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Abstract: Among measures that are used to prevent the triggering of shallow landslides and for
erosion control, root reinforcement has spread out widely as its contribution to environmental
sustainability is high. Although in recent years reliability-based design (RBD) has been applied
increasingly to the assessment of slope stability to address the shortcomings of the deterministic
approach (which does not consider geotechnical uncertainties explicitly), there is still a lack in the
application of this method to root reinforcement. Plants are characterised by high inherent uncertainty,
making it necessary to investigate the level of reliability of these soil-bioengineering techniques. In
this context, to determine whether or not root-reinforced slopes designed according to Eurocodes
(that is, by applying their statistical partial factors), and providing satisfactory factors of safety, may
lead to a probability of failure that is, in contrast, unacceptable, the Authors carried out several
probabilistic analyses by using Monte Carlo simulation (MCS). MCS was applied to the simplified
Bishop Method modified to bear pseudo-static forces representing earthquake loading in mind. To
take into account the mechanical effect provided by roots, an apparent root cohesion was added to the
Mohr–Coulomb failure criterion. Results showed that not every slope configuration that satisfies the
safety criterion has acceptable levels of reliability, and this evidence is caused by the high variability
of the design parameters.

Keywords: root reinforcement; probabilistic method; reliability; shallow landslides; slope stability
analysis

1. Introduction

Earthquake-induced landslides have been drawing increased attention from both the
authorities and the international scientific community due to the enormous damage they
have caused in terms of casualties and the cost of restoring structures and infrastructures.
The geomaterials in earthquake-induced landslides are usually made of several granular
particles whose movement type starts from sliding and then becomes flow-like after moving
a short distance. For this reason, these phenomena do not provide any warning, are
challenging to monitor, and often mobilise large volumes at high speed, exhibiting long
run-out distances [1]. Therefore, there is a need and a huge push for a protection policy
which adopts risk mitigation measures from natural disasters that are sustainable both on
the environmental and the economic and social sides.

Among risk mitigation measures, protection works are used to reduce the potential
damage due to shallow landslides. In this case, to design mitigation measures correctly,
it is crucial to evaluate the impact force caused by the flow; usually, small- or full-scale
flume tests are used for this purpose [2–6] without neglecting the similarity criteria with
natural phenomena that need to be satisfied for the results to be acceptable. As a measure
to prevent the triggering of shallow landslides and for erosion control, reinforcement with
vegetation has spread out in the last decade [7–12] due to its remarkable contribution to
environmental sustainability. At the same time, in addition to fulfilling the function of
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mitigation for fragile inland and mountain areas, these soil-bioengineering technologies
allow the naturalisation of anthropogenic areas with a consequent reduction in terms of
environmental impact (compared to more traditional engineering works).

According to recent studies, mechanical and hydrological effects developed by veg-
etation increase the soil shear strength of the rooted thickness [13–19]. Concerning the
hydrological effect, vegetation regulates the infiltration of meteoric water into the ground
intercepting it partly through its epigeal part that slows down the surface runoff velocity
and partly by absorbing it with the roots. Moreover, vegetation influences the water transfer
between soil and the atmosphere through transpiration and evaporation processes, reduc-
ing the volumetric water content and increasing soil suction, with a consequent reduction
in soil permeability and an increase in the soil shear strength [15,20–23]. To understand the
mechanical effect, the rooted soil is assimilated to a composite material consisting of fibres
with high tensile strength (roots) embedded within a matrix provided with compressive
and shear strength (soil). When the soil is subjected to a shear strain state caused by the
relative sliding of the grains along a potential failure surface, the shear stresses developing
in the soil matrix elongate the roots, mobilising a tensile stress state that increases the
rooted-soil shear strength. Roots intersecting potential failure surfaces act like anchors in
the resistant zone, developing soil–root interaction mechanisms that are widely known
in the context of soil reinforcement with geosynthetics [24–38], such as: (i) skin friction
between soil and the lateral surface of the roots, and (ii) passive resistance developing due
to the root architecture (resistance mobilised in correspondence with the branched portions
placed crosswise to the pullout direction). This implies that roots contribute to the shear
strength increase as long as the rupture limit conditions are reached by achieving the tensile
strength of the individual roots or by pulling them off the soil matrix. Pullout failure is not
very common given the complex morphological configuration of the root system, as well
as the modification that the soil original structure experiences due to exudates secreted by
the roots.

In the first part of the paper, the Authors carried out slope stability analyses for
root-reinforced slopes designed by using the deterministic approach with the statistical
partial factors of the Eurocodes, to use the results as a benchmark to be compared to the
subsequent probabilistic analyses.

The deterministic approach has been widely used in geotechnical design [39–46],
although it has a limitation in not considering geotechnical uncertainties explicitly. At
present, however, most of the design recommendations or regulations in force are based on
the semi-probabilistic concept that uses partial factors on actions, as well as geotechnical
parameters and resistances (known as “Load and Resistance Factor Design” in the US,
and “Limit State Design” in Europe). The principle underlying this approach is to treat
uncertainties directly at the source by introducing the characteristic and design values,
which are provided with statistical tools. Failure probability relates to the overlap of load
and resistance uncertainty distributions [47]. Therefore, partial factors make it possible to
quantify how much each parameter contributes to ensure that the probability of failure
does not exceed the established design value. For instance, according to Eurocode EC7 [48],
the current partial factors for geotechnical design generally correspond to a probability of
failure of 10−3 for earth works and retaining structures and 10−4 for foundations.

In recent years, reliability-based design (RBD) has begun to be increasingly applied to
the assessment of slope stability to address the shortcomings of the deterministic approach.
Specifically, reliability-based design is a tool that allows the designer to calculate the skill
of a structure to fulfil those conditions for which it has been designed [49].

In a rooted soil, the factors contributing to the reinforcement are the tensile resistance of
the roots and their spatial distribution within the soil; influence of these factors depends on
various aspects ranging from the geometric, biochemical, mechanical, and morphological
characteristics of the root system [50,51] to the geotechnical and biochemical characteristics
of the soil in contact, to the use of the soil and other environmental peculiarities (climatic
characteristics, nutrients, plant age and health, growing location, etc.). All of this involves
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a high variability in the spatial distribution of the roots and their tensile strength so that
the identification of the characteristic parameters to be used together with the partial
factors to derive the design parameters is conditioned by uncertainties that cannot be fully
taken into account. This entails that, at present, the design of risk mitigation measures
by using vegetation may not satisfy the reliability criterion required by the Eurocodes
(i.e., a factor of safety FS = 1 may not necessarily imply that the probability of failure
does not exceed the established design value). Therefore, it is pretty necessary to use
reliability-based design for vegetation-reinforced slopes to investigate whether or not the
combination of the uncertainties related to the variability of soil with the even greater
uncertainties related to vegetation ensures that this bio-engineering solution remains
efficient in the context of reliability. For this purpose, a probabilistic slope stability analysis
was performed to assess how variability affects the input design parameters by using Monte
Carlo simulation, which treats deterministic mathematical situations through random
sampling procedures. This method generates random variables according to their selected
probability distributions and uses them as parameters on the chosen deterministic model
to determine the probability distribution of the performance function [52–54]. Specifically,
the research aims to determine whether or not root-reinforced slopes designed according to
Eurocodes, and providing satisfactory factors of safety, may lead to a probability of failure
that is, in contrast, unacceptable, as the partial factors listed in the Eurocodes, not being
calibrated on root parameters, may not capture their high variability.

2. Materials and Methods
2.1. Root Reinforcement

Soil shear strength is usually higher when natural slopes are reinforced with vegetation
(i.e., grasses, shrubs, and trees) due to the contribution of both the distribution and density
of roots inside the soil and the tensile strength of the single root [55,56]. In order to evaluate
the root contribution to the soil reinforcement, laboratory and in situ tests [57–64] or
modelling methods [55,56,65–72] can be used.

To express the contribution of roots to the soil shear strength, an additional parameter,
∆τ, can be added to the Mohr–Coulomb failure criterion as follows:

τ = c′ + σ′n tan φ′ + ∆τ (1)

Therefore, according to this expression, the shear strength increases with increas-
ing cohesion of the rooted soil (it should be noted that the soil shear strength angle φ′

stays unchanged).
Among the root “breakage” models that allow quantifying this apparent root cohesion

∆τ, the pioneering and so-called Wu and Waldron’s model was proposed by the two Au-
thors Wu [56] and Waldron [55] independently of each other. At the foundation of Wu
and Waldron’s model is the assumption that when a shear force is applied to the soil, the
roots—assumed as rigid bars positioned orthogonally to the shear plane—deform in the
shear zone (y) rotating rigidly with respect to the initial vertical configuration (θ) due to
frictional forces developing at the root–soil interface (Figure 1). Root rotation mobilises the
root tensile force, Tr, entirely. By considering θ, two components of the root tensile force
can be obtained:

Tn = Tr cos θ (2)

where Tn represents the root tensile force along the vertical direction; and

Tt = Tr sin θ (3)

where Tt is the Tr component acting on the horizontal.
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The additional parameter representative of the root strength contribution can be
formulated accordingly:

∆τ = tr·(Ar/A)·
(
sin θ + cos θ tan φ′

)
(4)

with tr mobilised root tensile stress, and Ar/A root area ratio (RAR), that is, the ratio of
the root cross-sectional area (Ar) to the rooted soil cross-section (A), representative of the
spatial distribution of the roots.

By rewriting Equation (4) accordingly and considering the sum of the tensile stress for
each single root i, the following expression can be obtained for the root bundle of N roots:

∆τ = k′·∑N
i=1 tr,i(Ar,i/A) (5)

k′ ranges from 0.6 to 1.3 for soils with shear strength angles varying from 20◦ to
40◦ [74].

The biggest drawback of Wu and Waldron’s model is assuming that the breaking
occurs simultaneously for all the roots which mobilise their full tensile strength, overesti-
mating apparent root cohesion.

In 2005, Pollen and Simon [65] overcame this limitation by formulating a stress-
controlled model (RipRoot model) belonging to the fiber bundle models (FBM), which
considers a progressive failure of roots starting from the weakest, and redistributes the
load to the remaining intact roots crossing the shear surface. The process of loading ends
when all roots are broken, the soil–root matrix is no longer able to withstand the driving
force, or the root bundle fully supports it.

However, root elastic deformation is not taken into account in the fiber bundle model,
unlike the strain-controlled model (root bundle model, RBM) of Schwarz et al. [70], in
which equal increments of displacement are imposed on all N roots forming a bundle. The
given strain mobilises a resisting tensile force that is calculated by summing the stresses
in all roots. Both the FBM and the RBM provide the maximum tensile force that a root
bundle can withstand; specifically, the first model calculates the maximum tensile force
based on the nominal applied force, while the RBM allows for determining the maximum
tensile force as a function of the applied displacement. This maximum tensile force can
then be used to obtain the apparent root cohesion ∆τ by dividing it by the area of the
failure surface.

The tensile strength of the single roots can be obtained by carrying out laboratory tests.
Tensile tests for roots are performed on specimens previously conditioned at 65% relative
humidity and 20 ◦C temperature, using an apparatus consisting of (i) a device to grip
the root; (ii) an actuator to set the desired loading/displacement rate; (iii) a load cell
to measure the tensile strength, and (iv) an electrical or optical device to monitor the
change in the gauge length (initial distance between two reference points located on
the specimen), respectively. The test procedures adopted in various research studies are
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generally similar; however, they differ substantially in how the specimen is clamped to
the clamping system. Tests are carried out at a constant rate of displacement, generally
ranging from 2 to 20 mm/min, and they can be considered valid if the rupture occurs near
the centre of the specimen. Roots are picked up on-site using excavation methods carried
out manually or with pressurised water jets to allow the soil to be removed progressively
around the plant without damaging the roots. Giadrossich et al. [59] wrote a complete
review on this topic, recommending some laboratory and in situ test procedures.

Results of tensile tests carried out on roots from different species allow expressing the
root tensile stress tr as an exponential function [75,76]:

tr = α·d−β (6)

where d is the mean diameter of the tested root species and α and β are empirical parameters
depending on species [13]. According to Vergani et al. [77] though, it is more reliable to
consider the relationship between tensile force and root diameter since, by using stress, the
uncertainty involved in the determination of diameters tends to be necessarily amplified; in
addition, the exact point of rupture (and the associated diameter) cannot be known before
a test, but the root diameter at the end of a test is reduced because of the strain.

In addition to being affected by the test rate and the modality of clamping the roots,
the obtained results depend, among other things, on species and root diameter, root state
of conservation (live root or microbial degraded root), plant age and health, seasonal
period and environmental conditions. Specimen length is also significant when calculating
tensile strength, as long specimens are more likely to have weak spots caused by fibre
discontinuities. Results obtained from tensile tests carried out on the same species showed
significant variability, with standard deviations up to twice the average value [78–82]; the
effect that this high variability has on the calculation of the stability of rooted slopes will be
shown in the following paragraphs.

2.2. Input Parameters Variability

Geotechnical variability is a complex attribute resulting from many disparate sources
of uncertainties [83]. The three primary sources of geotechnical uncertainties are inherent
variability (due to natural geological processes continually modifying the soil on-site),
measurement error (that can occur during geotechnical tests), and transformation uncer-
tainty (in situ measurements and laboratory test results allow obtaining design parameters
through correlation models). As a result, the proper stability analysis of a natural slope
can be undermined by the lack of studies of what should be the correct stratigraphy to
consider, the soil design parameters that are difficult to determine correctly [84], and other
important factors.

When analysing the stability of a rooted slope, it is also necessary to consider the uncer-
tainties of the root parameters that contribute to the increase in the soil shear strength, which
exhibit high variability [78,85]. Very few studies have focused on this topic [74,86–88].

The partial factors used in the Load and Resistance Factor Design (LRFD) and Limit
State Design (LSD) approaches reflect the level of uncertainty and the importance of a given
parameter. In case the design aims to determine the probability of failure, reliability-based
design (RBD) can be a useful tool that uses a target reliability index to verify the margin of
safety [89]. RBD can also overcome some limitations in the LSD approach, such as the fact
that the partial factors listed in the Eurocodes may not be calibrated on certain parameters
which instead must necessarily be used in the design (for instance, in the case of parameters
to be considered in designing slopes reinforced with vegetation).

Reliability concepts applied to slope stability analyses have spread widely over the
past few decades [90–95]. Within a probabilistic framework, the design parameters are
assumed as random variables to which a statistical distribution must be assigned to describe
the range of possible values and their probability of occurrence. Since the factor of safety
(FS), which is the output parameter in a slope stability analysis, is also considered a random
variable with a probability distribution, the instability of the slope can be obtained, i.e., the



Geosciences 2023, 13, 75 6 of 21

percent probability that the analysed slope is unstable. This probability of failure can be
used as an indicator of work performance.

One of the quantities generally used to compute the variability of the design parame-
ters is the coefficient of variation, COV:

COV = σx/µx (7)

where σx and µx are the standard deviation and the mean value of the variable, respectively.
The slope probability of failure, Pf, can be expressed as:

Pf = Φ(−β) (8)

linking it to the reliability index β introduced by Eurocode EC0 [49] as a measure of
reliability; Φ represents the cumulative distribution function of the standardised normal
distribution.

By defining a performance function g such that a structure is preserved when g > 0 [49],
the probability of failure becomes equal to:

Pf = Prob(g ≤ 0) (9)

In the case of slope stability analyses, the performance function is the factor of safety
(FS). When the factor of safety is found to be normally distributed, the reliability index can
be calculated as follows:

β =
µFS − 1

σFS
(10)

where µFS and σFS are the mean value and standard deviation of FS, respectively.
The reliability index indicates how many standard deviations separate the mean factor

of safety from the critical value (FS = 1).
Different levels of reliability may be adopted, depending on the consequences that

may arise from a hypothetic failure scenario. According to EC0 [49], the consequences of
failure considered in terms of loss of human life and economic, social, or environmental
repercussions allow establishing three different consequences classes, CC (Table 1), which
are associated with three reliability classes. For each of them, EC0 recommends minimum
values of β to be reached to satisfy the ultimate limit state (ULS) criterion, depending on the
reference period (Table 2). The probabilistic approach is now widely used in slope stability
analyses but its application to root-reinforced slopes has not yet become established in
design practice, so it is necessary to increase research studies on this topic. To verify
whether or not the partial factors listed in the Eurocodes are fit for this bio-engineering
technology, this research investigated how the variability of soil and roots parameters used
as input in the stability analyses, as well as the stochastic nature of earthquakes, affect the
slope performance. The results were analysed in terms of the reliability index.

Table 1. Definition of consequences classes (modified from [49]).

Consequences Class
Description

Loss of Human Life Economic, Social, or
Environmental Consequences

CC3 High Very great
CC2 Medium Considerable
CC1 Low Small or negligible
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Table 2. Recommended minimum values for reliability index in the case of ultimate limit state [49].

Reliability Class
Minimum Values for β

1 Year Reference Period 50 Years Reference Period

RC3 5.2 4.3
RC2 4.7 3.8
RC1 4.2 3.3

2.3. Analysis Methodology

By using EC7 [48] partial factors, various deterministic stability analyses (225 in
total) were carried out on slopes with assigned mechanical and geometric characteristics
to verify whether or not the beneficial contribution provided to the soil shear strength
by root reinforcement allows the designer to satisfy the EC7 safety criterion (FS = 1).
Concerning the roots, hr and ∆τ were assigned as geometric and mechanical parameters,
respectively. hr represents the average value of the root depth (i.e., slope shallow layer on
which root reinforcement has an effect), and ∆τ is the apparent root cohesion introduced
in Equation (1). Subsequently, to verify if the reliability obtained by applying EC7 partial
factors in the deterministic analyses that met the safety criterion satisfies what is required
by EC0 [49], several probabilistic stability analyses (657 in total) were performed.

For homogeneous slopes with fixed slope height, soil effective cohesion, and soil unit
weight values (H, c′, γ), several configurations were analysed by varying the following
mechanical and geometric parameters:

• α, inclination angle of the slope to the horizontal;
• φ′, effective soil shear strength angle;
• hr, average root depth;
• ∆τ, root contribution to the shear strength.

The study domain (Figure 2) was considered to be 20 m high for all the slope ge-
ometries analysed; regarding the hydraulic condition, a water table (hydrostatic pressure
condition) was positioned so that it did not influence the slope analysis.
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The investigated slopes were chosen so that the initial stability condition (represented
by the stability index SI∗ = tan φ

′
d/ tan α with φ

′
d design value of the effective soil shear

strength angle) is equal and corresponds to slopes without vegetation that are in limit
equilibrium conditions (SI∗ = 1). Once additional loads (i.e., in this case, statically applied
inertial forces modelling seismic loadings) act on the slope, collapse occurs: the addition of
vegetation should help in reaching a new safety condition. The first step was defining the
design values for actions and resistances so that these quantities were equal. Afterwards,
the characteristic values were back-calculated from them by using partial factors of the
Eurocode 7 (specifically, those from the combination 2 of the design approach 1—ref. [48]).
Table 3 lists the values used in the parametric analyses.
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Table 3. Root-reinforced slopes’ characteristics.

SLOPE Parameter Value

H (m) slope height 10
α (◦) angle of inclination to the horizontal 22, 26, 30

φk
′ (◦) characteristic value of soil shear strength angle 26.8, 31.4, 35.8

ck
′ (kPa) characteristic value of soil cohesion 0

γk (◦kN/m3) characteristic value of soil unit weight 18.5

ROOT Parameter Value

hr (m) average root depth 0, 0.5, 1, 1.5, 2
∆τk (kPa) characteristic value of root contribution to shear strength 0, 5, 10, 15, 20, 30, 40

To select the proper ∆τ values to be used in the parametric analyses, it was taken into
account that the contribution to the soil shear resistance provided by the roots is difficult to
quantify as it depends on different factors, such as the type of plant, its age, the conditions of
the site where it grows, and the position where the shear band develops. For this purpose, a
wide ∆τ range (between 5 and 40 kPa) was analysed [96]. The depth at which plant roots can
grow has important implications for vegetated-slope stability analyses. Canadell et al. [97],
on the basis of 290 observations in several terrestrial biomes, showed that the maximum
rooting depth varies from about 2–3 m (boreal forest, cropland, temperate grassland,
deciduous forest, etc.) to about 10–15 m (desert, tropical grassland/savanna). By analysing
these data for functional groups, Canadell et al. [97] also showed that the maximum
rooting depth was about 7.0 m for trees, 5.1 m for shrubs, and 2.6 m for herbaceous plants.
Laboratory tests on grasses also showed how they can grow a root network up to 2 m
in depth [98]. Therefore, considering terrestrial biomes where vegetated-slope stability
analysis has high practical relevance, the Authors chose to analyse average root depth
values ranging from 0.5 to 2 m in the present study. Moreover, it is important to highlight
that for some plant species, it is valid to assume that the contribution of roots is significant
throughout the slope depth where they are embedded [99,100].

The slope stability analyses were carried out under seismic conditions by using the
pseudo-static approach applied to the simplified Bishop Method [101], probably the most
popular limit equilibrium method adopted for slope stability analysis. The pseudo-static
approach considers the inertial effects of an earthquake by using pseudo-static forces
that are proportional to the slope weight through two seismic coefficients (kh and kv)
representing the horizontal and vertical components of the seismic acceleration. Even
though the vertical component is commonly neglected when slope stability analyses are
carried out, and its effect was found to be negligible on the change of the factor of safety
when a pseudo-static approach is used [102], the Authors considered it in the context of
stochastic analysis. In particular, two different seismic scenarios (Case B and Case C) were
analysed with the vertical seismic load acting in the downward direction and compared to
the static scenario (Case A).

The first step of the followed procedure consisted of defining the slope geometry and
setting the external boundaries; subsequently, a grid of centres was originated and, for each
centre, several slip surfaces were analysed. Among the slip surfaces with minimum radius,
those that cut the slope for depths of less than 0.5 m were excluded. Finally, the critical slip
surface corresponding to the minimum factor of safety (FS) was searched. The factor of
safety was calculated according to the following equation:

FS =
∑
[

c∗ ·b+(W+kvW) tan φ′

cos α+(sin α tan φ′)/FS

]
∑(1 + kv)·W sin α + ∑ kh ·W·d

r

(11)

where r is the radius of the circular slip surface considered; d is the vertical distance between
the centre of the circle and the centre of gravity of the i-th slice; W, b, α, φ′ and c* are the
weight, width, angle of inclination, effective soil shear strength angle and effective cohesion
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of i-th slice, respectively. It should be noted that c* represents the effective cohesion of the
soil–root system (c′ + ∆τ) whenever the slip surface crosses the root-reinforced slope zone.

The use of partial factors given in EC7 [48] for slope stability analyses generally leads
to a reliability index value β greater than 3.8 for a reference period of 50 years, according
to EC0 [49]. A total of 50 years can be considered approximately the average value of
the design working life for soil bio-engineering works, since it ranges from 10 years to
100 years, according to the time required by vegetation to reach almost the full reinforcing
potential [103].

Afterwards, probabilistic analyses were carried out to study the reliability of this
design practice, i.e., to make sure that the reliability obtained by applying EC7 partial
factors in the deterministic analyses that met the safety criterion was at least equal to
β = 3.8 (reliability criterion), regardless of how large the variability of the root data was. In
this context, the mean values of the design parameters were determined, assigning a statis-
tical distribution to them (mean and standard deviation values were considered spatially
constant throughout the slope). Specifically, a normal distribution function was considered
for φ′ and γ, with coefficients of variation (COV) taken from the literature [84,104–107]
considering the average values of the listed ranges. ∆τ was considered as a log-normally
distributed random variable, and three different scenarios of COV were chosen to study
how the reliability of this design practice can be affected by the wide uncertainty of the
data around the mean value characterising ∆τ. Values for statistics used in the research are
summarised in Table 4.

Table 4. Statistics used in this research.

SLOPE Mean Value COV (%) Distribution Type

SI* = 1
α = 22◦

φm
′ = 30.28◦ 7 normal

γm = 17.09 kN/m3 5 normal

SI* = 1
α = 26◦

φm
′ = 35.45◦ 7 normal

γm = 17.09 kN/m3 5 normal

SI* = 1
α = 30◦

φm
′ = 40.48◦ 7 normal

γm = 17.09 kN/m3 5 normal

ROOT Mean value ∆ τm [kPa] COV (%) Distribution type

7.06 20 lognormal
∆τk = 5 kPa 10.15 40 lognormal

14.52 60 lognormal

14.13 20 lognormal
∆τk = 10 kPa 20.30 40 lognormal

29.04 60 lognormal

21.19 20 lognormal
∆τk = 15 kPa 30.45 40 lognormal

43.56 60 lognormal

28.25 20 lognormal
∆τk = 20 kPa 40.60 40 lognormal

58.07 60 lognormal

42.37 20 lognormal
∆τk = 30 kPa 60.90 40 lognormal

87.10 60 lognormal

56.50 20 lognormal
∆τk = 40 kPa 81.18 40 lognormal

116.14 60 lognormal
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Concerning the cross-correlation between the strength parameters, which considers
the fact that soil characteristics tend to be correlated to one another in a given location, a
negative correlation between c* and φ′ was chosen (ρ = −0.5) according to some literature
findings [90,108–110]. In particular, Wolff [109] reported this negative value from laboratory
measurements on soils with c′ and φ′ similar to those investigated by the Authors. In this
research, c* is given entirely by the strength contribution provided by the roots, the soil
being cohesionless. To assume a negative correlation means that the root contribution to
the shear strength increases with decreasing soil shear strength angle, i.e., the roots are
provided with a greater resistance (with equal tr, which depends on plant type and genetics,
the root spatial distribution is greater) in soils with lower shear strength angles. This
assumption is valid since, from a purely botanical point of view, soils with smaller shear
strength angles are characterised by a greater percentage of organic matter that stimulates
the production of more ramets (as well as biomass), which in turn will also lead to a greater
soil RAR [111–113].

The stochastic nature of earthquakes was also considered by using a lognormal distri-
bution for both the horizontal and vertical seismic coefficients with a correlation coefficient
of 0.5 [114]. Table 5 shows the statistics used for the seismic input.

Table 5. Statistical values for the seismic coefficients.

Case Mean Value (-) COV (%) Distribution Type

A
kh = 0 - -
kv = 0 - -

B
kh = 0.05 10 lognormal

kv = +0.5 kh 10 lognormal

C
kh = 0.10 10 lognormal

kv = +0.5 kh 10 lognormal

The probabilistic approach used in this study is the Monte Carlo simulation (MCS),
which was applied to Equation (11) to determine the probability distribution for the output
of the analysis (i.e., factor of safety). Monte Carlo simulation was performed considering
a high number of samples (n = 1,000,000) in total for each analysis (for which the critical
slip surface was searched n times) to ensure the convergence of the trials. This means that
1,000,000 random samples of the uncertain variables (i.e., γ, φ′ and ∆τ, kh and kv) were
generated by using their assigned probability distributions and statistics. Equation (11)
was then used to calculate n FS values for each set of the n random samples combined
with the other fixed parameters (i.e., H, α and hr), for n critical slip surfaces. Finally, the
probability of failure was calculated as follows:

Pf =
number o f trials with FS < 1

total number o f trials
·100 (12)

3. Results
3.1. Deterministic Benchmark

Initially, deterministic stability analyses were carried out, according to Design Ap-
proach 1, Combination 2 of EC7, on slopes with the characteristics shown in Table 3 to
quantify the beneficial contribution provided by the roots to the soil shear strength, and
consequently to the slope stabilisation.

Figure 3 shows the factor of safety trend on varying root contribution to the shear
strength ∆τ, obtained for a slope configuration with α = 26◦ and φk

′ = 31.4◦, and the seismic
case C. Results for different root depths hr are illustrated. The dashed line in the graph
represents the limit equilibrium condition (FS = 1).
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By observing the results, an increase in the factor of safety with increasing root
contribution to the shear strength can be noted, as expected. Furthermore, with equal
∆τ, the FS increases with increasing hr. The factor of safety reaches and exceeds the limit
value (FS = 1) when ∆τ is greater than about 20, 14 and 10 kPa for hr = 1 m, 1.5 m and
2 m, respectively, whilst a slope instability can be noted when hr = 0.5 m, regardless of the
root contribution to the shear strength. Within the range of the investigated ∆τ values, the
greatest FS increment has been obtained for the greatest root depth. Specifically, when ∆τ
ranges from 5 to 40 kPa, the increment of the factor of safety is equal to 23% for hr = 1 m;
28% for hr = 1.5 m; and 33% for hr = 2 m.

3.2. Probabilistic Analysis

The following summarises the results of probabilistic analyses that were performed
to evaluate whether or not slopes for which the limit equilibrium condition is satisfied
are characterised by an acceptable level of reliability as well. The probabilistic analyses
were carried out by applying the Monte Carlo simulation on critical slip surfaces that were
searched n times, providing the probability distribution for the factor of safety, which was
found to be generally normal.

Results in terms of reliability index β for varying root contribution to the shear strength
∆τ and root COV values are plotted in Figure 4. They were obtained for a slope configu-
ration with α = 26◦ and φk

′ = 31.4◦ and the seismic case C. Since according to the results
previously illustrated in Figure 3 the optimal contribution to the slope reinforcement is
offered by root systems with root depth hr = 2 m, this slope configuration is analysed. In
this case, the dashed line in the graph represents the minimum value for the reliability
criterion to be satisfied in the ULS design.

Results show that the response of the root-reinforced slope in terms of reliability is
highly influenced by the COV(∆τ) variation. β highly increases with increasing ∆τ for the
lowest COV(∆τ) value investigated (20%); on the other hand, the increment of the reliability
index is negligible for the highest COV(∆τ) value, showing for it the non-dependence of
this parameter on ∆τ and cancelling, as a result, the benefit of the roots to offer greater
strength. Specifically, β increment is equal to 49% when the root contribution to the shear
strength ranges from ∆τ = 5 kPa to ∆τ = 40 kPa for COV(∆τ) = 20%. Moreover, with
equal ∆τ, the reliability index decreases with increasing COV(∆τ), as expected; to be more
specific, β reaches reductions equal to 16% for the lowest root contribution to the shear
strength (∆τ = 5 kPa), and 38% for the highest (∆τ = 40 kPa), ranging from COV(∆τ) = 20%
to COV(∆τ) = 60%. Finally, the most important outcome to be noted is that the minimum
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limit value of the reliability index (β = 3.8) is reached and exceeded only in the case of
COV(∆τ) = 20% and 40%. This means that although the limit equilibrium condition was
satisfied already for ∆τ = 10 kPa in the corresponding deterministic analysis, for the same
slope configuration the reliability cannot be guaranteed equally when COV(∆τ) is greater
than 40%. Therefore, in light of the above, it is evident that improving the methodology for
evaluating root parameters that contribute to increasing soil shear strength is of utmost
importance in order to obtain more reliable resultst.
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For the same slope configuration and seismic input analysed in the previous figures
(α = 26◦ and φk

′ = 31.4◦, case C), the reliability index (calculated through the probabilis-
tic analyses) and the corresponding factor of safety (obtained through the deterministic
analyses) were assembled for all the root depths investigated (Figure 5). The points of
each curve represent β-FS pairs obtained for different ∆τ values (indicated with different
symbols in the legend). The dashed and dash–dot lines, which separate the plot into four
quarters, represent the thresholds of the reliability index (β = 3.8) and factor of safety
(FS = 1), respectively. The four quarters allow the identification of the zones in which
both the deterministic and the probabilistic calculations are satisfied for a specific slope
configuration. Results show that any time a fixed performed analysis fulfils the safety
requirement (FS = 1), the reliability criterion (β = 3.8) is fulfilled as well. However, it should
be observed that these results pertain to the best condition in terms of data uncertainty, that
is, the lowest coefficient of variation (COV(∆τ) = 20%).

By investigating the other coefficients of variation, a change in performance occurs.
For instance, for the same slope configuration and seismic input (α = 26◦ and φk

′ = 31.4◦,
case C) and the best condition in terms of slope thickness reinforced with root (hr = 2 m),
the reliability index on varying the corresponding FS is illustrated in Figure 6 for all the
root coefficients of variation investigated. In this case, outcomes point out that both the
safety and reliability criteria are satisfied only when COV(∆τ) are equal to 20% and 40%.
This means that the ultimate limit state partial factors applied to actions and geotechnical
parameters in the deterministic analyses cannot guarantee the reliability level required since
they were not calibrated to take into account such a large dispersion of data coming from
the root contribution; in fact, high COV percentages lead to the achievement of reliability
values that are far from the target reliability index.
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Subsequently, the influence of the seismic input in terms of safety and reliability was in-
vestigated on the same slope configuration (α = 26◦ and φk

′ = 31.4◦) as well. Figure 7 shows
the comparison between β-FS curves for varying root contributions to the shear strength,
obtained in the case of roots 2 m long (Figure 7a) and 1 m long (Figure 7b), respectively.

The three different curves refer to all the seismic case scenarios investigated and to
the best condition in terms of data uncertainty (COV(∆τ) = 20%). The trend in curves
highlights that the lower the seismic input, the better the slope stability (considering
both the deterministic and the probabilistic aspect), as expected. To be more specific,
β-FS combinations that do not satisfy the safety and reliability criteria simultaneously
were obtained only for Case C and for the lower root contributions to the shear strength
investigated. By analysing the graphs more in-depth it is possible to observe that, ranging
from the seismic scenario A to C, in the case of hr = 2 m and with equal ∆τ, the reliability
index decreases from 19% when ∆τ = 40 kPa to 33% when ∆τ = 5 kPa. Similarly, for roots
with hr = 1 m, the reliability index decreases from 24% when ∆τ = 40 kPa to 37% when
∆τ = 5 kPa.
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To study how different combinations of slope angle of inclination and soil shear
strength angle influence the slope response, Figure 8 shows the comparison between
β-FS curves for varying root contribution to the shear strength, obtained for all the α-
φk
′ combinations investigated. The analyses refer to roots 2 m long (Figure 8a) and 1 m

long (Figure 8b), COV(∆τ) = 20% and seismic case C. It can be noted that β highly in-
creases with increasing root contribution to the shear strength for the other investigated
slope configurations as well, congruently with the results obtained for slope with α = 26◦,
φk
′ = 31.4◦, confirming the good response of this bio-engineering sustainable measure

when the best condition both in terms of reinforced slope thickness and data uncertainty
is considered. Specifically, when hr = 2 m and the root contribution to the shear strength
ranges from ∆τ = 5 kPa to ∆τ = 40 kPa, β increments are equal to 50% and 41% for the slope
combinations α = 22◦ − φk

′ = 26.8◦ and α = 30◦ − φk
′ = 35.8◦, respectively; when hr = 1 m,

β increments are equal to 68% and 53%. Given that all the investigated slopes were chosen
with the same initial stability index SI*, this result means that the gradient of the β-FS
curves decreases with increasing soil shear strength angle. It can also be noted that, with
equal ∆τ, the greater the shear strength angle, the greater the combination of reliability
index and factor of safety obtained. Moreover, the complete correspondence between both
the safety and reliability criteria is achieved for values of ∆τ gradually increasing with
decreasing soil shear strength angle.

To analyse the discussed findings more in detail, Figure 9 illustrates the trend in
β normalised with respect to the reference value (3.8) for varying soil shear strength
angle and for different ∆τ values, in the case of roots 2 m long (Figure 9a) and 1 m long
(Figure 9b), respectively. The analyses refer to the seismic case C and COV(∆τ) = 20%. In
the investigated range, results highlight that the normalised reliability increases almost
linearly with increasing soil shear strength angle. In particular, ranging from φk

′ = 26.8◦

to φk
′ = 35.8◦, in the case of hr = 2 m the normalised reliability reaches increments equal

to 12%, 17%, 11%, 7%, 6% and 5% for ∆τ = 5 kPa, ∆τ = 10 kPa, ∆τ = 15 kPa, ∆τ = 20 kPa,
∆τ = 30 kPa and ∆τ = 40 kPa, respectively. When hr = 1 m, these increments are similar
(15%, 13%, 12%, 7%, 6% and 5%), showing that the greater the root contribution to the
shear strength, the lesser the influence of the soil shear strength angle. Moreover, these
graphs help in evaluating whether or not the minimum reliability index value to be used to
satisfy the ultimate limit state (ULS) criterion for a reference period of 50 years is reached,
for varying the soil shear strength angle and the average root depth. Specifically, it can be
noted that the reliability condition is generally always satisfied when hr = 2 m (Figure 9a)
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while, in the case of hr = 1 m (Figure 9b), β/3.8 never reaches unity for ∆τ < 15 kPa; it does
only when ∆τ = 15 kPa, starting from a soil shear strength angle equal to almost 29◦.
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Finally, multiple regression analyses performed on the above-mentioned results al-
lowed the development of iso-reliability charts to optimise the choice of the correct hr-∆τ
combinations to be used to achieve the reliability level desired. In particular, Figure 10
illustrates the iso-reliability curves calculated for the three slope configurations and the
worst seismic case scenario investigated, with COV(∆τ) = 20%.
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4. Discussion and Conclusions

Starting from deterministic slope stability analyses carried out by using EC7 partial
factors, Monte Carlo simulation was used on the simplified Bishop Method to perform
several probabilistic analyses in order to evaluate whether or not the influence of the uncer-
tainties related to the soil and root parameters would lead to unacceptable probabilities
of failure (reliability index). Specifically, the investigated slopes, subjected to potential
earthquake-induced shallow landslides, were chosen so that the initial stability condition is
equal and corresponds to slopes without vegetation that are in limit equilibrium conditions.
The design values for actions and resistances were set equal and used to back-calculate the
characteristic values by using EC7 partial factors. The mean and standard deviation values
of the design parameters were determined by assigning statistical distributions. For each
analysis a high number of samples n was considered, hence calculating n FS values for
each set of them, and the resulting probabilities of failure. The influence of different slope
geometries, root contributions to the shear strength and their coefficients of variation, as
well as different seismic case scenarios, was analysed on the results expressed in terms of
reliability index. The main outcome observed is that both the safety and reliability criteria
requested by the Eurocodes to design properly cannot be always satisfied simultaneously,
meaning that the EC7 partial factors do not fully capture the high variability of root param-
eters. Therefore, it is important to reduce root-related uncertainties as much as possible
(i.e., lower COVs).

Summarising, two goals were set in this research. The first was to guide the designer
towards a witting root-reinforced slope stability analysis as, when factor of safety reaches
the requirement of the regulations in force, this does not imply that reliability is also guar-
anteed effectively. The second goal was to provide a tool in the form of iso-reliability charts
(for three different slope configurations and for a typical seismic scenario) to optimise the
choice of the correct hr-∆τ combinations to be used to achieve the desired reliability level.

The following considerations can be drawn:

1. The achievement of the limit equilibrium condition in a certain slope configuration
derives from the combinations of strength and depth values of the roots and the
seismic input. Root reinforcement generally improves the slope stability: FS increases
with increasing both root depth and its contribution to the shear strength for all the
geometries and seismic cases analysed.

2. The reliability of root-reinforced slopes is highly affected by COV(∆τ) variation. When
the coefficient of variation is low, the reliability index rises significantly with rising root
contribution to the shear strength; however, this behaviour changes with increasing
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COV(∆τ): the higher the coefficient of variation, the lower the dependence of the
reliability index on the root contribution to the shear strength.

3. For all the analyses performed, whenever the safety criterion (FS = 1) is satisfied,
the reliability criterion (β = 3.8) is guaranteed as well when the best condition in
terms of data uncertainty is considered (COV(∆τ) = 0.2). On the contrary, high COV
percentages lead to the achievement of reliability values that can be far from the
target reliability index, implying that the ultimate limit state partial factors applied
to actions and geotechnical parameters in the deterministic analyses cannot guaran-
tee the reliability level required since they were not calibrated to bear in mind the
large dispersion of data coming from the root contribution. In light of the above,
it is evident that improving the methodology for evaluating root parameters that
contribute to increasing soil shear strength is of utmost importance in order to obtain
more reliable results.

4. The gradient of the β-FS curves referring to different combinations of slope angle of
inclination and soil shear strength angle (same initial stability index SI* = 1) decreases
with increasing soil shear strength angle. Moreover, with equal ∆τ, the greater the
shear strength angle, the greater the combination of reliability index and factor of
safety obtained.

5. Considering both the deterministic and probabilistic aspects, the lower the seismic
input, the better the slope stability (as expected). β-FS combinations that do not satisfy
the safety and reliability criteria simultaneously are obtained only for the worst seismic
case scenario and the lower root contributions to the shear strength investigated.
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