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ARTICLE INFO ABSTRACT

Keywords: Tree root-soil interaction is important for problems such as uprooting of trees subjected to wind loads or the
Tree roots stability of vegetated slopes. This paper examines the stability of laterally loaded trees (e.g., subjected to wind)
Root-soil interaction and introduces a novel methodology for characterizing the uprooting capacity of tree root-soil systems. The
Uprooting novelty of the methodology originates from the coupling between the Space Colonization Algorithm (SCA) for

Space colonization algorithm

the geometry characterization of the root system with an efficient Finite Element Method (FEM) model. Each tree
Embedded beam

is unique, and finding a generalized model would need to account for multiple scenarios involving different a
priori uncertain tree root geometries and soil types. The proposed methodology allows for the assessment of
uncertain root geometries and their effects on the mechanical response of the root-soil system, thanks to the
stochastic nature of the SCA. It introduces a competitive growth algorithm that models root branch expansion in
the soil as a dynamic and stochastic process. The study captures the mechanical response of a tree root system
with a 3D FEM model by using an elastoplastic mechanical model for the soil, while the roots are modeled with
elastoplastic embedded beams. The proposed model enables the identification of the locations of root breakage
and soil failure paths in multiple scenarios. Model outputs allow quantitative investigation into the relationship

between root system geometry and the root-soil system uprooting capacity and base stiffness.

1. Introduction

Trees are important for urban environments, affecting aesthetics,
living quality, biodiversity, and local climate. Careful tree management
is required to maintain the positive effects of trees on urban environ-
ments and reduce the risks they may impose on life, health, and
property. One of the potential risks is wind throwing or uprooting of
trees subjected to strong wind loads. The uprooting collapse occurs
through the mechanical interaction between soil and roots, with the
loading on the tree exceeding the combined bearing or anchorage ca-
pacity of the tree root-soil system (Yang et al., 2018).

Pioneering studies on tree pull tests conducted by Coutts, (1983, 1986)
and Blackwell et al. (1990) identified various elements influencing tree
anchorage, including the resistance of windward roots, the mass of the soil-
root plate, leeward hinge resistance to bending, soil resistance in terms of
shear strength, and the weight of the tree's stem and crown.

Understanding the anchorage capabilities of tree root-soil systems is
crucial for assessing tree mechanical stability. Advancements in empirical
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and theoretical insights into root-soil interactions have been achieved
through a combination of tree-pulling experiments and numerical simula-
tions (Achim & Nicoll, 2009; Coutts, 1983; Danjon et al., 2005; Dupuy et al.,
2005a; Fourcaud et al., 2008; Stokes, 1999; Yang et al., 2018).

Empirical regression models have been developed to establish the
relationship between critical bending moment and key tree parameters,
such as Diameter at Breast Height (DBH) and stem weight (Achim &
Nicoll, 2009; Mansour et al., 2024; Nicoll et al., 2005). These models
offer a straightforward approach for estimating the resisting moment
without the complexities of numerical modeling. However, numerical
modeling is suitable for studying the soil-root interaction mechanism
during uprooting.

FEM models can range from simplified representations, such as
modeling the root system as a plate resting on the soil surface with
equivalent springs to capture the stiffness of the root-soil system (Achim
& Nicoll, 2009; Blackwell et al., 1990; Kim et al., 2020), to more ad-
vanced models that incorporate detailed root distribution within the
soil. These models can further refine our understanding of how root
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plate slip surfaces form and how root-soil interactions influence the
position of the rotation axis.

More complicated models were developed by Dupuy et al. (2007)
and Yang et al. (2014), who proposed 3D FEM models using beam
elements that integrate realistic root system architectures obtained
from destructive field tests. These models were designed to study the
mechanisms of tree anchorage during uprooting and to evaluate the
role of different root elements in maintaining tree stability. FEM models
may have limitations in capturing large deformations (Huang et al.,
2024). However, they are well-suited for modeling root-soil interactions
up to the failure threshold within small strain ranges in the soil.

FEM models that simplify the geometry of root systems and their
interaction with soils into a plate-soil model (e.g., Kim et al., 2020;
Rahardjo et al., 2014) typically attempt to back-calculate the model
properties by fitting the maximum bending moment from pull tests.
Although often successful in fitting the measured bending moments, the
simplified models may not completely capture the failure mechanism of
the root-soil system. Alternatively, models that pursue more explicit
modeling of root architecture (Dupuy et al., 2005b; Yang et al., 2014)
can better capture the effects of root shape and soil properties on the
tree anchorage mechanism. While these models show promising results
in capturing the behavior of the root-soil system during tree over-
turning, the confident replication of root architecture relies on the
availability of root detection analyses, which are costly, labor-intensive,
and have higher computational requirements. Moreover, root system
architectures are complex and vary among species or even for trees of
the same species at different locations. This is especially relevant in
urban areas where obstacles such as walls, roads, buildings, or human
activities affect the geometry of root systems. Geometric and mechan-
ical attributes of tree roots are influenced by environmental and genetic
determinants. This biological and environmentally induced hetero-
geneity complicates the model-based replication of root branching
patterns and investigations into the impact of root mechanical char-
acteristics on tree stability (e.g., Mickovski et al., 2007). Devising ap-
proaches that can replicate and analyze a vast range of root system
morphologies can significantly aid in generalizing investigations into
the stability of trees and their resistance to mechanical failure me-
chanisms such as uprooting (Dupuy et al., 2007).

While previous studies have successfully employed FEM to model root-
soil interaction, existing approaches either oversimplify the root system as
a plate or require complex root geometry data that are often unavailable.
This study bridges this gap by introducing a flexible methodology that
allows for stochastic modeling of root system morphology while capturing
the mechanical behavior of the root-soil system with an advanced FEM
simulation, attempting an accurate representation of root-soil interactions
in the context of tree stability under wind loading. A novel methodology is
introduced in this paper that couples SCA for characterizing root system
geometry with a three-dimensional FEM model for efficient mechanical
analysis of the root-soil interaction. The uncertainty in the spatial con-
figuration of root-soil systems is accounted for by assuming a random
distribution of root geometry. The root geometry model is generated in the
Plaxis 3D software (PLAXIS 3D, 2024) based on the SCA (Runions et al.,
2007) that simulates competitive growth among root branches of the root
system, with the branches modeled as embedded beam elements. This
approach allows for efficient modeling of soil-root systems and the
quantitative investigation into the effect of wind forces on mechanical
stability concerning uprooting failure. The proposed methodology is
flexible and can be employed to analyze variations in the shapes of tree
roots for naturally growing trees and non-standard shapes for those en-
countered in urban areas. However, an attempt was made to compare the
model output with field test data; the lack of sufficient information to
replicate the root system posed challenges in effectively validating the
developed model, and further field testing and analysis are necessary to
calibrate the model appropriately. The paper provides a detailed insight
into the algorithm and the modeling process, along with the discussion
and critical assessment of the outputs.
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2. Root geometry

Modeling of tree geometry has been addressed using different ap-
proaches (Hidayat et al., 2020; Li et al., 2022; Zanotto et al., 2024).
Some approaches aim to utilize recursive and/or fractional patterns in
tree geometries to provide realistic models of tree geometries. The use
of recursive and/or fractional formulations is supported from a biolo-
gical perspective with their natural growth and development process
(Wilson, 1984). Honda (1971) first introduced the concept of trees as
recursive structures through visual modeling of tree architectures. The
study characterized trees as branching structures with a restricted set of
geometric attributes, such as branching angles and length ratios of
consecutive branch segments. Subsequent research enhanced the visual
accuracy of these recursive models by incorporating random and sys-
tematic changes to the parameters based on the branches' placement
within the overall structure of the tree (Bloomenthal, 1985; Lintermann
& Deussen, 1999; Oppenheimer, 1986; Prusinkiewicz et al., 2001).
While more studies suggest recursive patterns in tree branches, van
Noordwijk et al. (1994) suggested that tree root architecture could also
be modeled using fractal geometry. They proposed that examining the
proximal roots (those directly attached to the root collar) and mea-
suring their vertical insertion angles and diameters would be sufficient
to predict total root distribution.

Sachs and Novoplansky (1995) argued that viewing a mature tree
solely as a recursive structure fails to capture the full complexity of its
shape, which is significantly influenced by environmental conditions.
They posed that the intricate canopy structure and the tree's develop-
mental flexibility are primarily driven by the competitive growth
dynamics among its branches. Runions et al. (2007) presented SCA as
an alternative to the recursive branching method in creating tree
models.

SCA was implemented in this paper to simulate root structures
within a soil volume. Although SCA has been primarily used for mod-
eling the aboveground geometry of a tree, the flexible and random
nature of the algorithm allows for creating root systems. This is de-
monstrated in Fig. 1A, with the algorithm initially establishing a three-
dimensional boundary outlining the root system's overall shape. Such a
boundary is versatile enough to mimic various root growth behaviors
specific to different tree species, such as heart, tap, and plate root
systems. In rocky areas or urban settings, where urban infrastructure
can restrict the root systems' natural expansion, the modeling of root
geometry can be adapted to such conditions by incorporating the im-
penetrable obstacles in the initial three-dimensional boundary. One of
the simplest shapes is shown in Fig. 1A, where the volume to be po-
pulated with a root system is defined as a semi-ellipsoid. The three axes
of the semi-ellipsoid can be adjusted to create various root geometries.
For example, the depth of the root system envelope can be determined
by the maximum depth of the roots, and its horizontal radius is cal-
culated from the maximum lateral extension of the root system. By
varying these parameters, characteristic dimensions of root systems for
various tree species can be recreated.

Once the boundaries are created, the encompassing volume is filled
with N randomly distributed attractor points (i.e., green points in
Fig. 1A) in addition to the one point at the stem base. The random
points indicate available space for growth of the roots, and non-uniform
distributions of attractor points can be considered to fine-tune the
geometry of root systems. Another important feature of the SCA algo-
rithms is the randomness in the resulting geometry of the root system,
which is the outcome of the random distribution of the attractor points.
This allows for modeling effects of geometrical uncertainty of root
configurations. This is of high importance as root geometry is often
highly uncertain, with limited knowledge that can be gained from non-
destructive tests. Modeling root geometry as uncertain allows for ex-
pressing the lack of knowledge about root geometry in a well-defined
framework and quantifying the effects of uncertainties in the root
system geometry.
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Fig. 1. (A) Initial boundary and distribution of attraction points; (B—C) Development of root skeleton; Simplified root growth algorithm: (D) Nodes in the radius of
influence, (E) Resulted in normalized vectors toward the new nodes for new branches, (F) New nodes, and new root branches are added, (G) The affected attraction

points are removed.

Once the attractor points are generated, the SCA iteratively gen-
erates root branches and eliminates attractor points, as shown in
Fig. 1B. The mechanism for the growth of root branches and elimina-
tion of attractor points in each cycle is shown in Fig. 1D-G. Fig. 1D
shows a root branch, or the stem node in case of the first iteration, and
several attractor points in its vicinity. Further growth of the root system
is affected by the attractor points within a predefined radius of influ-
ence, d;, of the end node of a root branch. As shown in Fig. 1E, multiple
points, collectively denoted as S (v), affect the end node, v, of the root
branch. If S(v) is not empty, a new node, V', is formed and linked to v by
a root branch, see Fig. 1F. The placement of V' is determined by cal-
culating the mean of the normalized directions toward all influencing
sources in S(v), and a node is made at a pre-specified growth distance,
d, from v (Runions et al., 2007). The mean direction for the branch
growth is calculated as:

- -
ﬁ) _ s =V
= -
seS(v) s —vil 1

where V and 5 are vectors from the origin to the points v and s, re-
spectively.
The normalized mean direction vector, 7, is obtained by normalizing

5
n:

5
P

N7 2

The end node for the root branch (v, v') is added in the direction 7 at
a distance d:

V=7 +di )

It is important to note that d is a parameter also affecting the de-
velopment of the root geometry and it can be exploited for fine-tuning
the root geometry.

The procedure concludes once all points of attraction are eliminated
such that no nodes fall within the influence radii of any remaining
points or after achieving a predetermined number of iterations. After
adding new nodes, an evaluation is conducted to determine if any at-
traction points need to be eliminated because root branches have

extended close to these points. Fig. 1C shows the final geometry of the
root system once all of the attractor points were eliminated.

Once all the root branches are defined, the radius of the root branch
is calculated by assuming that all the tips of the branches start with the
same relative radius, r, = 1. This assumption can be adapted to varying
radii if needed. The radii of the remaining root branches are calculated
iteratively upwards from the root tips toward the tree's base. At junc-
tions where K lower-level contributing branches of radii r; i = 1, ...,k
meet, the supporting higher-level branch's radius, r, is determined as
follows:

k a
P @)

Where 2 < a < 3. In this study, @ = 2 is used, which corresponds to
the cross-sectional area of the supporting branch being equal to the sum
of the cross-sectional areas of the contributing branches. Finally, the
calculated radii are scaled to match the DBH of the trunk.

Although root geometries that appear realistic can be created with
the SCA, this does not necessarily guarantee that the resulting root
geometry is realistic in terms of the distribution of the root mass or root
cross-sectional area. Therefore, it is suggested to use additional avail-
able statistics for a given tree species to calibrate the hyperparameters
of SCA (e.g., boundary geometry, distribution of attractor points,
growth distance) to obtain more realistic root properties.

3. Mechanical model of the root-soil system
3.1. Introduction

Tree root geometry, modeled with SCA, is imported in a three-di-
mensional FEM root-soil model in Plaxis 3D geotechnical software, as
shown in Fig. 2A. Wind loading was modeled using a pseudo-static
force (F) applied in the positive x direction and the resultant moment
(M). These actions were applied to the midpoint of the plate, along with
the weight of the Above-Ground Biomass (AGB) representing the self-
weight of the tree. The goal of the FEM root-soil model is to simulate
the mechanical response of the root-soil system subjected to a lateral
static load (e.g. mimicking the effect of the wind load). The branches of
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Fig. 2. (A) Root-soil model and applied loads; (B) Visual representation of embedded beam element in Plaxis 3D (PLAXIS 3D, 2024).

the root system are modeled as ‘embedded beams’ that allow the
modeling of forces and moments in the root system. The embedded
beam model allows for the possibility of accounting for elastoplastic
behavior in the root system and damage due to the failure of root
branches.

A rigid connection is defined between the embedded beams. Once
the maximum axial force or bending moment is reached, the material
exhibits plastic behavior, allowing the root to yield and deform further
without rupturing. However, this approach does not account for root
breakage that may occur under high mechanical stress. Capturing such
failure would require a more advanced constitutive model than the
Mohr-Coulomb criterion used in this study, which is limited to re-
presenting yielding behavior. Incorporating root breakage mechanisms
remains an important aspect for future model development.

The failure of the root-soil system occurs within small strain ranges,
and large deformations are not the primary concern, as the focus is on
capturing the failure threshold.

Soil response is modeled with three-dimensional finite elements and
nonlinear material behavior. Plaxis 3D includes a variety of advanced
soil models that can be employed to model soil response to varying
loading conditions. The interaction between the embedded beams and
the soil is modeled through interface elements. The current formula-
tions of the interface for embedded beams allow for slippage between
the root and soil only in the axial direction, with the interface not ac-
counting for potential flow-around behavior of soil in the remaining
directions. In this study, slippage along the axial direction is governed
by the Mohr-Coulomb frictional model, where the interface shear
strength is defined by the normal stress-dependent cohesion and fric-
tion angle at the interface (Eq. 5). More details on the embedded beam
model are provided in later sections. On top of the root-soil model, a
plate is added with a diameter equal to the stem diameter to avoid
punch-through failure mechanisms, allowing for a realistic transfer of
forces and bending moments from the aboveground part of the tree to
the soil and roots. Finally, model building was automated by using
Python scripting in Plaxis 3D.

This modeling strategy was selected as an optimal compromise be-
tween numerical complexity and accuracy. An alternative approach
could be to model roots with volume elements and interface elements
that enable more accurate modeling of the interface between the roots
and soil. However, such a modeling approach is met with challenges
related, among others, to handling geometry intersections, require-
ments for very fine mesh on the outermost branches, and substantial
computational demands. The modeling strategy proposed in this study
successfully overcomes most of these limitations with potential limita-
tions in the accuracy of interface modeling. These could be effectively
mitigated with more advanced formulations of the embedded beam
models. Beyond embedded beams, alternative approaches such as

Node-to-Segment (NTS) method (Tomobe et al., 2019, 2021) have been
proposed for modeling root-soil interactions. Further investigation is
needed to evaluate whether NTS can provide a more effective solution
for capturing complex root geometries while accurately modeling lat-
eral resistance.

3.2. Embedded beam model of the root system

In Plaxis 3D, an embedded beam is a structural element that can be
oriented in any direction within the soil volume and interacts with it
through a specialized interface. The beam components are structured as
three-node line elements with six degrees of freedom within a 10-noded
tetrahedral element representing the soil. Unlike standard interfaces
with volume piles, specialized interface elements create virtual nodes at
beam nodes within the soil, linking the beam directly with all nearby
soil nodes (Fig. 2B).

An embedded beam does not occupy physical space; however, an
elastic zone is assumed around the beam, where the plastic behavior of
the soil is prevented. The dimensions of this zone are equal to the pile's
diameter as specified by the material of the beam, causing the beam to
mimic a volume pile.

Embedded beams are versatile and useful for modeling various
slender structures within the soil. An elastoplastic model describes the
interface behavior. The interaction between the embedded beam ele-
ment and soil includes skin and base resistance, and the forces exerted
depend on the relative movement between the soil and the beam.

The layer-dependent setting in Plaxis 3D links local skin resistance
to specific strength properties — cohesion, ¢, and friction angle, ¢ —
along with the interface strength reduction factor, Riner, as specified in
the material data set for the relevant soil layers where the pile is in-
stalled.

The friction at the root-soil interface is influenced by multiple fac-
tors, including soil type, root surface properties, and moisture content.
The selection of an appropriate Riye value should be guided by ex-
perimental data, derived from pull-out experiments (e.g., Tomobe et al.,
2021).

In PLAXIS, the Rj, defines the strength at the interface, ranging
from O to 1, where O represents a perfectly smooth interface with no
resistance, and 1 indicates a fully bonded interface, matching the
strength of the surrounding soil.

In the analysis performed in this study, Riyer, is considered to be 1,
assuming that the root-soil interface provides the same resistance as the
surrounding soil. This parameter can be adjusted to reflect variations in
interface strength, allowing for a more accurate representation of the
interaction between roots and soil.

T =0, tang, + ¢ 5)
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In this context, 7 is the local shear stress resistance of the interface,
o, is the normal stress, ¢, and ¢; are the friction angle and cohesion of
the interface, respectively. Similarly, ¢, ; and c,; are the friction angle
and cohesion of the correspondent soil layer.

The skin resistance, T;, as a force per unit of depth, is defined as Eq.
(9), where R, is the embedded beam's equivalent radius.

I = 27TReqTi (©)]

For the interface, to remain elastic, the shear force at a particular
point should be less than the maximum local skin resistance, Ty.x, de-
fined in Plaxis 3D.

The base resistance, Fy,y, represents the maximum force at the base
of an embedded beam, defining its end-bearing capacity. It is important
to note that the base can withstand compressive forces only, not tensile
forces.

In addition to skin and base resistance, an embedded beam in Plaxis
is characterized by its elastic modulus, E, yield stress, o,, and diameter.

Due to the absence of limits on the lateral shear component of the
embedded beam, the interface is expected to maintain elastic properties
when subjected to any lateral force. This might create an overprediction
of the maximum overturning moment at the tree base. Apart from un-
limited lateral resistance in the beam itself, the embedded beam can
have elastoplastic behavior in bending and pulling (PLAXIS 3D, 2024).

3.3. Soil modeling

The soil is modeled as a homogeneous and isotropic porous medium
with elastic, perfectly plastic behavior following the principles of the
Mohr-Coulomb failure criterion. The shear strength of soil is defined as:

Tnax = Optane + ¢ (10)

where 7, is soil shear strength, o, the normal stress, ¢ the soil's in-
ternal friction angle, and ¢ denotes effective soil cohesion.

3.4. Load modeling

A rigid, isotropic, and elastic plate with a diameter equal to DBH,
Poisson ratio of 0.3, and depth of 0.1 m was positioned on the soil
surface at the base of the trunk.

The AGB was estimated based on the model by Kebede and
Soromessa (2018) with the following relationship, where H is the total
height of the tree:

AGB = 0.623(DBH)\352(H )0.703 an

AGB was applied to the model alongside the lateral load and its
resultant moment, illustrated in Fig. 2A. In this equation, H is measured
in meters, DBH in centimeters, and AGB in kilograms.

3.5. Comparative analysis of embedded beam and volume pile models of
roots

Since embedded beams are used in this study to model the roots
under lateral loads, this approach may overestimate the lateral capacity
of the root. To address this potential issue, volume piles are compared
with embedded beams. Two distinct simulations were conducted to
evaluate the potential overestimation of the lateral capacity by the
embedded beam method compared to volume pile models. The first
simulation is a singular vertical root/pile, while the second simulation
employs a more complex arrangement involving a main vertical root
with three root branches (Fig. 3). By comparing these models, the
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impact of root structure complexity on the predicted failure load was
examined. Additionally, both simulation series included variations in
the ratio of diameter, DBH, to the length, L, of each root, specifically
0.12, 0.16, and 0.2, allowing for an assessment of how these ratios
affect the outcomes. Further simulations incorporating varied root
configurations are necessary for a comprehensive understanding of the
impact of geometry; however, creating intricate root shapes with vo-
lume piles demands the generation of a fine mesh, which is challenging
due to the potential for overlapping small volumes. This highlights the
advantage of using embedded beams. In these models, roots were
modeled as elastic material with a Modulus of elasticity Ex = 40 GPa
and axial skin resistance Ty, = 1000 kN.

The analyses reveal that for the single pile, the embedded beam
model overpredicts the ultimate capacity by 9% for DBH/L= 0.12, 12%
for DBH/L= 0.16, and 13% for DBH/L = 0.2. In contrast, the four-pile
model shows less overprediction, with values less than 1% for DBH/
L= 0.12, 6% for DBH/L= 0.16, and 10% for DBH/L = 0.2. The beha-
vior of the embedded beam with a smaller DBH/L ratio is closer to that
of a volume pile without an interface, likely due to less flow-around
effects and base contribution (Fig. 3). This similarity becomes more
pronounced in the four-pile models. This indicates that for tree roots
acting as slender piles, the overprediction of the ultimate capacity tends
to be lower, and the embedded beam element used in simulations can
closely replicate the behavior of volume piles.

Despite this level of overprediction, the embedded beam approach
remains preferable due to its modeling simplicity, particularly as it
avoids the inherent challenges associated with mesh generation in vo-
lume pile modeling. The comparative analysis underpins the potential
of the embedded beam model, suggesting that future enhancements
could refine its predictive accuracy, thereby rendering it even more
effective for practical applications.

4. Case study

While the root geometries generated with SCA look realistic, it is
advisable to use additional statistics available for specific tree species to
adjust the root geometry and properties to achieve a more accurate root
system. Future studies should explore additional statistics, such as the
relationship between root diameter and length (Wu et al., 2016) or Root
Length Density (RLD), which quantifies root length per unit soil volume
and aids in assessing root distribution and growth patterns (Allan Jones
et al., 1991). Such detailed datasets are currently limited, but estab-
lishing these statistics across different tree species would provide va-
luable information for refining and calibrating the proposed algorithm.

One valuable piece of information from field tests in previous works
is the distribution of root cross-sectional area in depth for different
species (e.g., Bischetti et al., 2009; Preti & Giadrossich, 2009). The SCA
presented in this study was used to simulate a sample root system,
where the Root Area Ratio (RAR), defined as the ratio of root area to the
cross-sectional area of the soil affected by the roots, was calculated
following the methodology of Preti et al. (2010). RAR has been shown
to exhibit an exponential decrease with depth, a trend also documented
by Giachi et al. (2024) in their empirical observations. The soil and the
sample root model properties generated with SCA are shown in Table 1.
RAR is determined using Eq. (12), where RAR(z) represents the Root
Area Ratio at depth z, Ar(z) is the total cross-sectional area of roots at
depth z, and A, denotes the rooted soil cross-sectional area (Preti et al.,
2010).

Ar(z) m  Ar(z);
RAR@) =5 % = 2 4, (12)
The findings confirmed that the RAR values derived from the SCA
simulation displayed an exponential decline with depth, aligning with
natural observations (Fig. 4A). While this indicates that the algorithm
can reproduce realistic root distribution trends, the study does not es-
tablish a root system directly based on RAR due to the lack of available
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Fig. 3. (A) Singular vertical volume pile; (B) Singular vertical embedded beam; (C) Volume piles arrangement with a main vertical one and three branches; (D)
Embedded beam arrangement with a main vertical one and three branches and comparison of bearing capacity of the embedded beam (EB), volume pile (VP) with
the interface, and without the interface in two configurations of piles: (E) Single-pile model (DBH/L = 0.12), (F) Four-pile model (DBH/L = 0.12), (G) Single-pile
model (DBH/L = 0.16), (H) Four-pile model (DBH/L = 0.16), (I) Single-pile model (DBH/L = 0.2), (J) Four-pile model (DBH/L = 0.2).

data on trees with well-documented depth-dependent RAR profiles.
Although adjustments to parameters such as the number of points, root
segment lengths, and root diameter scaling within the algorithm can be
made to match RAR trends observed in the literature, a direct validation
against measured tree root systems was not feasible.

Experimental tests, like pull-out tests, are designed to study the
failure mechanisms in root-soil systems. Some studies, such as those by
Dupuy et al. (2007), have attempted to model this with accurate geo-
metries obtained from field tests. Consequently, the failure mechanism
observed in the sample tree root model generated by SCA was analyzed,
and it was observed that the model-predicted displacements aligned
with failure mechanisms observed in pull-out tests (Dupuy et al., 2007;
Rahardjo et al., 2014). Examining soil-root interactions during the tree

overturning process indicates that roots on the windward side experi-
ence tensile forces as they are drawn away from the prevailing wind
direction. These roots withstand significant stress as they counteract the
wind force to uproot the tree. In contrast, on the leeward side, roots and
soil undergo compression, stabilizing the tree against the wind direc-
tion. As the tree initiates its tilt, it rotates around a fulcrum on the
leeward side, known as a “hinge” (Achim & Nicoll, 2009). The bending
of leeward roots toward the soil may lead to failure, contingent on the
magnitude of the force and the roots flexibility (Fig. 4B).

To illustrate the advantages of the newly developed model, the
generated root geometry was compared with a simplified model em-
ploying a plate for modeling the root system. In this model (Fig. 4C),
the width of the plate is equal to the maximum lateral extension of the

Table 1

Soil and root properties used in the numerical simulation with SCA.
Soil Value Unit Root Value Unit
Modulus of elasticity (Es) 20 MPa Modulus of elasticity (Eg) 2 GPa
Poisson ratio (v) 0.3 - Axial resistance 1000 kN
Cohesion 5 kPa Maximum depth 1 m
Friction angle 35 degree Maximum lateral extension 2 m

Total root volume 0.75 m®
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Fig. 4. (A) Illustration of exponential decline in RAR percentage across this study and the findings from Giachi et al. (2024); (B) Displacement fields at the soil in a
vertical section of the Plaxis3D model; Visual comparison of deviatoric strain distribution in a vertical section when wind force is applied in the positive x direction:
(C) Simplified plate model for the root system, (D) Proposed model in this study; (E-F) Effect of the stochastic simulation of root geometry on the overturning

moment and base stiffness for different root ratios (R).

Table 2
Mean values and standard deviations of the failure moment and rotational stiffness across different root ratios.
Root Ratio 0.04 0.07 0.09 0.12 0.17
Stiffness at the base (kN- m/rad) Mean 4901 9937 13,211 18,575 22,585
Standard deviation 1186 1625 1736 3151 3446
Bending moment(kN- m) Mean 106 167 221 308 352
Standard deviation 10.6 10.5 16.8 27.2 26.6
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root model generated using SCA (Fig. 4D), and its modulus of elasticity
corresponds to that of the roots. By using an equivalent plate, it is easier
to focus on the critical interactions between the tree and the soil,
avoiding the complexities associated with the detailed root archi-
tecture. This approach simplifies the analysis of how the root system
tilts and how the root-soil plate resists the rotation. However, in the
plate model, the failure invariably initiates at the windward plate edge,
showing a shallow failure path, while the model developed in this re-
search effectively demonstrates the strain distribution within the root-
soil zone, highlighting that failure can initiate at any vulnerable point
on the ground surface due to the intricate interaction between root
structures and surrounding soil.

4.1. Assessing the effects of root geometry on capacity

Given the random distribution of attraction points in SCA, a series of
simulations were conducted to examine how this randomness affects
the load at which failure occurs and the rotational stiffness at the tree
base. In these analyses, four root ratio ranges were defined, where the
root ratio is the total volume of roots relative to the volume of the
predefined boundary for root distribution. The simulations kept the
number of attraction points, the predefined envelope size, and the soil
and root properties constant, varying only the location of attraction
points for each root ratio analysis. Each ratio underwent ten separate
evaluations to ensure a thorough analysis of variability. The soil and
root properties are those utilized in the sample root model (Table 1).

As Fig 4E-F illustrate, the failure load fluctuated between 20 and 26
percent across the different root ratios, with the most significant
variability at the 0.04 root ratio. Additionally, rotational stiffness ex-
perienced a broader range of variation, spanning from 36 to 56 percent,
with the highest disparity also occurring at the 0.04 root ratio. The
mean and standard deviation for each variant are also shown in Table 2.

While this randomness in attraction point positions changes the
configuration of root geometry and causes variation in the maximum
overturning moment and base stiffness, the model effectively allows for
capturing the extensive natural variability in root systems by generating
root geometries randomly given the statistics of root geometries avail-
able for tree species. The current study primarily considers uncertainty
in the random distribution of the attractor points in the SCA and its
capacity to generate variable root systems, but it does not explicitly
incorporate uncertainty in the statistical representation of root systems.
Given statistical data on a specific tree species and the corresponding
root properties, such as RAR distributions, a probabilistic calibration of
the SCA parameters such as the placement of the boundary geometry,
attraction points, growth length could be performed to generate root
realizations that align with probability-based models of root systems.
Future studies could explore the potential of the probabilistic calibra-
tion of the SCA parameters to capture the diversity in root system
growth better and further enhance the representation of uncertainty in
root architecture.

Biogeotechnics 4 (2026) 100183

4.2. Comparative analysis of simulations and experimental test

Although the proposed model in this study demonstrates realistic
behavior in the root-soil system overturning mechanism, it is often of
interest to also calculate the overturning moment and the tree rota-
tional stiffness at its base. Acknowledging that the generated root
geometry is uncertain and can vary due to the random distribution of
attraction points, the objective is not to validate the model precisely but
to determine a range of possible stiffness values at the base and cor-
responding overturning moments. Additionally, SCA can create a hy-
pothetical root geometry using available data on root mechanical
properties and general geometrical information such as maximum lat-
eral extension, depth, and total root volume. This does not exactly re-
plicate the root geometry obtained from field tests. The main goal is to
simulate realistic behavior and capture the effects of geometrical un-
certainties on estimating the trees overturning capacity. If the range of
possible outputs from this model is compared with field test results and
demonstrates a reasonable variation around the observed values, the
model could potentially replace destructive pull tests, provided some
general information about the root system is known. The outputs of
the approach proposed in this paper were compared with the mo-
ment-rotation curves derived from field pull-out tests and the nu-
merical model of Yang et al. (2014). In their analysis, a 13-year-old
Pinus pinaster tree with a DBH of 0.18 m was pulled out using a
motorized winch. The water level was 0.6 m below the surface, with
a maximum root depth of 1 m. The pulling force was exerted at
1.68 m above ground level on the tree trunk. The overturning mo-
ment was calculated from the horizontal component of this force
and its point of application. Details of the soil and root character-
istics applied in their numerical simulation are presented in
Table 3. A model with root and soil properties similar to those de-
scribed by Yang et al. (2014) was created using SCA. The generated
root system maintained the same depth and lateral extension. The
maximum root diameter for the root branch attached to the tree
collar was scaled based on DBH. However, the total volume of the
generated geometry was not available in Yang et al. (2014) work to
be considered in the newly developed model. Fig. 5A compares
bending moments derived from pull test data and their numerical
model with the model proposed in this study.

In the research of Yang et al. (2014) the soil data were derived from
field test samples and the root property data were sourced from existing
literature. Due to the absence of precise mechanical properties for roots,
the Modulus of Elasticity for roots is overestimated. This overestimation
is discussed in Yang et al. (2014) paper, where they highlight the
limitations in the available data and the challenges in accurately
measuring root mechanical properties. In the overturning process si-
mulated by SCA, initial root failure occurs at a rotational moment of
8kN'm, characterized by bending-induced breakages, followed by a
progressive reduction in the stiffness of the model until it reaches its
ultimate capacity.

Table 3
Soil and root properties used in the numerical simulation (Yang et al., 2014).
Soil Value Unit Root (SA2) Root diameter Value Unit
Modulus of 19.86 MPa Modulus of < lcm 8.3 GPa
Elasticity (E;) elasticity (Egr) 1-6 cm 8.3-10.1
> 6cm 10.1
Poisson ratio (v) 0.33 Density (o) < lcm 421.4 kg/m3
1-6 cm 421.4-515
> 6cm 515
Cohesion 21.402 kPa tensile strength (£) < lcm 44.3 MPa
1-6 cm 44.3-54.1
> 6cm 21.1
Friction angle 14.62 degree compressive strength (c) < lcm 21.1 MPa
1-6cm 21.1-25.8

> 6cm 25.8
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Fig. 5. (A) Comparison of bending moments derived from pull test data and numerical model of Yang et al. (2014) with the model proposed in this study; (B) The
effect of randomness in the model's geometry with SCA using Yang et al. (2014) model properties; (C) Plastic points generation and root breakage in the newly

developed model's initial step of root failure.

Fig. 5C illustrates the development of plastic points within the soil
and the location of failure in the root at the initial failure stage of the
root system when the load is applied in the positive x direction. For
roots near the collar area, failure predominantly occurs due to bending
forces, as these roots experience significant flexural stress under lateral
loads. Roots located on the windward side of the tree, which are sub-
jected to tensile forces, typically fail in tension. These roots may even
be pulled out of the soil. This variability in root failure mechanisms is
due to differences in roots mechanical properties and their position
relative to the tree.

Given that SCA determines root geometry by the random distribu-
tion of attraction points within a specified boundary, the root and soil
properties were kept constant, and the model was run five times to
produce five different root system configurations. The analysis of var-
iations in overturning moment and base stiffness revealed that the ul-
timate system capacity ranges from 13.4 to 16.12kN'm, showing a
variation of approximately 17%. Moreover, there is about a 33% var-
iation in the initial stiffness of the tree base, which is important to
consider when evaluating the accuracy and dependability of SCA in
root modeling (Fig. 5B).

5. Conclusions

In this paper, a new advanced model was developed to study tree
root-soil interaction under applied lateral forces using a three-dimen-
sional FEM. The model combines SCA with embedded beam elements to
generate root geometry within the soil. This approach incorporates the
hypothesis of randomness in root geometry within the algorithm to
capture the natural variability of root structures and simulate the
competitive growth dynamics among root branches. The model de-
monstrates its high flexibility in generating root systems, and it could
also be used when the root volume is influenced by environmental

obstacles and urban infrastructures, which alter the standard natural
configuration of roots. Additionally, the model can be adjusted using
statistical information such as RAR from various species, enabling more
precise root geometry simulations. Comparative analysis between the
SCA-generated root system and a simplified plate model revealed the
limitations of the plate model in simulating the failure mechanism and
distribution of strain points, while the new model has promising results
in simulating the expected root-soil interaction mechanism without the
requirement of detailed information of root geometry and its properties.
The model can estimate a potential range for initial base stiffness and
maximum resisting moment using general data, such as the diameter of
the first root attached to the tree base, maximum lateral extension and
depth, total root volume, and the strength properties of primary roots,
without necessitating destructive testing. The variation in the max-
imum overturning moment and base stiffness is influenced by the
randomness of attraction points in the algorithm. This stochastic nature
within the SCA should be accounted for when estimating each tree's
failure capacity. By generating root geometries randomly, the model
effectively captures the extensive natural variability in root systems,
enabling a quantitative understanding of how root geometry impacts
root-soil interactions.

Although the configuration of the modeled root system and its
failure mechanism appear realistic, the absence of limits on the lateral
shear component in embedded beams can lead to overestimating the
overturning moment at the tree base. This study compares the appli-
cation of embedded beams with volume piles. Due to meshing diffi-
culties, generating a full root model with volume piles was not feasible,
so two simplified configurations were analyzed. For roots/embedded
beams with a smaller ratio of DBH to L, there was less difference be-
tween the ultimate capacity of the embedded beam and the volume
pile. This difference decreased further in the more complex configura-
tion of piles. Despite the potential for overprediction, the embedded
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beam modeling approach is preferred over the volume pile approach
due to its effectiveness in generating geometry without mesh generation
issues. Further investigation is necessary to characterize and quantify
the possible overprediction from the embedded beam model and the
interaction mechanism between root and soil for various root sizes to
determine the most appropriate modeling approach, whether it be more
advanced formulations of the embedded beam models, volume piles, or
a combination of both.

Despite the considerable space for further development of the
proposed approach, the outputs and insights into the biomechanical
aspects of tree stability highlight the significance of root archi-
tecture in enhancing tree stability, especially in environments
prone to extreme weather events. The approach offers a promising
tool for predicting and mitigating the risks associated with tree
uprooting in urban and natural environments and for implementing
effective risk management measures. Once the model is calibrated
using field tests for different species and their corresponding nu-
merical models are refined for compatibility, it can be adapted for
diverse root configurations across various contexts, enhancing its
applicability and utility in various scenarios.
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