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A B S T R A C T

The sustainable mitigation of hydrogeological hazard through the geotechnical stabilization of natural and 
artificial slopes is an ethical and technical goal of increasing global relevance. In this context, “gray” geotechnical 
stabilization solutions involving the use of inert materials, injections of cement mixtures and steel elements, have 
been prevalently used in the past decades and have thus come to define the present “conventional” approach. 
These solutions may meet engineering performance criteria but are unable to attain desirable sustainability 
standards. The practice of Soil and Water BioEngineering (SWBE) draws from ancient empirical experience and is 
rapidly gaining new momentum due to the increased focus on environmental protection and requalification. 
SWBE and can be effectively conducted through the design and implementation of nature-based solutions (NBS) 
by using living plants, alone or in combination with locally available materials, to improve the engineering 
performance of ecosystems while fostering an increase in their biodiversity and environmental value. The 
domain of applicability of NBS is limited to quasi-surficial instability phenomena, since the root systems which 
provide resistance to destabilizing forces are found mainly at shallow depths from ground surface. Moreover, 
biological and physical processes intervening in NBS result in the temporal variation of their mechanical resis
tance and engineering performance. “Combined” solutions involving the presence of – and synergy between - 
gray and green solutions may ensure the simultaneous attainment of safety and sustainability. This paper de
scribes the conceptual standpoints and operational framework used for the comparative assessment of the en
gineering design performance of conventional, NBS, and combined solutions for a slope stabilization intervention 
on a site located near Florence, Italy. Stability is assessed quantitatively through limit equilibrium methods for 
multiple scenarios defined in terms of technological solutions, temporal stage, and level of engineering 
conservatism in design parameters. Temporal trends of the factors of safety against sliding are defined statisti
cally and assessed qualitatively and quantitatively. The comparative analysis suggests that the combined solution 
provides the best option at the Montisoni site as it ensures sufficient short-terms, post-stabilization stability as 
well as increased stability overtime due to the improvement in the mechanical contribution of NBS components. 
The paper brings innovative contributions with respect to the equivalent geomechanical modeling of NBS and 
combined solutions in limit-equilibrium analyses and to the discussion of criteria to be considered in the 
assignment of design values in stability analyses.
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1. Introduction

1.1. Ancient knowledge, new challenges

We live in times of rapidly evolving global awareness towards 
environmental and financial sustainability. Ethically oriented criteria 
are steering research and practice of technical and non-technical disci
plines towards sustainable paradigms which strive to achieve sustain
able development. In the domain of geotechnical engineering, efforts are 
increasingly focused on the development and implementation of inno
vative, nature-based, “green” solutions. This focus is well-motivated 
because high-risk scenarios are becoming more frequent and affect 
more human-valued assets. For instance, research increasingly indicates 
that climate change trends are expected to increase slope instability 
hazard in many parts of the world (e.g., Gariano and Guzzetti, 2016; 
Giachi et al., 2024; Uzielli et al., 2018). Geotechnical stabilization so
lutions conventionally involve the use of inert materials, injections of 
cement mixtures, and steel elements. These “gray” solutions, if appro
priately designed, provide mechanical characteristics which are suffi
cient to ensure the desired engineering performance. However, they 
may not meet environmental sustainability criteria. Under certain 
physical and environmental conditions, it is possible to limit the use of 
such solutions and replace them with soil and water bioengineering 
(SWBE) interventions such as nature-based solutions (NBS). These use 
native living plants, alone or in combination with locally available 
materials (e.g., wood, soil, stones, geotextiles, galvanized steel mesh, 
etc.) to increase the hydro-mechanical performance of ecosystems while 
fostering their environmental sustainability. SWBE interventions are 
beneficial in terms of both mechanical and hydrological effects through 
a number of physical actions; more specifically: root reinforcement, 
plant-induced suction, canopy interception, runoff interception, and the 
self-weight of vegetation (e.g., Li et al., 2023). Root reinforcement is 
recognized as the main contributor of vegetation to slope stability. The 
complex multi-scale, and multi-directional structure of root systems 
brings an increase in the shear strength of soils by intercepting tension 
cracks and shear planes and resulting in increased aggregate cohesive 
and frictional properties.

The practice of SWBE through the design and implementation of NBS 
allows the simultaneous achievement of technical-functional, but also 
ecological, landscape and socio-economic goals to protect, sustainably 
manage, and restore natural and modified ecosystems, thereby 
benefiting people and nature. NBS are not a new product of human in
genuity. Plants and vegetation have been used to regulate hydraulic and 
erosional/instability phenomena on slopes over the centuries (e.g., Preti 
et al., 2022a, 2022b). Given the reawakening of awareness on sustain
ability, the use of NBS has experienced a momentous comeback in recent 
years and has begun permeating new domains, such as that of 
geotechnical engineering. Geotechnical research is focusing increasingly 
on NBS, and the recent coining of the term “biogeotechnics” attests to 
the surging interest towards environmentally sustainable solutions 
within the discipline. In a geotechnical perspective, NBS provide a 
promising means to achieve the dual objective of engineering perfor
mance and environmental sustainability. Research efforts and real- 
world applications are increasingly demonstrating that NBS can be 
cost-effective solutions for mitigating geotechnical risks associated with 
natural hazards (Capobianco et al., 2022). However, as with any other 
technological solution, NBS are not the solution to every problem. Their 
domain of applicability and their technical suitability with respect to 
specific problems should be well understood by designers prior to 
embarking on design efforts which may – or may not – reveal such 
limitations. In the context of slope stabilization, SWBE interventions are 
effective in the case of predominantly superficial or shallow instability 
phenomena, since the destabilizing forces must be balanced and 
absorbed by the resistance of the root systems of the plant species used, 
which exists prevalently in surficial soil layers (e.g., Preti and Gia
drossich, 2009). Conventional measures are required for instabilities 

involving deep movements and high stress levels. Moreover, NBS are not 
applicable in slopes with predominant lithoid component and cannot 
thus be used in the mitigation of instability phenomena involving rocks 
and debris.

The domain of applicability of NBS can be extended through the use 
of combined solutions, which are physically composed of both conven
tional and nature-based elements. Combined solutions exploit the syn
ergy of these solutions and their respective strengths to achieve an 
overall improved level of engineering performance and environmental 
sustainability. These solutions “combine the technical requirements of 
hydraulic safeguard or stabilization of a gravitational instability with 
the maximum possible conservation of the territory and its environ
mental value” (e.g., Sauli et al., 2005; Stokes et al., 2014; Rey et al., 
2019). Numerous real-world applications have demonstrated the tech
nical and financial advantages of resorting to combined solutions (e.g., 
NBRO, 2019; Fatahi et al., 2010).

The more immediate effectiveness of combined and gray measures is 
recognized and preferred, but generally combined measures with ele
ments of gray and green are considered to be optimal for ensuring the 
temporal continuity of performance from the short- to the long-term. 
Another aspect that should not be overlooked concerns the subjective 
perception of combined solutions on the part of technical and non- 
technical stakeholders. Fig. 1 shows represents an overview of the 
main preference factors, obtained from a series of surveys, that influence 
the choice of the type of intervention to be carried out, in the common 
perception of engineering works: having assessed the technical re
quirements at first, these have to be complemented by many other as
pects, such as construction time, cost, and the perception of risk 
(Anderson et al., 2022).

An additional factor which currently hinders the diffusion and use of 
NBS in geotechnical engineering practice is the difficulty in designing 
and analyzing the performance of soil-structure systems involving NBS 
solutions in accordance with current prevalent design formats. 
Notwithstanding the growing focus and awareness, geotechnical anal
ysis and design of NBS are currently at a rather primal state due to 
relative paucity of experimental and empirical data, quantitative anal
ysis methods, and code-compliant design modes. NBS have typically 
been designed in the past using empirical approaches and only a limited 
number of engineering approaches to the assessment of geotechnical 
performance are available (e.g., Acharya, 2018). Geotechnical analyses 
not strictly related to design, such as slope stability analyses, are also 
hindered by the lack of well-established approaches to the modeling of 
materials not amenable to natural geomaterials (soil, debris, rock). To 
further complicate matters, the strict application of current prevalent 
design formats would require the quantitative modeling of uncertainties 
to assign characteristic values. Geotechnical engineering deals with 
geomaterials and artificial materials (e.g., concrete, geosynthetics, etc.). 
Soil-structure systems are inherently complex due to aleatory uncer
tainty (spatial and temporal variability) and epistemic uncertainty (high 
statistical uncertainty due to limited quantity of data, high measurement 
uncertainty, high transformation uncertainty, high model uncertainty 
due to the many factors which intervene in achieving – or not achieving - 
design performance. As discussed in Section 4, geotechnical design 
codes are seldom applied consistently with their statistical character. 
The inclusion of NBS in geotechnical models introduces significant 
additional uncertainty, at least for two main reasons. First, the presence 
of materials with heterogeneous mechanical properties, typical failure 
behavior, and abrupt geometric discontinuities with respect to the nat
ural soil stratigraphy can be expected to significantly increase modeling 
uncertainty. Second, NBS are affected by biological, chemical, and other 
physical processes which occur in their natural components. From a 
geotechnical perspective, these processes result in the temporal vari
ability of their mechanical performance and of their interaction with 
geomaterials, thereby contributing to increasing aleatory and epistemic 
uncertainties.
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1.2. Aim of study

This paper joins a currently limited corpus of technical literature (e. 
g., Bischetti et al., 2021) in advocating that the wider adoption of NBS 
and combined solutions by geotechnical practitioners can be facilitated 
and fostered through the development of guidelines, methods, and case- 

histories. To this purpose, the paper develops and describes the con
ceptual standpoints and operational framework used for the compara
tive assessment of the engineering design performance of conventional, 
NBS, and combined solutions for a slope stabilization intervention in 
Tuscany, Italy. The framework focuses on a set of fundamental speci
ficities of the geotechnical approach to the analysis and design of NBS; 

Fig. 1. Preferred types of interventions based on consideration of various preference factors (after Anderson et al., 2022).

Fig. 2. Geographical and geological identification of the case-study site (re-elaborated from OpenStreetMap, 2024 and Regione Toscana - DB Geologico).
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namely: (1) the technical suitability of different categories of techno
logical solutions (i.e., conventional, NBS, combined); (2) the temporal 
variability of the performance of geotechnical systems involving the use 
of NBS and combined solutions; and (3) the criteria used to define 
representative values of geomechanical parameters. With respect to the 
last point, it is of interest to discuss the engineering assignment of 
modeling inputs in the light of currently prevalent design formats such 
as load-resistance factor design (LRFD) adopted, for instance, in the 
structural Eurocodes.

The paper brings innovative contributions with respect to the 
equivalent geomechanical modeling of slope stabilization solutions in 
limit-equilibrium analyses considering the specificities in conventional 
and NBS components. Moreover, the paper provides links between 
modeling choices and the conceptual foundations of LRFD approaches, 
which require the definition of “representative” (e.g., “characteristic 
values” in Eurocode 7). Slope stability is investigated quantitatively 
through a well-established and routinely adopted geotechnical engi
neering approach involving the use of limit equilibrium methods. The 
analyses and the assessment of the results are conducted for multiple 
scenarios defined in terms of technological solutions, temporal stage, 
and level of engineering conservatism in design parameters. Outputs are 
presented in both qualitative and quantitative formats to allow an 
enhanced understanding of the correspondence between physical phe
nomena and engineering outputs. Though the analysis is framed within a 
geotechnical standpoint, this paper wishes to emphasize and promote an 
interdisciplinary approach to the technical design and implementation 
of NBS in physical systems.

2. Case study presentation

The uniqueness of physical systems and the site-specificity of their 
geometric and geotechnical attributes do not allow the conduct of an
alyses of general validity. This paper focuses on a case study located in 
Via di Montisoni, a historic rural road in a prized landscape value area 
surrounding the city of Florence (Fig. 2). The case study refers to a slope 
instability event classifiable as a compound phenomenon based on the 
Varnes (1978) system, which occurred in the month of November 2020 
following heavy rainfall (Fig. 3).

Based on the climate classification of Köppen and Geiger (1954), the 
climate in the investigated area is Mediterranean, temperate, and 
moderately humid but with dry and relatively hot summers. Rainfall is 
typically Mediterranean and characterized by low rainfall summers. The 
maximum rainfall peak occurs in November with an average of 135 mm 
approximately, while the minimum rainfall is in July, with an average of 
30 mm approximately. The total yearly rainfall is 800 mm, approxi
mately. Morphologically, reliefs are hilly, with gentle and rounded 
shapes. The section of the road affected by instability lies at an elevation 
of about 325 m asl. Slope angle varies between 15◦ and 25◦. The slope is 
locally terraced with alternating sub-horizontal shelves and sub-vertical 
dry-stone walls. The section of road investigated is located on a west- 
facing hillside with a high-value view on the city of Florence and runs 
through privately owned agricultural land punctuated by olive groves 
(West) and woodland (East). From the geo-lithological point of view, the 
area is located on the Mount Cervarola Tectonic Unit, Montalto Member, 
with overlying pedological, debris, and colluvial covers in the first 2-3 m 
below ground surface and with the presence of silicoclastic turbiditic 
sandstones, in predominantly arenaceous-pelitic facies (Cervarola 
Sandstone Formation). These covers are sandy-loamy, brown in color, 
with organic matter and stone fragments. Surficial covers are altered and 
moderately degraded, mainly due to their organic content. The under
lying lithoid substrate displays limited alteration and a medium degree 
of fracturing. The arenaceous-silitic formations host aquifers of moder
ate importance in the fractures of lithoid horizons. Surface covers in the 
area are occasionally traversed by seepage water and underground cir
culation. Specifically, it has been assessed that in the presence of pro
longed rainfall, a stable, albeit ephemeral, water circulation may be 
established that can influence slope stability conditions. This phenom
enon is thought to have been the main triggering factor of the 2020 
event. Wells in the area reveal the presence of aquifer bodies at depths 
30-40 m below ground level within the Cervarola sandstone formation. 
The geotechnical characterization of the site relied on two dynamic 
penetrometer super-heavy tests (DPSH) with depth 3.4 and 4.6 m and 
located near the road and up-hill of the road, and two MASW 
geophysical refraction tests. Further details of the geotechnical charac
terization process are available in Boni (2022).

From a vegetational perspective, the area many of the typical species 

Fig. 3. The 2020 Montisoni landslide: (a) view from the road; (b) view from downslope.
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of Mediterranean deciduous forest such as oaks (holm oak, downy oak, 
turkey oak, downy oak), other broadleaf types (ash, maple, chestnut, 
alder, poplar, black hornbeam, white hornbeam, linden, wild cherry, 
walnut, hazel, rowan), and conifers (red juniper, Phoenician juniper). 
An on-site survey revealed a modest component of tree vegetation, 
accompanied by dense undergrowth in which a wide variety of herba
ceous and shrub species including Castanea sativa, Juglans regia, Ostrya 
carpinifolia, Pinus Halepensis, Quercus ilex, and Quercus pubescens.

The stabilization of the slope involved the design and the sequential 
implementation of the following technical interventions: (1) reinstate
ment of the road embankment in order to create a safe working surface 
for the laying of minipiles (Fig. 4a); (2) realization of a drainage trench 
and a microfissured pipe with water drainage function on the upslope 
side of the road (Fig. 4a); (3) realization of a row of 11 steel minipiles on 
the downslope side of the road (Fig. 4b),connected by a concrete cap and 
each having a length of 8.00 m, a drilling diameter of 200 mm, an 
external diameter of 114.3 mm, a thickness of 8 mm, a yield stress of 
355 N/mm2, and an inter-axial spacing between consecutive piles of 
0.75 m.; (4) reprofiling of the slope by means of two orders of double 
piles and wooden crib walls, filled with excavated soil and draining 
material in order to lower groundwater level (Fig. 4c and Fig. 4d); (5) 
greening of the slope by planting a mixture of grasses and legumes 
including Prunus, Digitaria sanguinalis, Spartium junceum, Laurus nobilis, 
Fraxinus ornus, and Carpinus betulus (Fig. 4e); and (6) construction of 
retaining wall on the downslope edge of the road and construction of 
white road and transverse and longitudinal drainage channels (Fig. 4f).

In order to identify experimentally the most effective building 
technique for the live crib wall, two approaches were adopted, respec
tively, for the first and the second order. Transverse wooden piles were 
assembled inline (i.e., with piles in phase at all levels) in the first order 
and “a quinconce” (i.e., with piles alternating at each level) in the second 
one. Moreover, bark was maintained on the longitudinal and transverse 
wooden piles in the first order, while stripped piles were used in the 
second order. The drainage behind the live crib wall was realized using a 
prefabricated system (Gabbiodren ®) for the first and with natural 
stones second order.

3. Geotechnical slope stability analysis

3.1. Analysis approach

The geotechnical assessment of slope stability requires the definition 
of a suitable “geotechnical model” accounting for the geometric, geo
mechanical, and hydrogeological attributes of a system. The geotech
nical modeling of physical systems involving NBS is challenging because 
geotechnical tools and software developed for slope stability analysis 
require the “equivalent” modeling of materials which cannot be physi
cally amenable to geomaterials, and who behavior at ultimate limit 
states may be very different from that of soils and rocks. The set of pa
rameters included in a geotechnical model depends on the analysis 
approach adopted on a case-specific basis. Geotechnical slope stability 
analyses can be conducted using limit equilibrium methods (LEM) or 
numerical methods (e.g., finite-element methods, finite-difference 
methods, material point methods, etc.). In extreme synthesis, LEM re
lies on simplified two-dimensional geometric assumptions and simpli
fied hypotheses regarding stress-strain states.

This paper relies on the LEM approach to slope stability. The LEM 
method was chosen for several reasons. First, it is the most well-known 
and frequently used method by designers. Since one of the aims of this 
paper is the provision of practical guidelines for the geotechnical 
modeling of slopes including conventional, nature-based, and combined 
stabilization solutions, it is conceptually pertinent to refer to practice- 
oriented tools. Second many design codes (e.g., the Italian NTC2018) 
require the conduction of LEM analyses even if other approaches are 
adopted. LEM methods rely on the analysis of static limit equilibrium 
conditions of one or more infinitely rigid bodies into which the soil mass 

is decomposed. Analyses are conducted on two-dimensional cross-sec
tions assuming plane strain and simultaneous rupture along a specific 
sliding surface. Numerical methods allow, in principle, a more realistic 
and detailed modeling of the stress-strain phenomena occurring within a 
slope through the use of more sophisticated constitutive models and can 
allow the real three-dimensionality of slopes to be considered. However, 
the full exploitation of the potential of numerical analyses is almost 
invariably hindered, in real applications, by limited and insufficient 
geotechnical site characterization which impedes the adequate 
modeling of the spatial variability and uncertainty in geomechanical 
properties and, consequently, the rational calibration of constitutive 
models.

LEM methods do not include the evaluation of stress and deformation 
states but provide quantitative outputs in terms of the factor of safety 
(FS) against slope instability, given by the ratio of the shear strength of a 
soil along a specific sliding surface, τf , to the shear stress mobilized 
along the same surface, τm: 

FS =
τf

τm
(1) 

Despite their fundamental simplifying assumptions, LEM analyses 
have been shown to provide reliable outputs if they are used rationally. 
The analyses pertaining to this study were conducted using the SSAP 
software (Borselli, 2023), which can be freely downloaded from 
https://www.ssap.eu. One of the main strengths of SSAP is the possi
bility of discarding aprioristic assumptions about the shape of the sliding 
surfaces (e.g. limited to only circular shape) and of generating slip 
surfaces randomly through advanced algorithms. This feature is espe
cially relevant for systems involving NBS, which are geometrically 
complex, present strong discontinuities in geomechanical properties, 
and for which the assumption of circular or logarithmic slip surfaces are 
unrealistic. Moreover, SSAP provides a wide range of modeling options 
specifically pertaining to: (1) the inclusion of artificial and natural 
materials representing well-established and innovative stabilization 
solutions; (2) the generation of spatialized values (and maps) of FS using 
non-LEM procedures which allow the calculation of distribution of stress 
states. The following sections illustrate salient aspects of the main steps 
involved in the construction of the geotechnical models used in the case 
study application.

3.2. Stratigraphic modeling

The geometric definition of the geotechnical model (in the 2D case, a 
reference cross-section) to be used in LEM stability using the SSAP 
software analysis relied on the outputs of the geological, geotechnical, 
and hydrogeological characterization of the site described in Section 2. 
In accordance with such process, the geotechnical model of the site 
included four geomaterials were identified; namely: (1) a surficial layer 
of soil and colluvium altered by shallow sliding phenomena; (2) non- 
altered soil and colluvium; (3) Cervarola sandstone; and (4) debris. 
Fig. 5 shows the post-event, pre-stabilization cross-section indicating the 
markedly two-dimensional stratigraphic profile of the site. As multiple 
technological solutions were analyzed comparatively, different geome
tries were defined as inputs to SSAP for the post-stabilization phase. 
These are addressed in greater detail in Section 4.

3.3. Hydrogeological modeling

No specific information regarding the fluctuation of groundwater 
level was available for the slope. Hence, the most conservative scenario, 
in which the groundwater level coincides with the post-event topo
graphic surface, was used in stability analyses. This approach is 
consistent with the provisions typically given in geotechnical design 
codes. For instance, clause 6.3.4 of the Italian technical code (NTC2018) 
states that when site-specific conditions do not allow easy evaluation of 
pore pressures, safety checks must be performed by assuming the most 
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Fig. 4. Stabilization of the Montisoni landslide using a combined solution: (a) phases 1–2; (b) phase 3; (c) and (d) phase 4; (e) phases 5; (f) phase 6.
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unfavorable conditions that can be reasonably predicted. Clause 6.8.2 
follows up by stating that, in the case of structures on slopes, the in
fluence of the structure on the general safety conditions of the slope 
must be examined by taking into account the induced changes in pore 
pressures.

3.4. Geomechanical modeling

This section details the hypotheses and process underlying the 
assignment of geomechanical parameters to the geotechnical model of 
the Montisoni site to the purpose of LEM analyses. Such process relies 
partly on existing literature findings but provides an innovative articu
late framework for addressing conventional, NBS, and combined stabi
lization solutions through the adoption of specific failure criteria and the 
definition of quantitative models for the assignment of parameters 
which are consistent with the physical attributes of each type of 
solution.

3.4.1. Equivalent geomechnical modeling of rooted soils
The ultimate limit-state behavior of rooted and non-rooted geo

materials in terms of shear stress was conducted by adopting the Mohr- 
Coulomb criterion by which mobilized shear stress τm (which, at failure, 
is equal to shear strength) can be expressed as the summation of a 
frictional and a cohesive component: 

τm = cʹ+(σ − u)tanϕʹ (2) 

in which ć  is the effective cohesion, σ is the total normal stress, u is 
the pore pressure, and ϕʹ is the effective friction angle. The effect of the 
presence of vegetation on slope stability can be investigated in a 
geotechnical perspective through the adoption of appropriate constitu
tive models. Models for estimating root reinforcement of soils have been 
developed at an increasing pace since the 2000s, starting with the pio
neering works of Waldron (1977) and Wu et al. (1979) and achieving 
milestones such as the Fiber (root) Bundle Model type (Preti, 2006; 
Schwarz et al., 2013; Murgia et al., 2022; Lann et al., 2024), eco- 
hydrological models (Preti et al., 2010; Gonzalez-Ollauri et al., 2021) 
and indirect models relying on the outputs of non-invasive methods 
(Giambastiani et al., 2021; Giachi et al., 2024). A systematic overview is 
provided in Mao (2022). Following a critical assessment of the methods, 
the SWWM-Wu-Preti approach was adopted. This approach has been 
extensively tested and validated (e.g., Preti, 2006; Schwarz et al., 2010; 
Ji et al., 2020), is more usable in practice than RBM (Root Bundel Model) 
or FBM (Fiber Bundle Model) methods which require the knowledge of a 
higher number of parameters (Schwarz et al., 2010; Gonzalez-Ollauri 
et al., 2021), and is compatible with the Mohr-Coulomb failure criterion 
given in Eq. (1) and opportunely modified by breaking down the 

effective cohesion term ć  as: 

ć = εwsvcw(t)+ [1 − εwsv][cs + cv(t, z) ] (3) 

in which εwsv is the fraction of unit volume of lens pertaining to the 
wood-soil-root system, cw(t) is the time-dependent wood cohesion cs is 
the depth- and time-invariant soil cohesion; and cv(t, z) is an additional, 
depth-time dependent cohesion brought by roots. The root-induced 
cohesion can be expressed as 

cv(t, z) = k1 • k2 • tR(t, z) (4) 

where tR(t, z) is the depth- and time-dependent root tensile strength 
mobilized per unit area of soil and k1 and k2 are auxiliary coefficients 
(Mao, 2022). The mobilized tensile strength tR(t, z) can be calculated as 
the product of the average root tensile strength TR and the root area ratio 
RAR: 

tR(t, z) = TR • RAR(t, z) (5) 

The root area ratio is defined as 

RAR(t, z) =
Ar(t, z)

Asoil
(6) 

in which Ar(t, z) is the aggregate cross-sectional area of the roots at a 
given temporal instant and depth z; and Asoil is the total time- and depth- 
invariant cross-sectional area of the rooted soil. Empirical observations 
indicate that root area increases over time and decreases with depth 
from ground level z according to the negative exponential relationship 
(Preti et al., 2010; Tron et al., 2014; Arnone et al., 2016; Preti et al., 
2022b): 

Ar(t, z) = Ar0(t) • exp
(
−

z
b

)
(7) 

where Ar0(t) is the root area (increasing over time) at the surface and b is 
the average root depth, estimated as 

b =
α

AWC
(

1 − 1
DI

) (8) 

in which α is the average intensity of rainfall events (in mm/event), 
AWC is the available water (in mm), and DI = Tp

(λ0•α) is the Budyko Dry
ness index in the vegetative growth, where Tp is the fraction of potential 
evapotranspiration (in mm/day) and λ0 is the average frequency of 
rainfall events (in events/day).

The Mohr-Coulomb failure criterion given in Eq. (3) can thus be re- 
formulated as 

Fig. 5. Stratigraphic model of the Montisoni site after the landslide and before interventions.
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τsr(t, z) = εwsvcw(t)+ [1 − εwsv][cs + cv(t, z) ] + (σ − u) tanϕʹ (9) 

in which shear strength is thus time- and depth-dependent due to the 
reasons discussed above.

The temporal increase and depth-wise decrease in cv(t, z) was 
modeled quantitatively by applying least-squares regression on an 
extensive database of measurements of root systems of 19 trees taken 
after the occurrence of approximately 800 landslides in mountainous 
and hilly areas of northern Tuscany. Details of the database can be found 
in Preti et al. (2022b), Preti et al. (2010), and Tron et al. (2014). In the 
Montisoni case-study, a “sandy loam” soil type was assumed. The 
auxiliary coefficient k1 was introduced by Waldron (1977) and Wu et al. 
(1979) and quantifies root orientation, taking values between 1.0 and 
1.3 with increasing deviation from perpendicularity to the sliding sur
face. The coefficient k2 is an empirical correction factor, conventionally 
taken as 0.4 (Preti, 2006; Schwarz et al., 2010; Mao, 2022), which ac
counts for the overestimation in cohesion values obtained by the method 
proposed by Wu et al. (1979).

The spatial variability of equivalent cohesion was accounted for in 
LEM analyses by defining layers which are geometrically parallel to the 
topographic surface from ground level. More specifically, three layers of 
thickness 0.50 m, 0.50 m, and 0.20 m starting from ground level were 
defined for the live crib walls, and two layers of equal thickness 0.50 m 
were defined for the live grids. Following this approach, values of 
equivalent cohesion were obtained for the end-of-construction temporal 
stage.

For the simulation of the wood-soil-root system, a value of εwsv=0.2 
was assumed based on expert judgement. As is typically the case for NBS 
implementations, the temporal evolution of the mechanical character
istics of the geotechnical system is expected to be of paramount 
importance in the Montisoni case study due to: (a) the progressive 
degradation of the wooden parts of the live crib walls and the wooden 
poles; (b) the progressive growth of root systems. These phenomena 
cause contrasting variations in terms of the mechanical behaviors and of 
the overall stability of the geotechnical system: the degradation of 
wooden elements reduces mechanical resistance while the growth of 
roots brings additional strength to soils (e.g., Sauli et al., 2005; Preti 
et al., 2011; Romano et al., 2016). It is not possible to assess a priori the 
aggregate effect of these variations and to identify the most severe 
temporal stage for the system. Good practice thus warrants the con
duction of stability analyses at multiple temporal stages (Bischetti et al., 
2021). To this purpose, ten stages were identified for the case study; 
namely: end of construction; and 1, 2, 3, 4, 5, 10, 15, 20, and 25 years 
following construction. A greater temporal resolution was adopted for 
the 5 years following construction to assess in greater detail the post- 
stabilization short-term effects of soil rooting.

Representative values of cv were assigned to each layer by calcu
lating through the evaluation of the integral (of the cohesion function 
with depth) weighted over the thickness of the layer by applying the 
analytical model in Eq. (5) to the depth intervals corresponding to each 
layer. Fig. 6 shows the depth-wise and temporal variation of cv for five (i. 
e., 5, 10, 15, 20, and 25 years) of the ten temporal stages considered in 
the analysis along with the representative values calculated at mid- 
depths below ground level (bgl) of the three live crib wall layers. A 
similar procedure was adopted to the layers used to model live grids.

3.4.2. Equivalent modeling of lens layers
Both conventional (minipiles) and nature-based (live crib walls, live 

grids) structural elements considered in the analysis interact with soils 
and their geotechnical design must account for such interactions. For 
instance, the behavior of the “minipile-soil” interaction is to be 
considered and investigated as to identify a spacing between minipiles 
which may allow the occurrence of the “arch effect” and avoid soil flow. 
The synergy between (conventional and nature-based) structural ele
ments and soils can be conveniently modeled in SSAP as “lens layers”. 
These are polygons that define the limits of specific geotechnical units 

which can be completely enclosed inside other layers.
The equivalent geomechanical modeling of the lens layers was con

ducted following a critical assessment of their expected mechanical 
behavior and temporal variability. The three main statements which can 
be made are: (1): the aggregate mechanical behavior can be assigned 
quantitatively as a function of the individual mechanical behaviors of 
the materials constituting the composite lens materials; (2) the physical 
attributes of the lens layers considered in the study do not involve any 
frictional component of strength; and (3) the degradation of conven
tional materials (steel, concrete) occurs over a temporal period which is 
much longer than the maximum temporal stage considered in this study 
(25 years), while the degradation of wooden structural elements is sig
nificant over this temporal span. Point (1) suggests the use of a general 
model for estimating equivalent geomechanical parameters of lens 
layers as 

Ωeq,lens = εΩmat +(1 − ε)Ωsoil (10) 

in which Ωeq,lens is the equivalent value of a generic geotechnical 
parameter; Ωmat and Ωsoil are the values of the same property pertaining 
to the structural elements and the soil, respectively; and ε is the fraction 
of unit volume of lens pertaining to the structural element. Point (2) 
suggests that the ultimate limit-state behavior of lens layers was 
modeled by adopting the Tresca failure criterion. In its original formu
lation, the Tresca criterion defines the shear strength of a material as 
being equal to its cohesion su: 

τm = su (11) 

Point (3) suggests that the equivalent modeling of the minipile and 
wooden pile lenses should account for the specific attributes of the 
cohesive mechanical behavior of the individual components of the 
composite lenses. Using the weighted model given in Eq. (10), the Tresca 

Fig. 6. Vertical spatial variation of root cohesion cv for the t05, t10, t15, t20, 
and t25 temporal stages for live crib walls and live grid lenses.
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criterion can be rewritten for minipile-soil lenses as 

τm,mp = su,mp = εmpsu,mp +
(
1 − εmp

)
su,s (12) 

in which su,mp is the equivalent shear strength of the minipile lens, 
εmp=0.31 is the minipile-soil volumetric ratio, su,mp is the shear strength 
of the minipile, and su,s is the undrained strength of the soil. All pa
rameters appearing in Eq. (12) are time-invariant because no NBS are 
included in the lens. For the wooden pile-soil lenses, the Tresca criterion 
becomes 

τm,wp(t) = su,wp(t) = εwpsu,wp(t)+
(
1 − εwp

)
su,s (13) 

in which su,wp(t) is the equivalent shear strength of the minipile lens, 
εwp=0.196 is the wooden pile-soil volumetric ratio, su,wp (t) is the time- 
variant (due to degradation) shear strength of the wooden pile, and su,s is 

the undrained strength of the soil. Volumetric ratios εmp and εwp were 
assigned on the basis of the geometric and dimensional features of the 
respective models (i.e., diameters of design minipiles and wooden piles, 
design spacing between consecutive minipiles). The selection of an 
initial value of shear strength of chestnut wood used at the Montisoni 
site was conducted by referring to Eurocode 3 EN 1993-1-1:2005 (CEN, 
2005). The temporal variation of equivalent parameters for NBS lenses 
was modeled by referring to the cohesion of rooted soils and the cohe
sion of the wooden elements of the live crib walls and of the live grids. 
The latter was assigned on the basis of an expert-based procedure 
involving the assignment of an initial value and a rule for temporal 
decrease which parameterized the progressive degradation of the wood. 
The definition of the trend of temporal degradation of wooden pile 
strength relied on the hypothesis by which the cohesion of wooden 
materials decreases linearly to halve its initial value over a period of 25 

Fig. 7. Temporal evolution of wood cohesion and equivalent cohesion of NBS lenses at depths of: (a) 25 cm bgl for live crib walls and live grid lenses; (b) 25 cm bgl 
for the wooden pile lenses; (c) 75 cm bgl for live crib walls and grids lenses; (d) 75 cm bgl for the wooden pile lenses; (e) 110 cm bgl for live crib walls and grids 
lenses; (f) 270 cm bgl for the wooden pile lenses.
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years. Such hypothesis is supported by past evidence (e.g., Mugnai, 
2019; Perugini, 2010; Selli and Guastini, 2014) and is purposely con
servative since it entails the inevitable simplification of complex three- 
dimensional patterns of spatial and temporal variability of mechanical 
properties of wooden structural elements of NBS. The resulting temporal 
variation of the effective cohesion of wood cw(t), of the rooted soil 
cv(t, z), and of the equivalent effective cohesion of NBS materials ceq,NBS 

are shown in Fig. 7 at significant spatial locations. More specifically, 
Fig. 7a refers to values calculated at 25 cm bgl (midpoint of the top layer 
of live crib walls and grid lenses); Fig. 7b refers to values calculated at 
25 cm bgl (midpoint of the top layer of the wooden pile lens); Fig. 7c 
refers to values calculated at 75 cm bgl (midpoint of the intermediate 
layer of live crib walls and grid lenses); Fig. 7d refers to values calculated 
at 75 cm bgl (midpoint of the intermediate layer of the wooden pile 
lens); Fig. 7e refers to values calculated at 110 cm bgl (the midpoint of 
the bottom layer of live crib walls and grid lenses); and Fig. 7f refers to 
values calculated at 270 cm bgl (the midpoint of the bottom layer of the 
wooden pile lenses). It is interesting to note that the equivalent cohesion 
of the NBS lens increases over time for the live crib walls and live grids 
while it decreases for the wooden pile. The different behavior is due to 
the varying aggregate effect of the two factors appearing in the equiv
alent cohesive strength model; namely, the depth- and time-dependent 
variation in the cohesion of rooted soils cv(t, z), and the volumetric 
ratio ε which appears in such model. The temporal decrease in the 
equivalent cohesion of the wooden pile su,wp(t) suggests the opportunity 
of periodically replacing wooden piles. The equivalent, time-invariant 
unit weights of lens layers was also calculated using Eq. (10). Further 
details of the geomechanical modeling process and are available in Boni 
(2022).

4. Definiation of modeling scenarios

Following the definition of the geotechnical models, the comparative 
analysis of slope performance was set up for LEM modeling scenarios 
defined by the physically plausible combination of: (1) stabilization 
technology solutions; (2) temporal stage of analysis; and (3) design 
mode.

4.1. Technological solutions

Solution A corresponds to the post-event, pre-construction state, 
with the post-event slope profile. Solution B corresponds to stabilization 

with only the conventional solution. In this case, the stabilizing effects of 
the row of minipiles are modeled following the Ito et al. (1981) meth
odology as implemented in SSAP (Borselli, 2023). The row of passive 
minipiles generates an arc-effect which induces a stabilizing reaction 
directed upslope, enhancing stability. The passive reaction force upslope 
is considered in the LEM procedure for the numerical computation of the 
factor of safety calculated using the Morgenstern and Price (1965)
method. This method was chosen among other rigorous LEM methods 
available in the SSAP software because it is considered as one of the most 
numerically stable and of general applicability (Duncan, 1996; 
Chowdhury et al., 2009). The local shear strength effect of the minipile 
lens modeled using Eq. (10) should also be added to the passive pile 
effect when the minipiles are intersected by a potential sliding surface. 
Solution C1 involves stabilization exclusively with NBS solutions, con
sisting of: (a) 2 rows of 3 live crib walls, placed at the foot of the slope, 
and live grids, placed in the upper part of the slope. Solution C2 corre
sponds to the as-built state, i.e., with the combined solution including 
minipiles, live crib walls, and live grid. Solution D1 constitutes the 
evolution of solution C1, with the addition of a berm of wooden 
(chestnut) wooden poles, placed in the center of the live grid and 
reaching a depth of 4 m below ground level. Analogously, with respect 
to solution C2, solution D2 involves the addition of wooden poles. 
Technological solutions are shown schematically in Fig. 8.

4.2. Temporal stages

Current design codes largely neglect the importance of the temporal 
evolution of soil-structure system. In the modeling of retaining works, 
the Italian design code NTC18 “Update of the Technical Standards for 
Construction” (MIT, 2018), for instance, requires geotechnical verifi
cation of stability under static conditions solely at the end of construc
tion. As mentioned previously, temporal variability plays a central role 
in the planning, design, and monitoring of NBS and combined solutions. 
The multiple temporal stages considered in the study are expected to 
cover the initiation, evolution, and completion of new root propagation.

4.3. Design modes

Geotechnical design codes are experiencing a shift in paradigm from 
the traditional deterministic approach to non-deterministic approaches 
in which uncertainties are accounted for explicitly in the design process. 
Currently, prevalent design codes such as the European Eurocodes adopt 

Fig. 8. Schematic overview of technological solutions: B) stabilization with minipiles (gray solution); C1) stabilization with live crib walls and live grids (green 
solution); C2) stabilization with minipiles live crib walls and live grids (combined solution); D1) stabilization with wooden piles live crib walls and live grids (green 
solution); D2) stabilization with minipiles wooden piles live crib walls and live grids (combined solution). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
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the non-deterministic load-resistance factor design (LRFD) format. 
LRFD-based design relies on the assignment of characteristic values and 
partial factors. These assignments are aimed at ensuring the target 
reliability of the system in terms of probability of attaining a specific set 
of limit states.

While partial factors are tabulated, characteristic values must be 
assigned by designers. However, the definition of characteristic values 
according to Eurocode 7 EN 1997–1:2004 (CEN, 2004) and compliant 
National Regulations such as the Italian NTC2018 (MIT, 2018) is not 
univocal. In principle, the characteristic value of a parameter should be 
selected using statistical processing of data from in-situ and/or labora
tory testing on the basis of the magnitude and relevance of the spatial 
variability of that parameter in the development of the mechanism 
related to the evolution of a specific limit state and in a specific spatial 
direction. Clause §2.4.5.2(2)P of EN 1997–1:2004 states that “the 
characteristic value of a geotechnical parameter shall be selected as a 
cautious estimate of the value affecting the occurrence of the limit 
state.” This definition differs from the general, statistical definition of 
the characteristic value of a structural material as “the 5% fractile value 
attained in a hypothetical unlimited test series” given in §1.5.4.1 and 
§4.2(3) Eurocode 0 “Basis of structural design” EN 1990:2002 (CEN, 
2002).

The wording “value governing the occurrence of the limit state” 
acknowledges that there are at least two design situations that must be 
considered in the choice of the characteristic value. EN 1997–1:2004 
§2.4.5.2(7) states that “The zone of ground governing the behavior of a 
geotechnical structure at a limit state is usually much larger than a test 
sample or the zone of ground affected in an in-situ test. Consequently, 
the value of the governing parameter is often the mean of a range of 
values covering a large surface or volume of the ground. The charac
teristic value should be a cautious estimate of this mean value”, while 
EN 1997–1:2004 §2.4.5.2(8) states that “If the behavior of the 
geotechnical structure at the limit state considered is governed by the 
lowest or highest value of the ground property, the characteristic value 
should be a cautious estimate of the lowest or highest value occurring in 
the zone governing the behavior.” The first case corresponds to a non- 
local failure, in which the limit state is governed by a large volume of 
soil and in which it is presumed that a mean value can be estimated 
within the large volume of soil. The characteristic value is selected with 
95 % confidence in the calculated mean value. The second case refers to 
a local failure, for which the characteristic value can be selected as the 5 
% fractile of the probability density function representing the variability 
of a single value of the property of interest, no longer of the mean. Both 
approaches to the selection of the characteristic value are conceptually 
consistent with the basic definition of the characteristic value. However, 
from a statistical perspective, they may result in significantly different 
values even if the calculated mean in the non-local failure case is equal 
to the mean value of the probability distribution of the point value for 
the local failure. In design practice, it is most often difficult to assess a 
priori the relevance of spatial variability and to determine which sta
tistic should be taken as the characteristic value, because such value 
needs to be defined as an input while, according to the dual definition, it 
should result from the output modeling of the geotechnical system. This 
also poses a problem in LEM stability analyses because the location and 
spatial extension of failure surfaces is not known a priori, and actually 
depends on the geotechnical model considered in the analysis. Because 
of this dichotomy, engineers most often assign characteristic values 
subjectively, thereby forsaking the potential of non-deterministic 
analyses.

To quantify the effect of the lack of univocity in the definition of the 
characteristic value and the frequently encountered consequent diffi
culty in establishing a priori the statistical criteria to assign such value in 
design, this study involved a parametric sensitivity analysis of the effects 
of adopting each of the two definitions of characteristic values of shear 
strength parameters on LEM-calculated factors of safety. The non-local 
failure case was addressed by considering the aggregate uncertainty 

present in the modeling scenarios. Aleatory uncertainty was accounted 
for by modeling the spatial variability of root-induced cohesion and the 
temporal variability of strength parameters of living materials. 
Epistemic uncertainties include: (a) measurement uncertainties and the 
definition of the representative value in a depth range for the effective 
cohesion and the friction angle of the rooted soil; (b) measurement 
uncertainties and the selection of the representative value of the cohe
sion and the wood friction angle; and (c) transformation uncertainty 
arising from the theoretical nature of the equivalent cohesion calcula
tion model given in Eq. (10). The local failure does not account for the 
aleatory component of uncertainty resulting from spatial variability.

The assignment of design values was conducted for each non- 
deterministic parameter through a sequential procedure involving: (1) 
the selection of suitable probability distribution; (2) the assignment of 
distribution parameters; (3) the calculation of the cumulative distribu
tion function; and (4) the extraction of characteristic values for the “non- 
local” failure case, corresponding to the 50 % percentile of the cumu
lative distribution (hereinafter, “MN”), and for the “local” failure case, 
corresponding to the 5 % percentile (hereinafter, “QT”). This process 
was applied to the geotechnical parameters included in the Mohr- 
Coulomb and Tresca failure criteria; more specifically, friction angle 
and effective cohesion (Mohr-Coulomb) and undrained strength 
(Tresca). The uncertainty in unit weight is known to be less relevant and 
was thus not considered in this study for sake of simplification (e.g., 
Uzielli et al., 2007).

The CoVs for parameter uncertainty in soil effective cohesion ć  and 
effective friction angle ϕʹ were assigned at 0.40 and 0.30, respectively, 
through a review of technical literature focusing on geotechnical un
certainty (e.g., Uzielli et al., 2007). The CoV for epistemic uncertainty in 
radical cohesion cv was assigned at 0.60 through the descriptive statis
tical processing of experimental data. The CoV of transformation un
certainty for the equivalent lens model used to calculate equivalent 
parameters was assigned at 0.50. Gaussian distributions were selected 
for friction angle while log-Gaussian distributions were used for effec
tive cohesion and undrained strength. The difference in the choice of the 
distribution lies in the smaller central tendency values of effective 
cohesion and undrained strength which, associated with the high CoV, 
could lead to sampling negative values which are physically not mean
ingful. As an example, Fig. 9a and Fig. 9b show, respectively, the 
Gaussian probability density function and the cumulative distribution 
function for effective friction angle of the “soil and colluvium” layer, 
while Fig. 9c and Fig. 9d show the corresponding functions for the log- 
Gaussian-distributed effective cohesion of the same layer. A more 
detailed insight into the shortcomings of the current formulation of 
LRFD design codes and the implications on design is provided in Uzielli 
(2024). The Authors’ direct experience involving frequent requests from 
practitioners in this regard attests to the importance of addressing this 
aspect of geotechnical slope stability analysis in a structured manner.

4.4. Modeling scenarios and input parameters

LEM stability analyses were conducted for suitable combinations of 
technological solutions, temporal stages, and design mode as discussed 
in previous sections. With respect to suitability, only the temporal stage 
“t00” was considered for technological solutions A and B, in which NBS 
are not present and for which, therefore, no temporal variations in 
mechanical properties are envisaged. All ten temporal stages were 
investigated for technological solutions C and D, which include NBS. 
Modeling scenarios are identified by the notation “DESIGN MODE - 
TECHNOLOGICAL SOLUTION.TEMPORAL STAGE”. For instance, the 
notation “QT-C1.t20” refers to technological solution C1 at the temporal 
stage of 20 years after construction, using parameters pertaining to the 
QT design mode. The definition of inputs to modeling scenarios is 
described in the following.

The geometric cross-sections used in the SSAP modeling are shown 
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for all scenarios in Fig. 10. As shown in the table at the bottom of the 
figure, the number of layers required to achieve the geotechnical model 
varied among scenarios. The definition of layers 6 to 18 allows the 
modeling of the temporal, depth-wise variation in equivalent cohesion 
in NBS materials due to root growth and wood decay. Table 1 provides 
the values of strength, i.e., effective friction angle and effective cohesion 
(for Mohr-Coulomb materials) or undrained strength (for Tresca mate
rials) by scenario, design mode, and temporal stage. An analogous 
process was conducted for unit weight. A live load of 12.5 kPa was 
included in all stability analyses to account for the possible presence of 
vehicles.

The site-specific application of the approaches to the equivalent 
geotechnical modeling of the Montisoni site described in Section 3 re
sults in the compilation of Table 1, which details the quantitative values 
of geomechanical parameters assigned to each of the geometric layers 
described in the previous section for the t00, t05, t10, t15, t20, and t25 
temporal stages. Table 1 allows the appreciation of the spatial and 
temporal variability of the geomechanical parameters of NBS lenses.

4.5. LEM analysis settings

The SSAP software offers a broad range of modeling options of 
varying degrees of complexity. In the Montisoni case study, potential 
critical surfaces were generated using the “random Search” (RS) random 
generation technique (Siegel et al., 1981). The RS algorithm is suitable 
for steep and non-homogeneous slopes such as the case study presented 
herein. In the RS technique, no prior assumptions are made regarding 

the shape of the sliding surfaces. Samples of 10,000 locally concave- 
convex composite random surfaces, composed of segments of length 
1.00 m, were generated through Monte Carlo Simulation for each of the 
modeling scenarios. Among the methods available in the SSAP software, 
the Morgenstern & Price’s method (Morgenstern and Price, 1965) was 
implemented as it is considered as one of the most numerically stable 
and of general applicability (Chowdhury et al., 2009). A total of 42 
stability analyses were performed, with each analysis requiring between 
5 and 10 min of computation time due to the varying complexity of the 
geotechnical models.

5. Presentation and discussion of results

This section provides and discusses critically selected outputs of the 
stability analyses for the modeling scenarios described in Section 4. In 
addition to the factor of safety FS, which constitutes the typical output of 
LEM analyses, SSAP is equipped with a complementary methodology 
which allows the visualization of the spatial distribution of FS itself.

5.1. Example outputs

This section presents selected qualitative visual outputs and quan
titative statistical outputs of SSAP-based stability analyses. The visual 
assessment of results is of interest because the green and gray compo
nents of the technological solutions contribute to the mechanical per
formance of the slope in different ways: the former is expected to 
contribute to stabilization at surficial depths, while the latter should also 

Fig. 9. Example derivation of MN and QT parameter values for: (a) friction angle of the “soil and colluvium” unit - Gaussian probability density function; (b) friction 
angle of the “soil and colluvium” unit - Gaussian cumulative distribution function with 5 % and 50 % quantiles; (c) effective cohesion of the “soil and colluvium” unit 
- log-Gaussian probability density function; (d) effective cohesion of the “soil and colluvium” unit - log-Gaussian cumulative distribution function with 5 % and 50 
% quantiles.
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improve stability in the less surficial parts of the slope. Statistical out
puts are examined in the form of descriptive statistics of the factor of 
safety against slope instability FS. The presentation of visual and para
metric results aims to allow the structured comparative assessment of 
the effects of technological, temporal, and design conservatism-related 

factors. More specifically, it is of interest to investigate stability in 
terms of: (1) the effects of technological solutions at the post-event (i.e., 
pre-construction), end-of-construction, and post-construction temporal 
stages; and (2) the combined effects of design mode and temporal evo
lution (i.e., by comparing the outputs of QT and MN scenarios for end-of- 

Fig. 10. Geometric assignment of materials in SSAP modeling for technological solutions: (a) A; (b) B; (c) C1; (d) C2; (e) D1; and (f) D2.
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construction and post-construction temporal stages, specifically for the 
as-built technological scenario C2).

5.1.1. Visual outputs
The SSAP software produces and exports multiple visual outputs. 

Here, two types of outputs are shown; namely: (1) critical slip surfaces; 
and (2) spatial maps. The first type of visual output, which is the typical 
result of LEM analyses, is the 2D projection of the most critical, prismatic 
failure surface (i.e., the surface corresponding to the minimum value of 
FS). The second type of visual output is a raster map (here represented as 
a grayscale map) providing spatialized values of the “local value” of FS 
calculated from the local stress state, which is computed by SSAP 
through one of its additional non-LEM features. The two types of output 
are different because the global FS obtained by LEM is related to a 
specific sliding surface as a whole. Differently, the FS raster map, ob
tained by means of the QFEM (QuasiFEM) method (Borselli, 2023), can 
discriminate specific zones and the values of FS can change along each 
considered sliding surfaces. Spatial maps thus provide a spatial distri
bution of instability mechanisms within the slope. The two visual out
puts are complementary in allowing a more complete assessment of the 
stability scenario and a more reliable identification of areas that could 
generate progressive rupture phenomena. The availability of this inte
grated information is useful in the preliminary identification of suitable 
stabilization solutions as well as in the assessment of the performance of 
design solutions at a more advanced stage of the engineering effort.

Fig. 11 shows the visual outputs described above for the A.t00 
(Fig. 11a), B.t00 (Fig. 11b), C1.t00 (Fig. 11c), C2.t00 (Fig. 11d), D1.t00 
(Fig. 11e), and D2.t00 (Fig. 11f). modeling scenarios. It should be noted 
that, strictly speaking, scenarios A and B do not coincide temporally. 
However, since these scenarios do not include NBS, they are temporally 
invariant in terms of geometric and geomechanical properties. Scenario 
A is thus transposed temporally to t00 for simplification. Fig. 11a and 
Fig. 11b represent, respectively, two typical pre-stabilization and con
ventional post-stabilization scenarios. It is interesting to note in Fig. 11b 
that the minimum factor of safety FSmin=1.27, which formally satisfies 
the requirement of Italian design codes, corresponds to a critical failure 
surface which does not interact with – and is not affected by - the sta
bilization solution. In this case, therefore, the sole adoption of the 

conventional solution does not entail a real improvement in safety 
conditions in the portion of the slope below the minipiles. Visual in
spection of Fig. 11 also indicates that the technological scenarios C2 and 
D2 represent substantial improvements in terms of stability over C1 and 
D1, respectively.

The assessment of the effects of design mode entails the comparison 
between the MN and QT scenarios, involving varying degrees of 
conservatism in the assignment of shear strength parameters of soils. 
Fig. 12 shows the spatial maps and most critical surfaces for the as-built 
C2 technological solution for scenarios QT–C2.t00 (Fig. 12a); (b) 
MN–C2. t00 (Fig. 12b); (c) QT–C2. t10 (Fig. 12c); (d) MN–C2. t10 
(Fig. 12d); (e) QT–C2.t25 (Fig. 12e); and (f) MN–C2.t25 Fig. 12f. The 
pronounced differences between the spatial maps corresponding to 
different temporal stages attests to the relevance of time in the evolution 
of geotechnical systems involving NBS. The explicit consideration of this 
temporal evolution is challenging and fraught with uncertainty from a 
modeling perspective but allows a significantly more rational insight 
into the presumable physical behavior of NBS-stabilized systems.

In the temporal transition between scenarios C2.t00 and C2.t25, the 
critical surfaces extend, reaching the foot of the slope and cutting the 
last order of piling, due to the increased strength provided by the 
development of the root system in the superficial layers. It is important 
to note that critical surfaces are markedly scenario-specific. This 
observation should come as no surprise, given the complexity of the 
slope model and the marked effects of the temporal variation in the 
contributions of the soil-root system and of the wooden materials to the 
stability of the slope itself.

5.1.2. Statistical outputs
LEM approaches to geotechnical slope stability analyses entail the 

generation of potential slip surfaces according to a variety of algorithms 
and the calculation of the factor of safety (FS) for each surface according 
to Eq. (1). Depending on the quality and complexity of the generation 
algorithm, LEM approaches are capable of replicating the physical 
complexity of real slopes to varying degrees. However, some degree of 
epistemic model uncertainty, stemming from factors such as the 
simplification of the physical reality into a 2D model and the assump
tions underlying the calculation of the factor of safety, is inevitably 

Table 1 
Input values of strength parameters for the t00, t05, t10, t15, t20, and t25 temporal stages.

SSAP layer code Material Scenario ϕʹ[◦] ć ,su[kPa]

1, 5 SC 
(not rooted)

A, B, C1, D1
Mode All stages Mode All stages
MN 28.0 MN 11.6
QT 14.2 QT 6.2

2 DEB All
MN 34.0 MN 31.3
QT 17.2 QT 16.6

3 CER All MN 31.0 MN 11.6
QT 15.7 QT 6.2

4, 17, 18, 19 ASC 
(rooted)

C1, C2 MN 28.0 MN 4.6
QT 14.2 QT 2.5

5 MIN B, C2, D2
MN No MN 467.0
QT no QT 214.9

6, 9, 12, 13, 17 NBU C1, C2
Mode All stages Mode t0 t5 t10 t15 t20 t25

MN 28.0 MN 49.8 68 83 92.6 102.3 112
QT 14.2 QT 26.3 37 44.5 49.4 54.3 59.2

7, 8, 11, 16, 18 NBM C1, C2 MN 28.0 MN 49.8 55.4 57.8 59.1 60.3 61.6
QT 14.2 QT 26.3 30.6 31.7 32.2 32.8 33.4

10, 14, 15 NBL C1, C2, D1, D2 MN 28.0 MN 49.8 50.3 47.7 45.6 43.5 41.4

QT 14.2 QT 26.3 28 26.5 25.3 24.2 23.1

17 WPU D1, D2
MN no MN 94 97.6 98 96.4 94.7 93
QT no QT 49.6 58.5 63.7 66.3 68.9 71.5

18 WPM D1, D2 MN – MN 94 91.2 85.1 79.1 73.1 67.1
QT – QT 49.6 52 50.8 49.1 47.4 45.6

19 WPB D1, D2
MN – MN 104.8 95.7 84.7 77.7 68.7 59.7
QT – QT 62 57.2 52.4 47.7 42.9 38.2

Legend: CER: Cervarola sandstone; ASC: altered soil and colluvium; SC: soil and colluvium; DEB: debris; MIN: minipiles; NBU: nature-based – upper layer; NBM: nature- 
based – middle layer; NBL: nature-based – lower layer; WPU: wooden pile – surficial layer; WPM: wooden pile – intermediate layer; WPL: wooden pile – bottom layer.
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introduced. LEM analyses are typically conducted in a deterministic 
mode, in which only the most critical failure surface is considered and 
the minimum value of FS is extracted. This approach may not be robust, 
as the single minimum value may correspond to a physically less plau
sible failure surface. Moreover, such minimum value may differ widely 
from the values associated with other failure surfaces and may thus 
introduce bias in the critical assessment of stability. The non- 
deterministic implementation of LEM analyses, involving the 

generation of a large number of surfaces and the statistical-probabilistic 
analysis of the output sample of FS, allows a more robust quantitative 
interpretation and assessment of the stability of a slope because multiple 
failure scenarios are investigated. In this paper, the variability in sam
ples of FS is addressed through a second-moment descriptive statistical 
analysis. More specifically, the sample containing the bottom 5 % lowest 
factor of safety among the 10,000 factors obtained (i.e., the 500 lowest 
values of FS) is considered for each modeling scenario. This sub-sample 

Fig. 11. Spatial maps of FS obtained with the QuasiFEM algorithm - (Borselli, 2023) with indication of the most critical sliding surface for design mode MN at time 
t00 for technological scenarios: (a) A; (b) B; (c) C1; (d) D1; (e) C2; and (f) D2.
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of FS is denoted as FS* hereinafter. Fig. 13 shows the relative frequency 
histograms of FS (in gray) and the subset FS* (in black) for the technical 
solution C1 for the QT design mode and for temporal stages t00 
(Fig. 13a) and t05 (Fig. 13b).

The visible difference in the relative frequency histograms attests to 
the significant change in the distribution of sample values of FS and FS* 

in favor of stability (i.e., with an almost complete disappearance of 

values below unity) due to the growth of roots in the surficial layers and 
despite the partial degradation of wooden elements of live crib walls and 
live grids. While relative frequency histograms allow the visual appre
ciation of the temporal variation of the distribution of the factors of 
safety, it is convenient to conduct quantitative assessments through 
sample statistics. To enable the quantitative assessment of the de
pendency of FS* from technological scenarios, design modes, and tem

Fig. 12. Spatial maps of FS obtained with the QuasiFEM algorithm (Borselli, 2023) for technological scenario C2 with indication of the sliding surface with the lowest 
FS at: (a) design mode QT – temporal stage t00; (b) design mode MN – temporal stage t00; (c) design mode QT – temporal stage t10; (d) design mode MN – temporal 
stage t10; (e) design mode QT – temporal stage t25; (f) design mode MN – temporal stage t25.
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poral stage, three descriptive sample statistics of FS* were calculated for 
each modeling scenario; namely: (1) the sample minimum FS*

min, which 
corresponds to the absolute sample minimum of FS; (2) the sample mean 

FS*
mean, which parameterizes the central tendency of FS*; and (3) the 

sample coefficient of variation FS*
CoV , which is calculated as the ratio of 

the sample standard deviation to FS*
mean and which provides a measure of 

Fig. 13. Relative frequency histograms of FS (in gray) and the lower 5 % subset FS* (in black) for the technical solution C1 for the QT design mode at temporal stages: 
(a) t00; and (b) t05.

Table 2 
Output sample statistics of the lower-bound sub-sample FS* of the factor of safety and frequentist probability of stability Pstab by modeling scenario.

Technological solution Temporal stage Design mode

MN QT

FS*
min FS*

mean FS*
CoV

Pstab FS*
min FS*

mean FS*
CoV

Pstab

A A.t00 1.09 1.28 0.047 1.0000 0.58 0.70 0.057 0.7986
B B.t00 1.27 1.68 0.071 1.0000 0.74 0.97 0.082 0.9710
C C1 C1.t00 0.91 1.07 0.047 0.9936 0.48 0.57 0.053 0.5698

C1.t01 1.47 2.22 0.099 1.0000 0.86 1.41 0.121 0.9992
C1.t02 1.54 2.26 0.097 1.0000 0.92 1.46 0.116 0.9995
C1.t03 1.53 2.25 0.098 1.0000 0.90 1.47 0.122 0.9997
C1.t04 1.56 2.28 0.092 1.0000 0.94 1.48 0.122 0.9997
C1.t05 1.56 2.31 0.095 1.0000 0.93 1.51 0.119 0.9996
C1.t10 1.77 2.46 0.102 1.0000 0.98 1.60 0.125 0.9999
C1.t15 1.77 2.53 0.099 1.0000 1.06 1.67 0.132 1.0000
C1.t20 1.83 2.57 0.101 1.0000 1.10 1.73 0.133 1.0000
C1.t25 1.84 2.67 0.109 1.0000 1.10 1.83 0.126 1.0000

C2 C2.t00 2.77 3.67 0.074 1.0000 1.28 1.63 0.074 1.0000
C2.t01 3.16 5.50 0.109 1.0000 1.70 2.63 0.110 1.0000
C2.t02 3.22 5.49 0.118 1.0000 1.64 2.62 0.107 1.0000
C2.t03 3.22 5.56 0.115 1.0000 1.63 2.64 0.114 1.0000
C2.t04 3.27 5.55 0.121 1.0000 1.59 2.72 0.114 1.0000
C2.t05 3.29 5.65 0.113 1.0000 1.63 2.74 0.109 1.0000
C2.t10 3.33 5.84 0.128 1.0000 1.68 2.84 0.123 1.0000
C2.t15 3.36 5.91 0.135 1.0000 1.79 2.99 0.120 1.0000
C2.t20 3.36 6.07 0.127 1.0000 1.87 3.01 0.126 1.0000
C2.t25 3.48 6.33 0.125 1.0000 1.98 3.13 0.125 1.0000

D D1 D1.t00 1.33 1.48 0.034 1.0000 0.66 0.76 0.039 0.6907
D1.t01 2.13 2.95 0.071 1.0000 1.23 1.66 0.078 1.0000
D1.t02 2.13 2.99 0.074 1.0000 1.28 1.66 0.072 1.0000
D1.t03 2.13 3.03 0.073 1.0000 1.25 1.71 0.076 1.0000
D1.t04 2.24 3.08 0.075 1.0000 1.37 1.71 0.076 1.0000
D1.t05 2.26 3.13 0.073 1.0000 1.34 1.74 0.080 1.0000
D1.t10 2.46 3.34 0.087 1.0000 1.33 1.87 0.080 1.0000
D1.t15 2.47 3.43 0.085 1.0000 1.40 1.95 0.082 1.0000
D1.t20 2.51 3.59 0.095 1.0000 1.47 2.06 0.083 1.0000
D1.t25 2.46 3.78 0.090 1.0000 1.44 2.10 0.086 1.0000

D2 D2.t00 2.85 4.56 0.057 1.0000 1.18 1.53 0.072 1.0000
D2.t01 3.20 4.81 0.096 1.0000 1.65 2.58 0.093 1.0000
D2.t02 3.25 4.89 0.090 1.0000 1.70 2.58 0.089 1.0000
D2.t03 3.33 4.97 0.101 1.0000 1.83 2.65 0.094 1.0000
D2.t04 3.37 5.04 0.099 1.0000 1.89 2.66 0.098 1.0000
D2.t05 3.39 5.06 0.095 1.0000 1.88 2.69 0.089 1.0000
D2.t10 3.73 5.35 0.095 1.0000 1.98 2.80 0.093 1.0000
D2.t15 3.76 5.47 0.101 1.0000 2.03 2.90 0.097 1.0000
D2.t20 3.98 5.69 0.093 1.0000 2.05 2.99 0.087 1.0000
D2.t25 3.68 5.77 0.104 1.0000 2.09 3.06 0.095 1.0000
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the dispersion of sample values of FS* around FS*
mean itself. The adoption 

of a statistical approach circumvents the possible bias resulting from 
focusing solely on the minimum value of FS which, in statistical terms, 
could prove to be an outlier. Moreover, focusing on the 5 % lower-bound 
sample is conceptually associated with the definition of the character
istic value given in Eurocode 7 and reflects an engineering approach 
which operates according to rationally conservative estimates. Table 2
contains the output sample statistics of the lower-bound sub-sample of 
the factor of safety, organized by modeling scenario. The table also 
provides Pstab, the percentage of surfaces for which FS>1. This statistic 
is, in effect, a frequentist estimation of reliability if it is assumed that the 
boundary between performance and non-performance states is FS=1. 
Fig. 14 illustrates the temporal variation of sample statistics of FS*. More 
specifically, Fig. 14a, Fig. 14c, and Fig. 14e refer to FS*

min, FS*
mean, and 

FS*
CoV , respectively, for design mode MN, while Fig. 14b, Fig. 14d, and 

Fig. 14f refer to FS*
min, FS*

mean, and FS*
CoV , respectively, for design mode 

QT. Note that statistics are calculated at discrete time stages and con
necting lines are included in the plot solely to allow the enhanced visual 

inspection of their temporal variation.

5.2. Discussion of results

Inspection of the results presented in the tables and figures in the 
previous section allows the conduction of a wide range of quantitative 
assessments, including those corresponding to the ones conducted 
qualitatively in the previous section. Some notable observations, among 
the many others which could be made, are reported and discussed in the 
following.

5.2.1. Which design mode is “correct”?
For all technological scenarios and temporal stages, FS*

min and FS*
mean 

are significantly smaller for the QT design mode with respect to the MN 
design mode. This result is to be fully expected, given that QT-related 
values are more conservative than MN values. On the contrary, 
FS*

CoV values are smaller for MN scenarios than for QT scenarios. The 
sample mean, coefficient of variation, minimum, and maximum of the 
ratios of sample statistics of for the MN scenarios to the QT scenarios (for 

Fig. 14. Temporal variation of sample statistics of FS*: (a) FS*
min for design mode MN; (b) FS*

min for design mode QT; (c) FS*
mean for design mode MN; (d) FS*

mean for 
design mode QT; (e) FS*

CoV for design mode MN; (f) FS*
CoV for design mode QT.
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corresponding technical scenarios and temporal stages) are given in 
Table 3. It is worth noting that the coefficients of variation of the MN/QT 
ratios are limited in magnitude, indicating a relatively small dispersion 
around mean values.

Given the high variability in outputs between MN and QT scenarios, 
which design mode is more meaningful? As mentioned previously, the 
choice of representative values in LRFD is, in principle, related to the 
expected effect of the relative magnitude of the spatial variability of a 
parameter with respect to the spatial extension of a failure mechanism 
for a given limit state. Such extension can vary greatly depending on the 
geometric and geomechanical attributes of the geotechnical model. As 
shown in the spatial maps presented in Fig. 11and Fig. 12, failure sur
faces tend to be spatially larger with respect to typical magnitudes of 
spatial variability for shear strength parameters. Consequently, among 
the two definitions of the characteristic values given in Eurocode 7, the 
adoption of a “non-local failure” scenario, conceptually amenable to the 
MN approach, appears to be more suitable than a “local failure” sce
nario, amenable to the QT approach. In this study, the concept of spatial 
variability has been implemented in the depth-wise modeling of the 
effects of root cohesion. However, the rigorous quantitative estimation 
and representation of spatial variability of geomechanical parameters is 
a complex topic which cannot be duly addressed in LEM analyses. Such 
rigorous modeling could result in failure surfaces which are significantly 
different from those obtained and presented in this paper. This sub
stantial indetermination is a typical example of the limitations of LRFD 
design modes. As discussed in Uzielli (2024), the adoption of fully 
probabilistic approaches allows a more univocal investigation and 
assessment of the performance of geotechnical systems.

5.2.2. Temporal efficacy of NBS solutions
The significant effects of time on slope stability are well-noted and 

have been widely described in this paper. However, it is relevant to 
speculate about the implications of the temporal progression of stability 
on the engineering approach to be adopted: how quickly do NBS 
contribute to attaining sufficient stability? Can engineers rely on the 
contribution of rooted soils in the short term? Visual outputs such as 
those shown in Fig. 14 and statistical outputs given in Table 2 provide 
useful information about the temporal variation in efficacy of NBS when 
used alone or with complementary conventional solutions. For techno
logical scenario C1, for instance, in which only NBS are implemented, 
the relative frequency histogram of FS and the high percentage of unsafe 
cases attest to an insufficient level of reliability in an engineering 
perspective. However, this reliability increases very significantly in just 
one year. As shown in Table 2 and Fig. 14, FS*

min and FS*
mean increase 

rapidly from t00 to t01 and, subsequently, display less rapidly increasing 
temporal trends. This observation provides an interesting insight and 
could be helpful or relevant from a design perspective. Despite this rapid 
increase in satisfactory performance, the adoption of solution C1 would 
not provide an acceptable engineering solution since stability would not 
be sufficiently ensured at the post-construction stage in absence of 
further short-term stabilization solutions for surficial layers.

5.2.3. The synergy of “quality” and “quantity”
The visual and statistical outputs are complementary, and not 

redundant, in allowing the integrated assessment of stability. Visual 
outputs alone cannot provide a direct, quantitative indication of the 

level of safety as parameterized by the factor of safety; rather, they can 
only inform about the geometry of failure surfaces. Statistical outputs, 
on the other hand, can provide interesting insights and supporting in
formation regarding the variability of the factors of safety pertaining to 
the multiple failure surfaces generated by LEM analyses. For instance, 
inspection of Table 2 and Fig. 14 allows (at least) two interesting in
sights. First, values of FS*

CoV are small for all modeling scenarios, indi
cating a generally low level of dispersion of sample values around FS*

mean. 
However, inspection of the FS*

mean/FS*
min ratios (ranging from a sample 

minimum of 1.11 to a sample maximum of 1.82 with a sample mean of 
1.49 and a sample CoV of 0.112 for the MN design mode and from a 
minimum of 1.15 to a maximum of 1.71 with a mean of 1.48 and a CoV 
of 0.104 for the QT design mode) reveals that these ratios are overall 
quite high. Minimum values could thus be considered as statistical 
outliers and their use as sole indicators of stability for any given 
modeling scenario would not seem appropriate. Second, values of FS*

CoV 
are smaller at the end of construction, increase rapidly from t00 to t01, 
and thereafter remain stable or show relatively weakly increasing trends 
over subsequent temporal stages. In other words, the rapid increasing 
contribution of roots to stability from t00 to t01 corresponds to a greater 
dispersion in samples of FS* around the respective values of FS*

mean. This 
observation could be related to the increased spatial variability and 
spatial anisotropy of mechanical properties and the consequent 
increased variability in the geometry of failure surfaces with low values 
of FS. Notwithstanding the very interesting implications and leads for 
further insight provided by Quantitative statistics cannot, by them
selves, provide support to the interpretation of the most critical failure 
mechanisms stemming from the application of the stability analysis 
approach to a specific geotechnical model. Good practice should involve 
the integrated assessment to ensure that the choice of a stabilization 
solution occurs on the basis of sound engineering reasoning and with the 
support of preferable non-deterministic approaches involving statistics 
of the factor of safety rather than the sole minimum value. Both visual 
and statistical outputs depend on the specific combination of geotech
nical model and stability modeling approach. While the magnitude of 
model uncertainty could only be estimated through back-analysis on 
pre-failure scenarios, it is possible (and warranted) to conduct a para
metric investigation on the sensitivity of outputs not only to the relevant 
factors addressed in this study (technology, design mode, temporal 
variability) but also to stability modeling options (surface generation 
algorithm, stability analysis method, etc.).

6. Concluding remarks and future perspectives

The application of the LEM stability analysis approach to a wide 
range of modeling scenarios revealed several aspects of considerable 
geotechnical interest, allowing for the qualitative and quantitative ex
amination of the effects of (1) the geotechnical stabilization technology 
solution adopted; (2) the temporal variation in the geotechnical prop
erties of the system following from the use of NBS; and (3) the selection 
of values of strength parameters corresponding to different levels of 
conservatism. The analyses performed in this study can be conducted 
routinely in geotechnical practice because they are computationally 
efficient, with each analysis only requiring 5 minutes on a standard 
laptop. The inclusion of multiple geotechnical models should not be seen 
as an academic exercise; rather, geotechnical practice should typically 
involve the comparative assessment of different solutions to ensure that 
a suitable, cost-effective, and performing design scenario is selected. 
Moreover, the necessity to perform multiple analyses in regulatory 
contexts involving LRFD design formats also stems from the non- 
univocal definition of characteristic values. Assessing comparatively 
the outputs pertaining to characteristic values for local- and non-local 
failure cases allows investigating the sensitivity of design to input 
values.

The stability analyses conducted for the Montisoni case-study 

Table 3 
Statistics of ratios of sample statistics of FS* between MN and QT modeling 
scenarios.

ratio mean CoV minimum maximum

FS*
min,MN/FS*

min,QT 1.83 0.087 1.64 2.42

FS*
mean,MN/FS*

mean,QT 1.85 0.143 1.46 2.98

FS*
CoV,MN/FS*

CoV,QT 0.96 0.119 0.75 1.14
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confirm that NBS can provide a valuable aid for geotechnical slope 
stabilization. However, the volumes of soil affected by rooting are 
limited to surficial layers. Moreover, in the scenarios corresponding to 
the time of construction, the scenarios corresponding to the sole use of 
NBS, without the use of conventional solutions, do not ensure suffi
ciently high reliability levels with respect to stability.

The combined solution, actually built at the case study site, thus 
represents an optimal synthesis from the dual perspective of environ
mental sustainability and engineering performance. The reprofiling of 
the intermediate and downslope areas of the slope by means of NBS and 
the rooting of soils are aimed at ensuring the progressive temporal in
crease of mechanical strength despite the degradation of the wooden 
elements of the live crib walls and the live grids. This result is in line 
with literature studies (e.g., Preti, 2013; Preti et al., 2022a, 2022b).

From the perspective of the design mode, the evaluation of the effects 
of the different degrees of conservatism in the design values of the pa
rameters of shear resistance confirmed the importance of recognizing 
and suitably accounting for the presence of significant epistemic un
certainties. Thus, it is essential to rationally define these values ac
cording to the design principles compatible with the LRFD methods, 
such as those included in the structural Eurocodes.

The results of the Montisoni study are case-specific. Case-specificity, 
which is a common trait of geotechnical analyses, stems from the geo
metric and geomechanical unicity of sites as well as from the repre
sentation of such unicity in the modeling process. The adoption of 
different modeling options (e.g., the slip surface search algorithm, limit 
equilibrium method) may produce varying consequences depending on 
site geometry and geotechnical properties. The LEM analyses conducted 
using the SSAP software relied uniformly on the Random Search algo
rithm for the generation of slip surfaces and on the Morgenstern & Price 
method for the calculation of the factor of safety. The adoption of other 
surface generation algorithms and stability calculation methods among 
those available in SSAP would have arguably resulted in different out
puts. The comparative application of multiple well-established LEM 
methods (e.g., Spencer, Sarma, Morgenstern-Price, Janbu, etc.) does not 
normally lead to appreciable differences. For design purposes it is 
common to use the Spencer or Morgenstern-Price methods as these have 
widely proven to be the stable ones from a numerical computational 
perspective. Algorithms for the generation of potentially unstable sur
faces can have, in particular cases, greater influence in the final result 
(Borselli, 2023). However, considering the objectives of this article, we 
decided not to extend this point and to defer dedicated analyses to future 
research. The Freeware SSAP software has confirmed its potential and its 
flexibility in this application. This confirms what emerges from the 
wealth of worldwide applications and scientific literature pertaining to 
the geotechnical and the earth sciences disciplines which can be con
sulted on the software website.

On a more general note, given the relatively recent surge in interest 
in NBS on the part of the geotechnical community, there is vast space for 
improvement in the equivalent geotechnical modeling of NBS and con
ventional materials, relying for instance on data regarding the durability 
of structural wood which are available to the authors. This paper pro
poses an approach which can and should be refined through further 
dedicated research. Its purpose is intended to be more methodological 
than output-oriented. Moreover, while this study focused solely on an
alyses in static conditions, geotechnical slope stability analyses are 
typically conducted for seismic scenarios adopting a pseudo-static 
approach. Notwithstanding the scope of the study and the current 
state of knowledge, the results of this paper are promising. While 
qualitative and quantitative outputs are not uncritically exportable to 
other cases, the observed trends in terms of the effects of technological 
solution, temporal variability, and level of design conservatism are 
consistent with geotechnical theory, experience, and critical reasoning. 
This observation sets an encouraging basis for future advancements.

Environmental requalification should not be seen as the sole driver of 
a more frequent use of NBS and combined solutions. Construction costs 

for these solutions may prove to be appreciably lower with respect to 
those of conventional solutions, thereby facilitating their implementa
tion in a wider range of countries. The solution adopted in the present 
case study allowed the Administration of the Municipality which hosts 
the Montisoni site to successfully fulfill the goal of road stabilization 
with substantially diminished economic effort. As a matter of fact, the 
site was not easily accessible for big construction machines and the 
adoption of a more conventional stabilization solution would have 
required, quite inconveniently given the topographic setting and the 
environmental value of the area, the construction of a specific temporary 
road to transport all the necessary equipment. The decision to adopt a 
SWBE approach involving NBS combined with conventional engineering 
systems allowed the use of relatively small drilling machines and an 
excavator. Minipiles were installed using a spacing greater than three 
times their diameter, without having the risk of soil flowing between 
them. In fact, the presence of the NBS downhill of the minipiles gua
rantees the effective retaining of the soil, especially as the rooting sys
tem develops over time. It is worth noting that the construction of NBS 
structures requires specific practical expertise by construction com
panies. Unfortunately, such expertise is currently not widespread among 
general contractors. The use of a combined solution allowed to reduce 
the number of minipiles by 50 % with respect to the conventional-only 
stabilization scenario. These aspects related to logistics and design 
allowed an overall reduction in construction costs of approximately 25 
%.

Along with the improvement in environmental compatibility, cost- 
performance optimization provides a further relevant motivation for 
the geotechnical community to resort to NBS and hybrid solutions. 
Hopefully, this paper may provide a stimulating contribution to advo
cating an increased awareness of the engineering potential as well as of 
the environmental and financial advantages of non-conventional ap
proaches to slope stabilization. This awareness, as well as any conse
quent advancement in method and technology, cannot prescind from the 
constructive and mutually respectful synergy between disciplines, both 
in the academic and practitioner communities. Geotechnics alone 
cannot duly and optimally address and solve problems which require 
empirical, experimental, and theoretical competence about the me
chanical and biological attributes of living materials which constitute 
nature-based solutions. In this regard, this paper also wishes to provide a 
concrete example of the positive outcomes of multidisciplinary 
interaction.
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