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ABSTRACT: Soil Water Bioengineering (SWBe) solutions are significantly more complex than conventional “gray” solutions
due to the heterogeneity of their elements and of the biological processes which intervene in their living components and which
induce a significant spatial and temporal variability of their geohydromechanical properties. This paper proposes a simple but
rational analytical approach to the parameterization of the aggregate contribution of soil, roots, and wood to the equivalent
geomechanical cohesion of this composite continuum for geotechnical applications such as slope stability. The ease and breadth
of applicability of the proposed model is demonstrated for a small-scale engineered retaining solution and a larger-scale rooted

slope. Outputs are discussed critically.

Keywords: Soil Water Bioengineering (SWBe); rooted soils; structural wood; geotechnical modeling; slope stability; equivalent cohesion

1 INTRODUCTION

The term “Soil and Water Bioengineering (SWBe) in-
terventions” encompasses a broad set of solutions in
terms of typology, technological solutions, and scale
(e.g., spanning from relatively small engineered struc-
tures such as live crib walls and live grids to large-scale
rooted slopes). Notwithstanding the breadth of this gen-
eral definition, all SWBe share the hybrid character of
their components, which can be broadly categorized
into: (1) geomaterials (soil, debris, rocks); (2) wooden
elements that form the containment structure; and (3)
vegetation as well as their expected synergy for improv-
ing engineering performance (e.g., slope stability) and
mitigating other georisks such as erosion. SWBe solu-
tions are significantly more complex due to the hetero-
geneity of their elements and of the biological processes
which intervene in their vegetational components. This
results in significant spatial and temporal variability of
their geohydromechanical properties. In fact, while it is
relatively legitimate to hypothesize the temporal invar-
iance of the geomechanical strength of the geomaterials
component, this assumption cannot be extended to the
wood and roots components. Wood tends to degrade
over time and, if not replaced, progressively loses its
strength characteristics, thereby no longer contributing
significantly to stability. Conversely, root systems tend
to develop over time, increasing in density and size and

occupying ever-larger volumes of soil, thereby contrib-
uting more and more to the geomechanical strength of
the soil-root medium.

The geotechnical modeling of composite SWBe
structures involving wooden structural elements and
rooted soils requires the modeling of these components
as “equivalent geomaterials” to allow their analysis us-
ing geotechnical approaches and analysis tools (e.g.,
limit equilibrium slope stability methods and software).
These analyses require the definition of constitutive
models and the declaration of failure criteria such as the
Mohr-Coulomb and Tresca criteria. Given the para-nat-
ural evolution of SWBe solutions, which entails the oc-
currence of biological and chemical processes in their
living components, the equivalent geotechnical model-
ing should also consider the temporal evolution of root
development, the progressive degradation of wood
strength (Chirico et al., 2013, Gonzalez -Ollauri et al.,
2021, Preti et al., 2010, Preti et al., 2025a,b).

2 STATE OF THE ART AND RATIONALE

A conspicuous and steadily growing corpus of literature
suggests that it is possible to estimate the effect of veg-
etation on slope stability using hydrological-hydraulic
and geotechnical models (e.g., Arnone et al., 2016;
Preti, 2013). Models for estimating root reinforcement
have been developed since the 2000s, improving early
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pioneering work of Wu & Waldron to include the Fiber
Bundle Model (Preti, 2006 in Mao, 2022; Schwarz et al.
2013; Murgia et al., 2022; Tongsan, 2024), also on an
eco-hydrological basis (Preti et al., 2010; Tardio et al.,
2016; Gonzalez-Ollauri et al., 2021) and with non-inva-
sive indirect methods (Giambastiani et al. 2021; Giachi
et al., 2024). With reference to the careful analysis by
Mao (2022) of available methods for the evaluation of
root reinforcement, reference will be made here to the
Simplified Wu-Waldron Model modified by Preti
(SWWM-Wu-Preti) scheme (Preti, 2006 in Mao, 2022)
which has been extensively tested and validated and
which in the design context is more usable than the Root
Bundle Model (RBM) or Fiber Bundle Model (FBM)
methods which require the knowledge of a large number
of parameters (Schwarz et al. 2010; Gonzalez-Ollauri et
al., 2021). Other studies have revised the SWWM-Wu
(as defined in Mao, 2022) model by confirming the cor-
rection factors to account for the systematic overestima-
tion in the SWWM-Wu model stemming from its ap-
proximate representation of root orientation, root failure
mode, load-sharing law, and mechanical behavior of the
mobilizing roots.

Among the models of varying complexity which
have been contributed in the technical literature to pa-
rameterize the geomechanical contribution of SWBe
structures, none are applicable to composite SWBe in-
terventions including geomaterials, structural wooden
elements, and root systems. Moreover, with few excep-
tions, the spatial and temporal evolution of the contri-
bution to strength due to the simultaneous presence of
wood and roots is not accounted for, assuming as the
most conservative scenario the one immediately after
the construction of the structure in which the contribu-
tion of the wood is at its peak and that of the roots is
absent. This hypothesis could be misleading at least in
cases of non-optimal survival or para-natural succession
of vegetation, in which the contribution to resistance re-
duced by wood degradation may not be compensated by
that which would be provided by correct root develop-
ment.

This paper proposes a rationally reliable parameteri-
zation approach that can support geotechnical engineers
in including SWBe-engineered solutions involving nat-
ural geomaterials, wooden elements, and root systems
in well-established geotechnical analysis approaches
such as limit equilibrium slope stability method. The
main novel aspect of the paper lies in the parameteriza-
tion of the soil-roots-wood complex as an “equivalent
SWBe continuum” and in the quantitative modeling of
the temporal variability of its geomechanical strength
(more specifically, its cohesive component) resulting
from the combined effect of the mutually contrasting
degradation of the woody material and increasing
strength provided to the soil by the presence of shrub
and/or tree root systems. In this context, the paper also

fills the knowledge gap regarding the rate of degrada-
tion of structural wooden elements.

3 PROPOSED COHESION MODEL

The proposed model for the equivalent cohesion of the
SWBe continuum is

Ceq(z,t) = [1 = &y (D][cs(2) + ¢ (2, 1)]
+ &w(t) - Cwoll = A1) - £]

where ¢4 (z,t) is the equivalent cohesion (in kPa), in
which

¢ (z,t) =k'- k" -Tg-Gs(t) -exp(—z- b) 2
is the root-induced cohesion (in kPa) and

sw(t) = gwo[:l - A(t) ' t] 3)

is the time-depth-varying dimensionless ratio of the vol-
ume of the wood component to the total volume of the
SWBe continuum (with ¢,,,¢ being its value at the begin-
ning of its service life, before the wooden components
progressively turns into rooted soil); A(t) is the annual
reduction ratio of the cohesion of the wooden compo-
nent (in yr'); ¢, is the initial cohesion of the wood
component (in kPa); c;(z) is the cohesion of the non-
rooted soil (in kPa); k'=1.2 and k''=0.4 are correction
coefficients (Preti. 2006 in Mao, 2022); Ty is the aver-
age root tensile strength (in MPa); Gg(t) is the dimen-
sionless basal area (ratio), given by the product of the
average stem area and the number of stems per unit area;
z is the depth at which cohesion is estimated (in cm);
and b is a shape factor which accounts for average root
distribution, and which depends from soil type and cli-
matic conditions (Preti et al., 2010; Tron et al., 2014).
The temporal evolution of the basal area is modeled us-
ing a hyperbolic trend:

(M

fasy @)

where Gg(qsy) 1s the asymptotic value of the basal area

ratio, t is the required time for minimum basal area and
tasy 1s the time of quasi-attainment of the asymptotic
value. Note that the proposed model is conservative
with respect to geomechanical strength due to at least:
(1) the neglection of a matric suction term; (2) the ne-
glection of the temporal increase in Gg. The calculated
equivalent cohesion can be used directly in geotechnical
analyses referring to specific temporal scenarios and in
geotechnical models accounting for the vertical spatial
variability of geomechanical properties. Notably, the
model given in Equation (1) is inherently multi-scale
and multi-solution, i.e., it can be applied to engineered
SWBEe structures as well as to large slopes.
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4 MULTI-SCALE APPLICATION

The wide applicability of the proposed model is exem-
plified for two scenarios; namely (1) a small-scale case
study (SS) involving a combined stabilization interven-
tion including minipiles, live crib walls, and live grids
conducted on a slope located in Montisoni (Florence, It-
aly) that collapsed following heavy rainfall events and
due to sub-optimal drainage of surface water from a
public road above the slope; and (2) a large-scale (LS)
rooted slope located at the Pomezzana landslide site in
northwestern Tuscany (Italy). Details of the Montisoni
site are reported in Uzielli et al. (2025) while the
Pomezzana site is described in Preti et al. (2025). De-
tails are omitted here due to space limitations. In both
cases, the cohesion of the soil for the layer intercepted
by the SWBe structures is 4.6 kPa. The value of the av-
erage tensile strength of the roots was set at T,=36 MPa.
The basal area ratio Gg(t) was calculated using Equa-
tion (4) by setting ty=0 yrs, tg5,=500 yrs, and
Gs(asy)=30. For the plant species found at the site, the
depth z,.,,, at which the condition for the root area ratio
RAR <5% is satisfied is approximately 130.4 cm; con-
sequently, the average rooting depth z,, (= 2y, /3 in
case of exponentially decreasing RAR) is set at43.5 cm,
and the shape factor b = 1/z,, is set at 0.023. The ini-
tial cohesion of the structural wooden elements was set
at ¢,,0=230 kPa. The above values were set on the basis
of numerous tests carried out on plant species typical of
the Tuscany region and should be understood as ration-
ally conservative representative values. The linear
strength reduction rate was set at A=0.02/yr. This value
refers specifically to a comprehensive analysis of Tus-
can chestnut wood samples from 15 crib walls which
were monitored over periods ranging from 2 to 31 years
(Preti et al., 2025b), for which the linear degradation
trend was found to fit experimental data with excellent
adaptation. The main modeling distinction between the
two cases is given by &, which is assigned as
ewo=0.20 for the SS case on the basis of design geome-
try of the crib walls and live grids, and at ¢,,,=0.03 for
the LS case on the basis of site-specific calculations.
Figure 1 plots comparatively the outputs of the two
example applications for a time interval of 25 years.
More specifically, Figure 1a plots the temporal variabil-
ity of €, based on the respective initial values &,,(. Fig-
ure 1b plots the temporal variability of c,, for the SS
and SL cases for selected depths of 20,50,100, and 150
cm below ground level along with the root cohesion
component ¢,.. which is common to both cases. The con-
tour plot in Figure 1c allows the simultaneous assess-
ment of the effects of depth and time on of ¢,4. Obser-
vation of Figure 1 emphasizes the variability of the
effects induced by SWBe and their intrinsic benefits
even for comparable climatic and geotechnical scenar-
ios. Among notable results, the SS case yields temporal
decreases at all depths while the LS case indicates a
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Figure 1. Outputs of the comparative multi-scale applica-
tion (predictions over 25 years): (a) temporal variability of
the wood component ratio; (b) temporal variability of root
and equivalent cohesion at selected depths; and (c) contour
plots of equivalent cohesion

temporally increasing benefit for relatively surficial
depths. This inference confirms the well-known neces-
sity to resort to combined solutions, involving the syn-
ergy between SWBe and conventional solutions, in
cases on non-surficial failure kinematisms. It should be
noted that these results are markedly case-specific and
that temporal and spatial trends of equivalent cohesion
may vary significantly based on local climatic and ge-
otechnical scenarios, all of which can included in the
proposed model.

5 CONCLUDING REMARKS

Through the proposed model, the calculation of the
equivalent cohesion is deliberately simplified to ensure
practical usability over a more complex and articulated
modeling approach which may prove to have limited
applicability in most real-world applications due to typ-
ical scenarios of data availability. Moreover, the linear
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modeling of wood strength degradation is a novel result
which fills a scientific gap.

The proposed model aims to be rationally conserva-
tive in its deterministic formulation to adhere to funda-
mental engineering design principles. Current geotech-
nical design codes in many parts of the world (e.g.,
Eurocode 7) require an implicitly non-deterministic ap-
proach in the assignment of characteristic values. Addi-
tional research is required to transpose the proposed
model into a non-deterministic formulation through the
systematic modeling, processing, and reporting of un-
certainties. Moreover, further investigations are war-
ranted to (at least): (1) compile a catalog of reference
values of model parameters (including the wood
strength degradation rate) for different species; (2) im-
prove the accuracy and precision of the ecology-based
definition of the basal area ratio in the climax or subcli-
max phase for local conditions; and (3) identify poten-
tial improvement interventions in the modeling of the
para-natural evolution of SWBe structures.

6 ACKNOWLEDGMENTS

This research was partially supported by Horizon Europe
project ARAGORN (grant ID 101112723).

7 REFERENCES

Arnone, E., Caracciolo, D., Noto, L.V., Preti, F., Bras, R.L.
2016. Modeling the hydrological and mechanical effect of
roots on shallow landslides, Water Resources Research
52. doi:10.1002/2015WR018227

Chirico, G.B., Borga, M., Tarolli, P., Rigon, R., Preti, F.
2013. Role of vegetation on slope stability under transient
unsaturated conditions. Procedia Environmental Sciences
19, 932-941. doi:10.1016/j.proenv.2013.06.103

Giachi, E., Giambastiani, Y., Giannetti, F., Dani, A., Preti, F.
2024. Root system evolution survey in a multi-approach
method for SWBE monitoring: a case study in Tuscany
(Italy), Sustainability 16, 4022. doi:10.3390/sul 6104022

Giambastiani, Y., Errico, A., Preti, F., Guastini, E., Censini,
G. 2021. Indirect root distribution characterization using
electrical resistivity tomography in different soil condi-
tions, Urban Forestry & Urban Greening, 127442.
doi:10.1016/j.ufug.2021.127442

Gonzalez-Ollauri, A., Hudek, C., Mickovski, S.B., Viglietti,
D., Ceretto, N., Freppaz, M. 2021. Describing the vertical
root distribution of alpine plants with simple climate, soil,
and plant attributes, Catena 203, 105305.
doi:10.1016/j.catena.2021.105305

Mao, Z. 2022. Root reinforcement models: classification,
criticism and perspectives, Plant and Soil 472.
doi:10.1007/s11104-021-05231-1

Murgia, 1., Murgia, F., Giadrossich, F., Mao, Z., Cohen, D.,
Capra, G.F., Schwarz, M. 2022. Modeling shallow land-
slides and root reinforcement: A review, Ecological En-
gineering 181, 106671.
doi:10.1016/j.ecoleng.2022.106671

Preti, F., Dani, A., Noto, L.V., Arnone, E. 2022. On Leonar-
do's rule for the assessment of root profile, Ecological En-
gineering 179, 106620.
doi:10.1016/j.ecoleng.2022.106620

Preti, F. 2013. Forest protection and protection forest: tree
root degradation over hydrological shallow landslides
triggering, Ecological Engineering 61, 633-645.
doi:10.1016/j.ecoleng.2013.10.002

Preti, F., Dani, A., Laio, F. 2010. Root profile assessment by
means of hydrological, pedological and above-ground
vegetation information for bio-engineering purposes,
Ecological Engineering 36, 305-316.
doi:10.1016/j.ecoleng.2009.05.008

Preti, F., Dani, A., Giambastiani, Y., Giachi, E. 2025a. Slope
stability time evolution of a shallow landslide restored by
Soil and Water Bioengineering (SWBE) techniques: a
case study in Northwest Tuscany (Italy), Ecological
Engineering 214. doi:10.1016/j.ecoleng.2025.107612

Preti, F., Togni, M., Giambastiani, Y., Dani, A., Pini, S.
2025b. Long-term assessment of chestnut live crib walls
deterioration in Soil and Water Bioengineering using
drilling resistance measurements. Ecological Engineer-
ing. doi:10.2139/ssrn.5508930

Schwarz, M., Giadrossich, F., Cohen, D. 2013. Modeling root
reinforcement using a root-failure Weibull survival func-
tion, Hydrology and Earth System Sciences 17(11),4367—
4377. doi:10.5194/hess-17-4367-2013

Schwarz, M., Preti, F., Giadrossich, F., Lehmann, P., Or, D.
2010. Quantifying the role of vegetation in slope stability:
A case study in Tuscany (Italy), Ecological Engineering
36(3), 285-291. doi:10.1016/j.ecoleng.2009.06.014

Tardio, G., Gonzalez-Ollauri, A., Mickovski, S.B. 2016. A
non-invasive preferential root distribution analysis meth-
odology from a slope stability approach, Ecological En-
gineering 97, 46-57. doi:10.1016/j.ecoleng.2016.08.005

Tongsan, L., Bao, H., Lan, H., Zheng, H., Yan, C., Peng, J.
2024. Hydro-mechanical effects of vegetation on slope
stability: a review, Science of The Total Environment 926,
171691. doi:10.1016/j.scitotenv.2024.171691

Tron, S., Dani, A., Laio, F., Preti, F., Ridolfi, L. 2014. Mean
root depth estimation at landslide slopes, Ecological
Engineering 69, 118-125.
doi:10.1016/j.ecoleng.2014.03.028

Uzielli, M., Geppetti, A., Borselli, L., Renzi, S., Preti, F.
2025. Comparative geotechnical analysis of slope stabili-
zation through conventional, soil and water bioengineer-
ing, and combined solutions, Ecological Engineering 212,
107487. doi:10.1016/j.ecoleng.2025.107487

RootS25 - Proceedings



