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A B S T R A C T

Due to the economic importance that railways systems have in Europe, it is pertinent to ensure good
performance and long-term safety. Failure of earth structures (e.g., slopes) often results in major economic
consequences, and it is a result of the uncertainties associated with these structures and their failure modes
due to a given hazard. Nowadays, different methodologies can be used to assess slopes during operational
phases, but often the required information to achieve a reliable assessment may provide the methodologies
inapplicable, especially when assessing multiple assets. This research uses methodologies that have been
implemented in the industry and adapts them to a probabilistic approach toward risk assessment, supported
by the implementation of kriging surrogate model, thus improving its reliability while maintaining the same
level of information and computational cost required for its application. A soil cutting located in the Lisbon
(Portugal) was selected as case study. Seismic fragility curves are obtained, and a moderate risk level is
obtained. The derived fragility curves are based on peak ground acceleration and were developed for different
combinations of geometric and geotechnical parameters. The methodology provides useful information for
prioritizing assets and taking preventive actions to maintain the desired performance of the railway system.
1. Introduction

Railway systems are significant, and thus the effects due to failures
of its assets are of utmost relevance. Asset management is key to
maintaining the desired performance level. One of the many ways used
in the industry is to prioritize interventions, to reduce risk related to
failure according to a risk assessment due to a specific failure mode
of a given asset under an expected hazard (Papathanasiou and Adey,
2020, 2021). Failure of earthwork often results in significant damage
to the railway system. Thus, management for maintaining the desired
performance is of utmost importance (Power et al., 2016).

Currently, there is a wide range of techniques for the assessment of
slope stability during the construction phase, but there are not enough
methodologies that can be applied during the operational phase. More-
over, it is important that these methodologies work using information
that can be easily obtained from inspections, monitoring, or indirect
sources (Pinheiro et al., 2015).

Nowadays, the available methodologies for the assessment of slope
stability can be organized into different categories, which the most
common are either semi-quantitative (Pinheiro et al., 2015; Ersöz and
Topal, 2018; Zhang et al., 2018) or quantitative (Cheng et al., 2018; Li
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et al., 2017; Tang et al., 2018), which the latter usually require more
detailed information about the case study and specialized professionals.
Likewise, these methodologies can have a deterministic (Pinheiro et al.,
2015; Ersöz and Topal, 2018; Zhang et al., 2018) or probabilistic
approach (Cheng et al., 2018; Li et al., 2017; Tang et al., 2018; Dyson
and Tolooiyan, 2019; Liu et al., 2020; da Silva, 2015; Wang et al.,
2020). In the deterministic approach, while useful for faster assessment
of a given asset, do not provide a full description of the behavior of
the case study because the failure probability is heavily affected by the
uncertainties (e.g., parameter, model) and the quality of the data used
as inputs (da Silva, 2015).

The following methodologies are used for the assessment of slope
stability and are based on empirical methods (Pinheiro et al., 2015;
Ersöz and Topal, 2018; Zhang et al., 2018), analytical methods (Li et al.,
2017; Tang et al., 2018; Liu et al., 2020) or numerical methods (Cheng
et al., 2018; Dyson and Tolooiyan, 2019; Wang et al., 2020). Each
one of them has its own advantage in terms of the reliability of the
output and the quality and amount of information needed to perform
it. Additionally, it may also depend on the type of slope that is going
to be studied, e.g., rock (Pinheiro et al., 2015; Ersöz and Topal, 2018;
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Cheng et al., 2018) or soil (Zhang et al., 2018; Tang et al., 2018; Dyson
and Tolooiyan, 2019; Liu et al., 2020; Wang et al., 2020). That, in
combination with a given hazard, such as rainfall (Zhang et al., 2018;
Tang et al., 2018) will allow identifying the failure mechanism, like slip
surface (Li et al., 2017; Dyson and Tolooiyan, 2019; Liu et al., 2020;
Wang et al., 2020) or planar failure (Ersöz and Topal, 2018).

Different methodologies have their own advantages, and it is com-
monly agreed that semi-quantitative methodologies based on empirical
knowledge are faster and more widely used for maintaining a constant
assessment of assets. In Portugal, The Slope Quality Index (SQI) was
developed and implemented to aid the asset management of roadway
systems, particularly to assess the stability of rock slopes (Pinheiro
et al., 2015). Later, some modifications to this methodology were
implemented to consider the uncertainty of the input by assuming
parameters as random variables (da Silva, 2015).

Representing the spatial variability of properties in soil slopes is
complex and requires high computational time and effort. Several
approaches have been implemented for stability analyses using 2D
and 3D numerical models (Dyson and Tolooiyan, 2019; Wang et al.,
2020; Bardhan and Samui, 2022; Liu et al., 2018; Li et al., 2019).
However, these approaches achieve an accurate representation of the
spatial variability problem at the cost of high computational demand
which when applied to a network with multiple assets would not be
practical (Jiang et al., 2022).

Surrogate modeling techniques have been employed to address
slope stability problems involving various failure modes. In Ji et al.
(2017) a surrogate model based on the least-squares support vec-
tor machine was introduced for probabilistic analysis, emphasizing
the importance of experimental design in enhancing the predictive
capabilities of the surrogate model.

Recently, there have been advancements in the field of reliability
analysis for slope stability. Ji et al. (2019) proposed an inverse first-
order reliability method, which utilizes a limited number of finite ele-
ment models to achieve convergence and attain a desired performance
considering material uncertainties. Study focused on rotational dis-
placement of slopes subjected to seismic hazards have been considered
for reliability analysis (Ji et al., 2020, 2021).

Fragility analysis considering uncertainties of mechanical and geo-
metric properties have been applied to the study of fragility of slopes
considering different hazard scenarios (Rossi et al., 2021; Tsompanakis
et al., 2010; Wu, 2015). Seismic fragility has been performed using
different approaches that require great computational cost like incre-
mental dynamic analysis (Hu et al., 2019). However, methods using
analytical solutions based on circular sliding surfaces have been applied
with satisfactory reliability and less computational demand (Wu, 2015).

Likewise, risk-based methodologies that offer more precise infor-
mation about the failure probability and risk level are usually more
demanding in terms of computational power, specialized human re-
sources, and quality of information (Cheng et al., 2018; Tang et al.,
2018). Regardless of the different probabilistic methods used for risk
analyses of slopes. Monte Carlo-based methods are still widely used due
to the reduced computational cost of simulation methods like surrogate
models (Bardhan and Samui, 2022; Jiang et al., 2022).

The present case study aims to a simplified approach to the prob-
abilistic analysis of slope stability while using surrogate modeling
techniques, that could be used to ease the computational process of
more detailed analyses of critical structures within the network. The
present paper is structures as follows. Section 2 contains an overview of
the general methodology for risk assessment. Sections 3 and 4 explain
the characteristics of the selected case study and the application of
the methodology. Finally, conclusions drawn during the research are
2

presented.
2. Methodology

Risk-based methodologies for the analysis of railway structures
have been implemented before. In which the risk is computed using
different strategies where first the occurrence of an event is computed
(e.g., failure) and then assessed against the consequences associated
with the event (da Silva et al., 2017; Pardo, 2009). Therefore, risk
can be defined as a measurement of uncertainties that can harm a
specific asset. Thus, a probabilistic approach was selected, allowing the
consideration of parameter uncertainties in the assessment of the asset.

Generally, during a risk assessment, three parameters are used to de-
scribe risk, which usually are hazards, vulnerability, and consequences,
where they are related to the probability of a given hazard to occur, the
susceptibility of a system to be affected by a given hazard, and to the
quantification of the effects, respectively (Pardo, 2009).

2.1. The Slope Quality Index (SQI)

The slope quality index was developed as an empirical system to
obtain a quality index of rock slopes in road infrastructures, which
varies between 1 and 5, corresponding to slopes in very good and very
bad condition states. Finally, a qualitative classification of a risk level
can be inferred based on the final value of the index (Pinheiro et al.,
2015).

For the computation of the index, factors related to slope stability
are assessed. Each of these factors is estimated using a combination of
several parameters evaluated in the same SQI range. The weight of each
factor and parameter, which represents the importance and influence
on slope stability, was defined based on a survey performed on a group
of professionals actively working in the field of slope stability. These
factors and parameters were defined based on extensive research, and
intervals for each parameter were defined based on existing references
and experts’ experiences (Pinheiro et al., 2015).

The SQI uses a deterministic approach, to reduce the uncertainty
in the input, a modification of the base methodology where triangu-
lar probabilistic distributions were considered for some parameters,
this approach showed that even by including some limited probabilis-
tic framework the risk assessment would be greatly improved thus
allowing for a better representation of the slope (da Silva, 2015).

The present study aims to improve the methodology but includes
a more accurate representation of parameter uncertainties while main-
taining a suitable level of complexity so it can be easily applied for
the assessment of the slope structures within the Portuguese railway
network.

2.2. Adapting to a risk framework

The SQI provides a qualitative risk assessment, nevertheless, there
are some limitations on its assessment because of it deterministic
approach. To better represent the uncertainties associated to the asset,
some of the parameters used in the SQI methodology are selected and
will be employed for the probabilistic analysis in different categories of
the risk assessment as presented in Table 1. Moreover, parameters not
included in the SQI methodology might be added to better represent
the asset conditions. Parameters related to the geometry, materials,
and state of the slopes are used in the first category related to the
vulnerability of the slope. Three main hazards are considered: earth-
quakes, saturation, and loading, which can be related to parameters
inside the SQI methodology and more hazards. For the assessment of
the consequences, parameters that can be related to the importance of
the railway in proximity to the slope are selected and will be assessed
within the same range defined by the SQI methodology (from 1 to 5,
where 5 is the most unfavorable scenario).

Some parameters from the SQI parameters are adapted to better fit
the necessities of the case study. The main difference can be associ-
ated with the SQI being developed for rock slopes. Thus, information
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Fig. 1. The proposed risk matrix for the probabilistic assessment of slopes based on the SQI methodology.
Table 1
Adapted parameters from the SQI methodology to a risk-based approach.

SQI range Risk-based

Factors/Parameters Hazard Vulnerability Consequences

Slope height Slope height
Slope angle Slope angle
Distance to railroad Distance to railroad
Geological Soil-type

Soil-unit weight
Soil-cohesion
Soil-friction angle

Drainage systems Water table depth
Seismic zones Seismic zones
Traffic-maximum speed Traffic-maximum speed
Traffic-average daily traffic Traffic-average daily traffic
Overload Overload
describing the rock formation was modified to parameters that better
describe soil slopes (e.g., Soil type and mechanical properties) which
are also present in other methodologies designed for soil slopes (Remé-
dio, 2014). Moreover, the main source for stability assessment in the
SQI is empirical classification systems, such as Rock Mass Rating, Q,
or SMR (Todd, 2014) which are replaced by the 2D limit equilibrium
model, an analytical approach that assesses the stability of the slope
using a security factor obtained by resolving acting forces on the
slope (Bishop, 1955).

Risk is often defined by the probability of failure times the mean
value of the consequences associated with a particular failure
mode (Jiang et al., 2022), in this study this approach was represented
by a risk matrix that was based on the consequences and probability
of occurrence indexes (Fig. 1), these approach has been widely used in
different methodologies for the assessment of railway systems (da Silva
et al., 2017; Pardo, 2009).

The probability of occurrence is related to the frequency at that
events occur, and it relates to the failure of the slope due to a given
hazard and its probability of occurrence, i.e., hazard and vulnerability.
The level of probability of occurrence was assessed in a 1 to 5 range
( Table 2) based on the results from the probabilistic stability analysis
and hazards assessed. The latter is related to the consequences resulting
from the effects that the failure of the structure has on the railway, and
this is why consequences are considered mainly with parameters of the
railway. Some of these parameters are the maximum speed, number,
and width of the detour routes, and the importance of the route. Table 3
shows an example of the classifications used to qualitatively assess
consequences in the example.
3

Table 2
Occurrence probability classification.
Source: Obtained from Pardo (2009).

Occurrence level Probability [%]

1 <0.01%
2 [0.01%-0.10%]
3 [0.10%-1.00%]
4 [1.00%-10.00%]
5 >10.00%

The final goal of the risk assessment is to aid the asset manage-
ment decision-making process for the mitigation or avoidance of the
consequences associated with a failure event. For the planning of inter-
ventions, a complete analysis of the impacts associated with an asset
state should be conducted. Nevertheless, the requirements and costs,
e.g., detailed data, complex methods, and time, associated with a de-
tailed risk analysis, may be inadequate for its implementation in the full
length of the railway network (Papathanasiou et al., 2020). Therefore,
an easy-to-implement risk-based methodology may allow identifying
the assets that may require more detailed analysis, thus optimizing the
available resources. To achieve this risk levels were implemented based
on a review of commonly used methodologies (da Silva, 2015; da Silva
et al., 2017; Pardo, 2009), and five different levels of risk are defined
and represented in a risk matrix depicted in Fig. 1:

• RL1 (the lowest risk level) represents an acceptable risk where
an accident may occur with little to no consequences and no
immediate interventions are required.
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Table 3
Example of the level of consequences, classification, loading and importance of the railway.
Source: Adapted from Infraestruturas de Portugal (2021), Sventekova et al. (2021).

Level of consequences Classification Load/axis Importance

1 A until 16T Single-track railways for passenger transport
2 B1, B2 until 18T Secondary lines with simplified traffic
3 C2, C3, C4 until 20T Secondary lines of regional importance
4 D2, D3 until 22,5T Other main lines with trans-regional transport
5 D4 above 22,5T Main lines of great economic and social importance
Table 4
Probabilistic distribution used to represent variability in geotechnical and geometrical parameters.

ID Symbol Description Category Units COV (%) Type Reference

1 SA Slope angle Geometry ◦ 6 Gaussian Martinović et al. (2016)
2 SH Slope height Geometry m 14 Gaussian Martinović et al. (2016)
3 𝛾 Unit weight Soil parameter kN/m3 5 Lognormal Vrouwenvelder (1997)
4 c Cohesion Soil parameter kPa 10 Lognormal Vrouwenvelder (1997)
5 𝛷 Friction angle Soil parameter ◦ 10 Lognormal Vrouwenvelder (1997)
• RL2 represents a tolerable risk where an accident may occur with
a moderate impact which may be controlled by the current level
of maintenance, and monitoring is advised.

• RL3 represents a state where moderate impacts may evolve to
severe consequences if no actions are employed to maintain the
desired performance of the asset.

• RL4 represents a high-risk scenario where the frequency or the
severity of accidents may develop critical impacts on the normal
performance of the asset. Immediate actions and more detailed
analyses are advised to go return to a lower risk level.

• RL5 represents the highest risk scenario and immediate action,
and detailed analyses are required due to the high cost related to
the possible consequences of an accident.

. Probability analysis

Deterministic approaches have limitations when assessing the con-
ributions of the uncertainties when assessing risk in assets (Papathana-
iou and Adey, 2020). The first step in the risk-based analysis is to
erform a probabilistic analysis to estimate the failure probability.

.1. Case study

The case study selected under the Ferrovia 4.0 project is in Con-
ordância de Xabregas (Fig. 2), a segment of the Portuguese railway
ystem, located in Lisbon. The slope is located on the right side between
K 8614 and PK 8720. The selection of the case study was based on
he importance that the track segment has since it is used by freight
rains within the Linha da Matinha (Port of Lisbon) coming from the
arious locations on the Linha do Oeste (Martingança, Ramalhal, etc.),
nd by CP (Comboios Portugal) Regional for transit from the terminal
n Santa Apolónia destined for the Linha do Oeste. On this single
ine, different trains transit for the transport of goods and passengers,
eaching up to 400 per month, where the CP series 592, 0450, 2300,
500, and 2240 stand out, which constitute the largest number of trips,
ave a maximum circulation speed up to 120 km/h and is aimed at
ransporting passengers on interregional and urban trips. This segment
f the railway network has a classification of D2, with a load capacity
f 22.5T/axis and a transit velocity under 50 km/h according to the
ational Railway Plan (Infraestruturas de Portugal, 2021).

The slope geometry is defined by an inclination between 45◦ and
0◦, a maximum height of 8 m, and 2 meters from the lower rail.
he slope material consists of layers of marly limestone and limestone
andstone (calcários margosos e grés calcários, in Portuguese), and its
esistance parameters were obtained from de Sousa (2017). The rectan-
ular drainage system can be found on the track deck. Furthermore, in
he last 5 years, there have been no records of geotechnical anomalies
n the slope.
4

3.2. Stability model

An analytical approach based on limit state equations was used
to assess the stability of the slope. The Bishop simplified method
(BSM (Bishop, 1955)) was selected and implemented using a MATLAB
script to achieve a faster integration with the probabilistic analysis.
Moreover, it has been determined that the results obtained from the
BSM do not differ from the ones obtained from methods that satisfy
more equilibrium conditions (Malkawi et al., 2000; Habibagahi and
Shahghotian, 2002).

BSM computes the stability of the slope by dividing it into slices
following a circular slip surface, which can be assumed without com-
promising the accuracy of the results unless geological conditions affect
the shape of the surface (Habibagahi and Shahghotian, 2002; Kim and
Salgado, 2009). Moreover, the Swedish circle method was used as a
backup method to verify and to validate the results obtained from the
BSM (Kim and Salgado, 2009; Knappett and Craig, 2012). A safety
factor (FS), the ratio between the ultimate resistance and the total load
applied, was used to quantify the stability of the slope.

Since the Lisbon region is among the most critical regarding seis-
mic hazard, it was selected as the focus of this research. Thus, to
represent the seismic action in the probabilistic analysis, pseudo-static
coefficients, based on the seismic zones within the Eurocode (British
Standards Institution, 1996), were implemented. Moreover, the water
level was considered to better represent saturated materials. Finally, in
the script it is possible to include overloads applied on the crown of the
slope.

3.3. Variable definition

The composition of slopes is always changing, and some of their
properties may be altered with time. Moreover, these are structures
with heterogeneous behavior. It has been determined that uncertain-
ties related to mechanical properties and pore pressure are the most
influential when assessing the stability of a slope (Habibagahi and
Shahghotian, 2002). Thus, parameter uncertainties were considered.
The relevance of considering uncertainties and their correlations re-
lated to soil mechanical properties has been studied for different assets
when performing reliability analyses (Cheng et al., 2018; Aladejare and
Wang, 2018). Different values of the correlation coefficient for different
combinations of soil parameters (e.g., unit weight, cohesion, and angle
of friction) have been identified (Wu, 2013). The Gaussian copula was
used to represent the dependence of soil random variables. In Table 4,
the distributions used for the geometrical and geotechnical parameters
can be found.
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Fig. 2. Case study.
Fig. 3. LHS sampling for the random variables used for the probabilistic analysis.

3.4. Hazard scenarios

Determining the water table level in slopes, in most cases, is chal-
lenging. To consider the influence of this uncertainty in the method-
ology, the water table level was included as a random variable with a
normal distribution (Shadabfar et al., 2020). To represent the loading
of the railroad, the model LM71 was proposed by the Eurocode (British
Standards Institution, 1996), and a normal distribution with COV of
15% was assumed, as recommended by Matos et al. (2019).

Seismic hazard was described in the analysis by using the peak
ground acceleration (PGA) as the intensity measure. When assessing
the stability of the slope values of PGA are used to compute the
pseudo-static coefficients, according to the Eurocode (British Standards
Institution, 1996). The values used for the fragility analysis are within
a range from 0 to 1 g in increments of 0.05 g

Therefore, for the analysis of the case study, the saturation of the
soil and loading of the slope were considered as random variables. The
hazards considered are based on the project conditions according to the
description of the case study. Thus, a set of random variables is defined
using UQlab, a general-purpose Uncertainty Quantification framework
running on MATLAB (Marelli and Sudret, 2014), then by using the Latin
5

Hypercube Sampling method (LHS), a sample of the random variables
is obtained (Fig. 3).

3.5. Surrogate modeling

Surrogate modeling techniques, applied to limit state analysis, have
been used for the assessment of assets in railway networks (Cabanzo
et al., 2022). A combination between kriging surrogate models and
subset simulation (AK-SS) has been proven to be efficient in describing
non-linear limit state functions (Guimarães et al., 2018). Therefore, a
Kriging surrogate model using UQlab, by Marelli and Sudret (2014),
was created and validated based on the random variables previously
defined. The surrogate model uses a universal trend type, an anisotropic
ellipsoidal Matérn 5/2 correlation function, used to define the Gaussian
process and cross-validation estimation method. For the validation of
the surrogate model, the leave-one-out method was used (Hastie et al.,
2009).

The surrogate model is used to assess the stability of the slope
in terms of FS. A sampling is generated, to obtain the probabilistic
distribution of the FS using the MC sampling method. In Eq. (1), the
stopping criterion for the LHS is shown and states that the standard
error of the mean (𝑆𝐸𝑀) should be less than 1% of the mean (Schuyler,
1998).

Equation 1. Monte Carlo stopping criteria. Obtained from Schuyler
(1998).

𝑆𝐸𝑀 = 𝑠
√

𝑛
< 1%𝜇 (1)

Where 𝑠 is the standard deviation, 𝑛 is the number of trials of the
sample, and 𝜇 is the mean value. Convergence with negligible fluc-
tuation was obtained by employing around 3000 experiments. Fig. 4
shows the range of critical slip surfaces, toe failure and the minimum
and the maximum FS, obtained for each experiment within the sample
are presented.

Finally, the probabilistic distribution is fitted to the histogram of
minimum safety factors obtained for each value of PGA (Fig. 5). A Gum-
bel distribution was selected based on the Anderson–Darling test (Anon,
2008).

3.6. Failure probability

To evaluate the reliability of the structure, the limit state function
(Eq. (2)) 𝐺 was introduced to UQlab, using the capacity curve, 𝑅
obtained from the probabilistic distribution of the FS and the Eurocode
loading curve 𝑆 defined by a Gaussian distribution of mean 1 and COV
15% (British Standards Institution, 1996)
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Fig. 4. Critical slip surfaces obtained in the probabilistic analysis.

Fig. 5. FS histogram and fitted Gumbel distribution obtained in the probabilistic
analysis.

Equation 2. Limit state function.

𝐺 = 𝑅 − 𝑆 (2)

The failure probability was obtained by employing subset simula-
tion (Au and Beck, 2001). As can be observed in Fig. 6, three subsets
are defined to achieve convergence for the failure probability for the
case study.

4. Fragility analysis

4.1. Sensitivity analysis

To better comprehend the impact of each random variable on the
FS, a sensitivity analysis was performed and since some present correla-
tion, the analysis of covariance (ANCOVA) was used (Xu and Gertner,
2008). Fig. 7 shows the results obtained from the sensitivity analysis
for the case study considering the seismic coefficients for pseudo-static
analysis defined in the Eurocodes (British Standards Institution, 1996).
As expected, the parameters with the most influence over the FS are
the slope height and the resistant properties of the soil material.
6

Fig. 6. Graphical representation of the subset simulation, where 𝑅 is the resistance
curve and 𝑆 represents the loading curve.

Fig. 7. Input variables sensitivity analysis and ANCOVA correlated and uncorrelated
indexes.

The sensitivity analysis divides the uncertainty contribution of each
parameter between uncorrelated and correlated contributions. As ex-
pected, the soil properties are more heavily influenced by the corre-
lation (i.e., the magnitude of the correlated indices is higher than the
uncorrelated ones). For the other parameters, it can be concluded that
the correlation among input variables has only a weak effect on the
response of the sensitivity analysis. Consequently, the parameter with
higher contributions (above 0.2) to the stability of the slope are selected
for a parametric analysis.

4.2. Fragility curves

Fragility curves are often obtained to correlate an intensity mea-
sure from a given hazard, with expected damage of the structure,
e.g., collapse, by using exceedance probability and it is often charac-
terized by a lognormal distribution. Where 𝛷(⋅) represents the standard
Gaussian cumulative distribution function, 𝛼 is the median and 𝛽 is
the log-standard deviation represented by two coefficients, as seen
in Eq. (3).
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Fig. 8. Fragility curve of the soil cutting selected as case study.

Equation 3. lognormal distribution used for the fragility curves.

𝐹𝑥(𝑥) = 𝛷
(

𝑙𝑛(𝑥 − 𝛼)
𝛽

)

(3)

Fig. 8 shows the fragility curve obtained for the soil cutting selected
as case study, considering PGA values between 0 g and 1 g. Failure
probability increased with the peak ground acceleration due to its
direct impact on the pseudo-static coefficients used in the stability
analysis. It can be observed that the slope has a low probability of
collapsing for values of PGA less than 0.2 g, which represents the
maximum value in most Portuguese areas according to the Eurocode.
Analyzing different seismic intensities may provide useful information
for the decision-making process involved in asset management.

4.3. Parametric analysis

4.3.1. Slope height 𝑆𝐻
Height was the parameter with highest influence on the FS of the

slope, and as expected variation in height can have a drastically effect
on the probability of failure of the slope. Fig. 9 presents the failure
surface in which it can be observed an increase in the probability
of failure with the height of the slope. It was found that for values
above 30 m there is no influence in the fragility curves due to its high
probability of failure for lower values of PGA (less than 0.2 g). It can
be concluded that the failure probability is heavily affected by changes
in height specially between the range of 8 and 15 m, thus making the
proper characterization of the geometry of the slope key for a good
assessment.

4.3.2. Soil mechanical properties
Soil resistance parameters are also relevant for the stability of the

slope and as expected, they present a similar behavior, with increases
in either the cohesion 𝑐 or the friction angle 𝛷 the failure probability
decreases considerably. Figs. 10 and 11 show that at difference with
the geometrical parameters the relation proportional to the failure
probability.

5. Risk analysis

5.1. Probability of occurrence index

The case study is located within the Lisbon area which presents
a seismic area 1.4 and 2.3 for types I and II actions, accordingly,
7

which translates to a maximum PGA of approximately 0.17 g (British
Standards Institution, 1996). Thus, the probability of failure can be
determined from the fragility curve obtained for the case study. To
obtain the index related to the probability of occurrence, the failure
probability is computed with the likelihood of the seismic event, from
the Eurocode, and then is categorized accordingly in Table 2, given an
index of 3.

5.2. Consequences

There are many consequences associated with an event, failure of
an asset may lead to accidents, delays and over costs associated with
intervention processes. When there is an event, there are consequences
to the owner of the railway system related to the interventions needed
to ensure the desired performance level. Moreover, users may also
be affected in the form of accidents, delays, and discomfort, among
others (Papathanasiou and Adey, 2020).

In assessing the consequences, the parameters of the railway were
considered as well as the operating conditions of the trains. The param-
eters considered are namely, the number of train tracks, the maximum
speed of the train, the number of alternate routes and added distance,
and the importance of the railway, giving an index of 4.

5.3. Risk assessment

The risk level that each slope presents is determined by the combi-
nation of its occurrence probability and consequences after failure and
is therefore represented by the position of the slope on the risk matrix.
Because fundamentally, risk assessment is used to aid the decision-
making process based on the consequence of a potential failure as
well as its likelihood (Power et al., 2016). In this scenario, an RL3
is obtained for the case study, see Fig. 12, based on the level of
consequences (4) and the level of probability (3), representing a state
where moderate impacts can evolve into serious consequences if no
action is taken to maintain the desired performance of the asset.

This methodology provides an alternative to assess the risk of assets
while maintaining the same information required for the ones that have
been implemented in the industry, which allows identifying the assets
that could benefit from a more detailed assessment to improve the
estimates of risks, costs, and consequences while providing an adequate
representation of the hazards in terms of intensity and likelihood.
Furthermore, it may provide the tools for prioritization of assets that
need to be intervened, which may be achieved by comparing the
reduction in risk after an intervention is implemented.

6. Conclusions

The proposed methodology has significant interest for the man-
agement of slopes in the scope of transportation infrastructures by
providing a realistic evaluation of slopes not only to identify the slopes
with high risk but also to allow monitoring of the overall condition of
the slopes network. Moreover, this new modification to a system that
is already being used in the industry, like the SQI index, may provide
an alternative providing an assessment based on risk analysis without
increasing the amount of information needed.

The example investigated in this paper show that considering un-
certainties in different levels of the risk assessment can significantly
increase the probability of failure of slopes that may have different
geometries and geological conditions. The proposed method can effec-
tively consider the effects of the above factors on the risk assessment
of slopes.

The probability of failure associated with a critical slip surface
(e.g., no parameter uncertainties) as expected, is smaller than the one
obtained by a system that contains multiple slip surfaces, resulting

from the considered parameter uncertainties, which may provide a
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Fig. 9. Fragility analysis for height variation.

Fig. 10. Fragility analysis for soil cohesion variation.

Fig. 11. Fragility analysis for soil friction angle variation.
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Fig. 12. The risk matrix was assessed on levels obtained for the case study.

more reliable result where an absolute sliding surface may be hard to
define (Habibagahi and Shahghotian, 2002).

Information from the case study could be integrated with data
collected from monitoring, thus allowing constant assessment, and sup-
porting asset management in the decision-making process. Moreover,
if enough information is available the probabilistic distributions for a
given parameter can be better represented in the analysis thus greatly
improving the quality of the analysis.
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