performed using
finite element models (FEM) to introduce the influence of
the variability of geotechnical parameters on the factor of
safety. This variability was introduced by means of random
number generation of the geotechnical parameters. Parameters
were generated using two different techniques. The first is
when the parameters are not correlated because a parameter
should not depend on any variable (Cividini et al., 1983;
Leietal., 2017). With this, it was verified that the calculated
factor of safety could capture the behavior of the performed
physical models. The second, begins with a slope with an
F'S greater than one, and random numbers are generated
when the parameters are correlated because they come from
the same test. So, variations in a laboratory test can cause
variations in all parameters, for example, the influence of
measurement in the test, variations between procedures for
the same test, human procedural errors, among others. In both
cases, the effect of the intrinsic and epistemic variability of
the geotechnical parameters is clear. Finally, the influence
of the variability in the deformations was observed, which
is a primary variable in the analysis of slope stability. All of
the above was performed using an elastoplastic constitutive
model with a Mohr Coulomb failure criterion.

The results show that the shear parameters are the
most important with the constitutive model used for the FS.
The coefficient of variation obtained for the FS was around
20%, this value being lower than the average of the COVs
(around 32%) of the parameters, which means the coefficient
of variation of the FS is not the sum or average of the COVs
of'the variables taken into account for the analysis. However,
when the factor of safety is close to constant, but the coefficient
of variation of the parameters is increased, the probability
of failure may increase. In addition, low friction angle and
low cohesion values tend to present greater displacements.
Thus, better performed shear tests lead to a low standard
deviation and a lower probability of failure.

2. Materials and methods

The purpose of this study is to determine the effect of
variability on artificial slopes. In a first step, physical models
were constructed in the geotechnical centrifuge depicted in
Figure 1. This centrifuge is a beam type centrifuge with a
ratio to the platform of 610 mm and a maximum acceleration
of 200 times the Earth’s gravity, supporting a maximum
load of 12 kg. Physical models were performed with the
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Figure 1. Geotechnical centrifuge at Escuela Colombiana de
Ingenieria Julio Garavito.

centrifuge at one hundred times the Earth’s gravity (N =100)
for 6 minutes. The failure zones were obtained for each
model, analyzing the images before and after the test in the
centrifuge. The magnitude of resultant displacements for the
models was obtained using the software GeoPIV_RG (White
& Take, 2002; Stanier et al., 2016). Then, numerical models
in FEM were performed to compute the factor of safety, the
position of the failure surface, and resultant displacements.
The failure surface depth and resulting displacements as
found in physical and numerical models were compared.

2.1 Soil properties

Kaolinite clay, prepared using a slurry state with a
water content of 1.5 times the liquid limit, was the soil used
in the physical model in the geotechnical centrifuge. Then,
oedometric consolidation was performed by doubling the applied
load until reaching 30 kPa in the automatic consolidation
apparatus shown in Figure 2a. As shown in Figure 2b, a
sand layer was added at the bottom of the model to obtain
double path drainage to accelerate consolidation. Two models
were prepared and consolidated identically to obtain the
unitary weight in the nearest soil. The characterization tests,
consolidated undrained triaxial tests, and oedometric tests were
performed to obtain the main parameters and characteristics
ofthe soil. The results of the tests were: classification by the
USCS as a high plasticity silt MH, Liquidity limit of 73.34%,
Plasticity limit of 45.48%, Shrinkage limit of 33.28%, Specific
Gravity of 2.61, Effective cohesion of 5.5 kPa, Effective
friction angle of 24 °, Saturated hydraulic conductivity of
1.7 x 10-5 m/s (from the consolidation curve), and Unitary
weight of 14.6 kN/m?.

2.2 Physical models

Two physical models were tested in the geotechnical
centrifuge at an acceleration of one hundred times gravity.
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Figure 3. Physical models of slope stability: (a) test T1, (b) test T2.

The models were fabricated with a slope of 67 ° and a
height of 3.5 m for the prototype scale. This geometry was
obtained by cutting the slope with a wire before the test in
the centrifuge (see Figure 2b). The simulated time of the
test in the centrifuge for the prototype scale is 42 days.
The scaling laws for the centrifuge models at 100 times
gravity (N = 100) are shown in Table 1, and the physical
models are shown in Figure 3. Multiple sliding surfaces
are developed in these models based on Figure 3. In both
models, it is observed that the sliding mechanism begins
at the toe of the slide, followed by deep sliding failures.
An important observation consisted in the differences in the
behavior in the displacements for the two models. So, the two
models were built in similar conditions, but they presented
different failure surfaces. Some of the reasons for these
differences include, for example, epistemic variability in
the construction of the physical model in consolidation, soil
preparation, and soil sample manipulation. These reasons
can be extrapolated to the real condition in the field in the
construction of artificial slopes.
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Table 1. Relevant scaling factors for centrifuge models.

Scalin; Prototype Model
Parameter factorg sca'ﬁ;p scale
Length H I/N 7.5m 7.5 cm
Length B I/N 4m 4 cm
Length L I/N 16 m 16 cm
Time (consolidation) 1/N? 42 days 6 min

3. Implementation of the strength reduction
method with randomness

3.1 Constitutive model

The constitutive model used in the present research was
elastic with yield criterion of Mohr—Coulomb. The criterion
is shown in Equation 1, where the criterion is a function of
7 (the shear stress of the soil), ¢ (the cohesion of the soil),
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o, (the normal stress), and ¢ (the friction angle of the soil).
So, Equation 1 shows the increase of shear strength as normal
stress increases (or the influence of hydrostatic stress), as
shown in Figure 4. In addition, the relationship between
stress and strain tensors depends on an elastoplastic tensor
(or elastoplastic modulus). This elastoplastic tensor is divided
into two-parts. The first part has elastic behavior with the
elasticity modulus £ and Poisson’s ratio pu. The second part
works when stress paths reach the yielding criterion in the
function of the shearing parameters (c and @).

T=c+0o,tang (1

3.2 Strength reduction method (SRM)

To understand slope stability by finite element methods
(FEM), the strength reduction finite element method (SRFEM)
was implemented in Abaqus 6.21. SRFEM methods have been
widely accepted among geotechnical engineers (Dyson &
Tolooiyan, 2018). Some advantages of the SRFEM method
are that there are no assumptions about the location or shape
of the failure surface, similar to the interpretation of the limit
state, no assumptions of inter-slice forces, can simulate soils
heterogeneously, and show slope displacements. The SRFEM
method was presented by Zienkiewicz et al. (1975). Since
this work, many other researchers have used the SRFEM
method for slope stability, for example, Ugai (1989), Matsui
& San (1992), Ugai & Leshchinsky (1995), Dawson et al.
(1999), Griffiths & Lane (1999), Yang et al. (2012), Dyson
& Tolooiyan (2018), Seyed-Kolbadi et al. (2019) and others.
The method consists of adjusting the strength parameters
until the slope is unstable. A factor realizes this adjustment,
and this factor is the slope factor of safety, as shown below:

where ¢, and ¢, are the original cohesion and friction angle
provided by soil, and FS is the strength reduction factor to
maintain equilibrium. The final strength reduction factor can
be obtained in different ways in the function of the definition
of slope failure. For example, Dyson & Tolooiyan (2018)
showed three criteria. First is the development of plastic zones
from the toe to the head of slope. Second is the development
of large deformation (defined by the user) in the function of
tolerable nodal displacement. The third is the solution non-
convergence, often symptomatic of a failure in FEM slope
subsidence simulations. Cse (2021) and Tschuchnigg et al.
(2015) showed that the successful application of SRM is
the criterion for detecting global instability. In general,
non-convergence is taken as a criterion for detecting global
instability. However, the presence of complicated loads and
geometries can prematurely terminate a finite element analysis
for nonlinear finite element models. So, non-convergence
may not be a suitable criterion for detecting global instability
due to numerical or local instabilities.
SRM is not built into the Abaqus program (Dyson

& Tolooiyan, 2018). This research used a rule based on
the total model plastic dissipated energy ratio to the total
model internal strain energy. If this ratio is more significant
than 0.2, the model is considered globally unstable. This
implementation of SRM is based on the proposal by Cse
(2021). It also incorporates the effect of geotechnical variability
of parameters for the Monte Carlo method. The automatic
calculus of the variability effect into FS slope stability is
shown below:

First, it produced an FEM slope model, as shown in

Section 3.3.

Second, random parameters were included in FEM

simulations, as shown in Section 3.4.

Third, it assumed an interval corresponding from

FS stable to F'S unstable. Then, iterations were run

C

c= F_g' 2 with reduced cohesion and friction angle to intervals
for F'S, where FS was the mean value between F'S

tan ¢ stable and F'S unstable. FEM models with reduction

¢= tan " FSO 3) parameters were run with a Python script for Abaqus.
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Figure 4. Scheme of the shear criteria to Mohr-Coulomb: (a) p-q plane, (b) 7-plane [adapted from Helwany (2007)].
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Fourth, the global instability criterion was checked.
This criterion was a rule based on the ratio of the
total plastic dissipated energy of the model to the
total internal strain energy of the model, as explained
above. It is clear that there are many other criteria to
carry out this implementation, including those shown
by Tschuchnigg et al. (2015), Dyson & Tolooiyan
(2018) and Seyed-Kolbadi et al. (2019).

Fifth, the interval of unstable and stable factor of
safety is reduced.

Sixth, the process is performed iteratively until the
difference between the unstable and stable factor of
safety is less than a specified tolerance (AFS=0.01).
Seventh, the factor of safety obtained from the Monte
Carlo simulations are saved in an external file.

On the other hand, implementing the Mohr-Coulomb
criterion into the Abaqus program gives rise to the dilation
angle, which was not used in this study. The value taken
was 0.1.

3.3 FEM models

The ABAQUS version 6.21 was used to generate the
finite element model (FEM) of a slope. A two-dimensional
model was constructed with plane strain because it presents
a good approximation when inside a thick component loaded
only in one plane or when an object is constrained in one
direction by rigid walls. Thus, the equations only allow the
solution in a plane, and the out-of-plane strains are set to
zero (Desai & Siriwardane, 1984). Therefore, the plane strain
approximation is an excellent approximation to some slopes
and centrifuge models, such as those presented in this paper.
An FEM model was developed to obtain the factor of safety F'S
and a displacement analyses in the time. The parameterization
of the FEM model geometry was a function of the physical
model in the centrifuge. The geometry is shown in Figure 3.
CPE4P elements were used in the model (plane strain
quadrilaterals, two dimensions, four nodes with pore pressure
measurement). In addition, the elements concerted near the
slope are small in size for a better response as soon as stresses

85m

—_—
wn

and strains appear. An FEM model was considered saturated
and the water table was placed on the ground.

There are two boundary conditions. The first is a fixed
condition at the base of the FEM model. This fixed condition
does not allow displacements in the x and y directions
(See Figure 5). The second involves the lateral rollers in
the side edges of the model. This condition does not allow
displacements in the x-direction.

Once the geometry of the FEM model is configured, two
analyses are performed. The geostatic stresses are induced
by the introduction of gravity forces within the FEM model
and strength reduction is conducted for FS. Another analysis
was induced by gravity forces and a simulation of 42 days
with consolidation analysis in FEM.

3.4 Create and include random numbers in FEM
simulations

To better understand the behavior of artificial slopes,
the effect of the variability of the geomechanical properties
of the soil was incorporated into the analyses conducted.

This was done through random finite-element analysis
using the well-known Monte Carlo method and an elastic
model with the yield criterion of Mohr-Coulomb. Random
numbers were generated with the statistical parameters
shown in Table 2. Mean values of Table 2 were obtained
from tests shown in Section 2.1. Statistical values were
typical values for fine soils reported by researchers such
as Kirby (1991); Phoon & Kulhawy (1999); Griffiths et al.
(2005); Papaioannou & Straub (2012); Llano-Serna et al.
(2018) and Zevgolis et al. (2018). The influence of variability
on soil properties has been published in the past by Lua &
Sues (1996); Lump (1970); El-Kadi & Williams (2000);
Griffiths & Fenton (2001); Ching et al. (2012); Cai et al.
(2017); Al-Bittar et al. (2018); Bolanos & Hurtado (2022),
among others. These researchers used normal distributions,
lognormal distributions, Monte Carlo analysis, random fields,
and other techniques. Thus, the present paper used lognormal
distributions to generate each geotechnical parameter for
the constitutive model used. Lognormal distributions are

7.0m

m
< NE L
< ><

)
A

7.5m

v

+6.20e-01
+5.69¢-01
+5.17e-01
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+2.58¢-01
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+0.00e+00

Figure 5. Example of an FEM model for boundary conditions and displacement results in the failure condition.
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Table 2. Initial statistical parameters.

Parameter E c
Unit. kPa kPa °
Mean 7500 0.34 5.5 24
Coefficient of variation 0.5 0.15 0.35 0.3
Standard deviation 3750 0.051 1.75 6.9

Data
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Figure 6. Frequency diagrams and probability distribution function of input variables selected: (a) cohesion, (b) friction angle, (c)

elasticity modulus, (d) Poisson’s ratio.

well adapted for major geotechnical parameters (Griffiths
& Fenton, 2001; Baecher & Christian, 2003).

One thousand random numbers were generated for
each geotechnical parameter of the Mohr Coulomb model
following a lognormal distribution (see Figure 6). These
random parameters were incorporated into the FEM model.
The integration was performed by a subroutine in Python
and automatically processed because the Abaqus program
interacts with Python Script. Subsequently, Monte Carlo
simulations were made with geotechnical parameters within
an FEM model. This number was used because it stabilized
the mean and the standard deviation of F'S. Then, with the
implementation of F'S shown in Section 3.2, the value of F'S
was obtained for each parameter set used, as shown below
in Section 4. Another analysis was the influence of time
in displacement for 42 days with transient consolidation.
Two analyses were conducted with the same parameter set.
Finally, important output variables of the problem FS and
displacements were saved in external files. The analyzes in
the following sections were based on these external files.

4. Results and discussion

4.1 Displacements fields using PIV

The displacement vectors and the resultant displacements
of the physical models were obtained using the Particle
Image Velocimetry technique PIV using the GeoPIV_RG
software (Stanier et al., 2016). These analyses were performed
by comparing two images, the first before the test in the
centrifuge and the second after the test in the centrifuge,
simulating 42 days for the prototype scale. Figure 7a and 7b
show the displacement vectors obtained for all models.
This is confirmed when quantifying the displacements
obtained in the physical models. The resultant displacements
were computed and are shown in Figure 7c and 7d. large
displacements were obtained in models with an evident
failure mechanism in the slope’s body. Indicating lower
deformations at greater depths and shifting back movements
to the crown of the slope.
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Figure 7. (a) Displacement vectors obtained with GeoPIV_RG of model number one, (b) displacement vectors obtained with GeoPIV_RG
of model number two, (c) displacement resultants obtained with GeoPIV_RG of model number one, (d) displacement resultants obtained
with GeoPIV_RG of model number two [adapted from Lozada et al. (2022)].

4.2 Main results from random FEM analyses

4.2.1 FS analysis in FEM

The first step was to validate the implementation of
the SRM (see Section 3.2). Validation was conducted to
compare the implementation of SRM in this study and its
implementation in the Plaxis program. The same slope geometry
of the physical model (see Section 3.3) was then transferred
to Abaqus and Plaxis. However, the initial conditions were
changed so that the water table was moved 3 meters below the
crest of the slope. The variation of the initial condition was to
start with /S > 1 because Plaxis does not run to FS< 1. It’s
clear that F'S'< 1 isn’t valid (impossible). However, the initial
physical model was started from an instability condition (see
Figure 2). FS obtained with the implementation of this paper
was 1.237 and with Plaxis was 1.221, then the difference
between the two was 0.016.

The simulation number for the stabilization of the mean
and standard deviation was found based on the validation of the
SRM and using the same method proposed by Haldar & Babu
(2008), Al-Bittar et al. (2018) and Mendoza & Hurtado (2022)
with close to 700 Monte Carlo simulations. The histogram
of FS and distributions of cumulative probability of FS
were obtained from 1000 simulations, as shown in Figure 8.
The statistical values of FS give a mean value of 0.796, a
standard deviation 0of 0.174, and a coefficient of variation of
0.218. In the elastoplastic model with the Mohr-Coulomb
rupture criterion, four parameters were varied (E, ¢, ¢, V)
with the coefficient of variations of 0.15 to 0.5 (see Table 2).
However, the coefficient of variation of all simulations
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was 0.218. This value is between the range of COV used.
The mean value is less than one, so the results coincide with
the experimental tests shown in Figure 2. where the slope
used was unstable for this geometric.

All the parameters of the model with the Mohr-Coulomb
rupture criterion were varied, E, ¢, ¢, v with the coefficient of
variations from Table 2. So, 700 simulations were conducted,
varying each parameter of the model used. This variation was
made to show the importance of each parameter in the FS.
The important parameters in FS are shown in Figure 9 and
compared with variations of all parameters. Figure 9 shows
that important parameters for FS are cohesion and friction
angle. The other two parameters v and £ don’t change the
FSvalue. Table 3 shows the statistical parameters of S with
the variation of cohesion, friction angle, and all parameters,
where mean values are similar for cohesion and friction
angle. However, COV was lower for cohesion.

The important parameters are from rupture criterion
(c and @) for FS. However, these parameters are statistically
correlated because they are from the same test. Nevertheless,
this study assumes that the parameters cannot be correlated
with other parameters or relations because one of the study’s
goals was to observe the influence of each parameter on FS
for slopes. This assumption was made based on Cividini et al.
(1983) and Lei et al. (2017) where the parameter definition
is a relation (i.e., a model) that describes a certain physical
situation using constants. These constants (or parameters)
are often introduced to represent the inherent properties of
materials. It is clear that there may be a statistical relationship
in parameters, but it was not considered in this paper. Some
recently published papers about the dependent parameters
are by Brinkgreve (2005) and Bolafios & Hurtado (2022).
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Table 3. Statistical parameters of 'S with the variation of cohesion,
friction angle, and all parameters.

Standard Coefficient of
Parameter Mean .. ..
deviation variation
c 0.832 0.090 0.108
¢ 0.840 0.130 0.155
All 0.791 0.166 0.210

Table 4. Statistical parameters of F'S for each of the combinations
from the simulations.

Type Mean Star}dgrd Probability of
deviation failure (%)
10c+10¢ 1.230 0.084 0.3148
20c+20¢ 1.192 0.151 10.0668
30c+30¢ 1.147 0.202 23.3812
10c+20¢ 1.209 0.122 4.3224
10¢+30¢ 1.182 0.162 13.0931
20c+10¢ 1.216 0.123 4.0399
20c+30¢ 1.168 0.179 17.2956
30c+10¢ 1.189 0.159 11.8157
30c+20¢ 1.170 0.146 12.2101

Figure 9 highlights that cohesion and friction angle are
important parameters. In addition, the simulations shown
in Figure 8 stabilize a mean and a standard deviation of
the F'S near 500 simulations. The cohesion was changed
to 11.0 kPa for an FS near 1.2. Then, 500 random numbers
were created for cohesion and friction angle parameters.
These parameters were built with a COV of 10%, 20%,
and 30% to see the influence of the parameters on FS and
the probability of failure P, Subsequently, the parameters
generated with different COVs were combined as follows:
10% cohesion and 10% friction angle, 20% cohesion and
20% friction angle, 30% cohesion and 30% friction angle,
10% cohesion and 20% friction angle, 10% cohesion and

s g

0.6F | 1

0.5F : g

0.4t

Cohesion Friction angle All

Parameters
Figure 9. Box-and-whisker plots to S with cohesion, friction
angle, and all parameters.

30% friction angle, 20% cohesion and 10% friction angle,
20% cohesion and 30% friction angle, 30% cohesion and
10% friction angle, 30% cohesion and 20% friction angle.
In total, 4500 simulations were made. Table 4 shows the
main results of the simulations (i, ¢, and Pf).

Figure 10 shows the analysis histograms with equal
COVs of 30%, 20%, and 10%. In addition, the curves of
a normal distribution are placed. This figure showed that
low COVs lead to low standard deviations and almost
constant values of FS. Then, good characterization tests
with calibrated equipment, standardized procedures, and the
same measurement systems should lead to low COVs. Also,
a standardized construction process is an important factor in
reducing standard deviation. These processes lead to a lower
probability of failure, as shown in Table 4.

The results from Table 4 are plotted in Figure 11, which
shows that the F'S changes little with the change of the COV.
Standard deviation increases as COV increases and mainly
with the increase of the COV of cohesion. Thus, a slope with
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Figure 11. (a) Mean and standard deviation of FS from the simulations for the cases studied, (b) probability of failure for the cases studied.

anearly constant S can have a higher P, depending on the
increase in the standard deviation of the shear parameters.
Nadim & Lacasse (1999) and Lacasse & Nadim (2007) showed
that a geotechnical project could have a higher S and a higher
probability of failure than a project with a lower FS and P,
Similar results are found in this study. So, a construction
process with homogeneous materials and standardized tests
can lower the standard deviation, thus lowering the P with
a constant FS. Also, the F'S methodology does not always
guarantee a low probability of failure.

4.2.2 Displacement analysis

A simulated strain analysis for forty-six days was
performed as in the simulation in the geotechnical centrifuge.
However, the most significant deformation occurred in a
few days due to the limitations of the model used, more
information can be reviewed in the studies by Soga et al.
(2016) and Augarde et al. (2021). This analysis is carried
out due to the importance of soil mass displacements in the
neighboring structures. Thus, depending on the deformations,
the failure of the slope at a certain site may or may not be
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important. Limit-state models cannot capture this important
part of a failure analysis. Figure 12 shows the deformations
at the crest of the slope obtained from the Monte Carlo
simulations. Figure 12b shows that most deformations are
less than 0.2 m. However, depending on the parameters,
the displacements of the crest can reach up to two meters.
Figure 12c¢ shows that slopes with low friction angle and
low cohesion tend to have higher displacements. Regarding
the modulus of elasticity, it showed a tendency when there
are higher values of the friction angle where there are lower
displacements with higher moduli (Figure 12d). However,
the displacements presented are not greater than those shown
in Figure 12¢ with respect to low cohesion. In addition,
Figure 12c and 12d compare the displacements obtained
from the simulations with the displacements obtained from
the geotechnical centrifuge tests. This comparison shows
that the displacements obtained with the simulations can be
similar to those obtained in the centrifuge tests for values
close to the parameters obtained experimentally (see Table 2).
These results are valid only for the geometry and parameters
used in the present research. Furthermore, it is assumed
that large crest displacements may indicate large soil mass
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crest versus variability of parameters.

displacements. A contribution of the present research is that
in soil with a low friction angle, it would be essential to
know the cohesion value, even if it is low. Therefore, this
parameter should be characterized in the best possible way
to lower the standard deviation (Phoon et al., 2006).

5. Conclusions

This study presents an innovative procedure to obtain
the impact of the geotechnical parameters in the factor of
safety and deformation by considering the natural variability
of the soil and the variability resulting from the quality of
the tests. The following conclusions can be drawn:

- Theresults of simulations show that the value of the
factor of safety is nearly constant with the change
of COV in the geotechnical parameters. Standard
deviation increases with COV and mainly with the
increase of the COV of cohesion. Thus, a slope with
anearly constant FS can have a higher P ’ depending
on the increase in the standard deviation of the shear
parameters. Thus, a slope could have a higher F'S and
a higher probability of failure than a similar slope
with a lower FS and P, An FS methodology does
not always guarantee a low probability of failure.

An alternative can be a good characterization of the
materials and a standardized construction process to
lower the standard deviation, thus reducing the P,

- All parameters of the elastoplastic model with the
Mohr-Coulomb rupture criterion were varied. The
crucial parameters in £ are cohesion and friction angle.
Displacements of the crest show that slopes with low
friction angle and low cohesion tend to present greater
displacements. The modulus shows a trend when friction
angles are high, but displacements are low.

- Thedisplacements by the FEM simulations are within
the limits of the displacements obtained from the
geotechnical centrifuge tests. Also, FEM simulations
can capture slope stability (factor of safety) in
centrifuge tests of slopes. Thus, FEM simulations
are a good method to capture the behavior of slopes
with the variability of geotechnical parameters.
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List of symbols

c cohesion of the soil

B width of the models

COV  coefficient of variation

E elasticity modulus

FEM  finite element models

FS factor of safety

H Height of the models

L Length of the models

LAS  local averaging subdivision

N length scale in centrifugal model.
P, probability of failure

PIV particle image velocimetry technique

RFEM random finite element method
SRFEM strength reduction finite element method

SRM  strength reduction method
n Poisson’s ratio

c, normal stress

T shear stress of the soil

¢ friction angle of the soil
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