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Abstract

Urban trees provide essential ecosystem services, but their failure under wind action is an increasingly
critical issue for public safety and green space management where aerodynamic exposure is strongly
influenced by urban morphology and where extrematsvean combine strong gusts watverse

soil and hydrological conditions. Despite the widespread use of Visual Tree Assessment-and non
destructive orsite testing, significant uncertainties remain in translating experimental éesuith

as soitroot sysem rotation8 into robust estimates of anchoring capacity, especially whemcsiil

interaction is noinear, anisotropic, and subject to cyclic and dynamic stresses.

The doctoral thesis focuses on the quantitative assessment of uprooting stability through activities
that combine controlled experimentation, fsdiale field tests, lorterm monitoring, computational

wind modelling and operational tools to support th&égation of failure risk. The work began with

an experimental campaign at the University of Dundee Botanic Garden, during which both non
destructive and destructive tensile tests were conducted on multiple trees and different pull
configurations, interpretg the results considering a sgpecific geotechnical characterization of the

soil. In parallel, a method was developed to estimate the aerodynamic resistance coefficient from
coupled wingtilt time series. Based on data from uprooting tests;destrictive tests and dynamic
wind-tilt monitoring, safety factors were then evaluated. Finally, a new approach for generalizing the
Wessolly curve was proposed through the application of Bayesian theory. In a further phgse, a 1
physical model was created, a&d at reproducing the main load mechanisms under controlled
boundary conditions and directly measuring both the reactions at the base (forces and moments) and

the kinematic response (tilt and accelerations) induced by the wind load.

A long-term monitoring campaign was conducted at the Vivaio Bicocca (Milan) during which wind
intensity and direction measurements were measured, together with recordings of the inclination at
the base of the trunk on different tree species exposed &athe local conditions; the aim of the
activity was both to assess the variability in response of the different species planted in rows and to
validate the monitoring data as support feingpection planning. In parallel, CFD simulations were
performedfrom the district scale to that of the individual tree, to visualize how urban morphology
affects wind speed and pressure fields and, consequently, the aerodynamic loads acting on them.
Finally, the use of LIDAR technology was validated, with its geomeatiiweys providing direct

support for the design and verification of consolidation measures.



Overall, the thesis proposeas arganicapproach to exploring, testing and implementing methods for
the quantitative assessment of tree stability. The aim is to improve the interpretation of experimental
data, correlate anchoring capacity with soil conditions and wind exposure, and thus pobdde

technical support for green space management and the mitigation of tree fall risk in urban areas.
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|ntroduction

Background

The frequency and intensity of extreme weather events, such as storms and cloudbursts, have
increased markedly in recent decades, with impacts that extend from human populations-and man
made structures to animals and vegetation. Climate change is exjuesiguificantly affect basic
transport infrastructures and the built environment worldwide, as weather patterns become more arid,
erratic and storaprone(Satterthwaite et al., 2007/Because vegetation itself acts as a carbon sink, it

is increasingly urgent not only to expand green infrastructure but also to protect and properly manage

the existing green heritage, while developing-cavbonstabilizationmeasures.

Figure 1: The result of the storm that struck northern Italy on Juk2842023. The images refer to the city of Milan, where more than
6,000 trees fellSource: PIERO CRUCIATTI/Getty Images.

Within this broader climateesilience framework, urban trees play a distinctly dual role. On the one
hand, they provide very high value in terms of ecosystem services, including mitigation of the urban
heat island effect through shading and evapotrarigpitastormwater management, -girality
improvement, carbon sequestration and noise attenuafiarnin@nos & Calaza, 201&peak &
Salbitano, 2021CavendeBares et al., 202Hand et al., 20LD. Liang & Huang, 2023Salmond

et al., 201%. On the other hand, the same trees can become sources of hazard when subjected to strong

wind gusts that exceed the loading conditions to which they are typically adapted. In such
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circumstances, storms and severe winds may lead to stem breakage or uprooting, causing damage tc
buildings and infrastructure, disruption to transport networks and other services, injuries and, in the
worst cases, loss of human life. The exposure of&abtin urban aredsnamely their spatial position

relative to nearby structures, pedestrian and traffic flows, and localampdification effectd plays

a key role in determining the associated risk of fail@@¢hetti et al., 202 Ciftci et al., 2014.

This risk is further amplified in many cities by ageing tree populations, often established under past
design criteria that did not anticipate current or future wind regimes, and by the lack of systematic
monitoring and maintenance interventions. The comaion of mature or ovanature stands with

more intense wind gusts induced by climate change contributes to the urgent need to assess tree safet)
against breakage and uprooting. Similar concerns arise in forestry and agricultural contexts, where
wind damae has long beerecognizedas a major issue, with the potential to compromise entire
stands or commercial crops. Several authors have highlighted the need to quantify both the likelihood
and the extent of wind damage, and to integrate this knowledge into standard managemesstand for
planning tools in order to mitigate windlated risks Qupont & Brunet, 2008Gardiner & Quine,

200Q Mickovski et al., 2006Moore et al., 2008 In urban areas, where exposure and vulnerability

are inherently high, the risk associated with tree failure has become an integral component of broader
risk-management frameworks and is increasimgbognizedn technical standards and bgsactice
guidelines.

Tree risk assessment has therefore become an integral component of broashemagkment
analyses (BS 3998, 2010) and, as such, calls for dedicated mitigation strategies. Over the past two
decades, the methods most commonly employed to evaluate tre#iocohdve evolved from
traditional Visual Tree Assessment (VT¥attheck & Breloer, 1994owards the use of quantitative,
geometrybased indicators, such as the slenderness ratio. In standard agronomic practice, the safety
of trees against uprooting is typically evaluated through in situdestructive static pulling tests.

The correspondi predictions are derived from a phenomenological interpretation of the measured
response, following the procedure originally proposetMegsolly & Erb, 1998

The possibility of measuring trees under actual woatling conditions has attracted growing interest.
Field campaigns combining wind measurements with tree inclination or acceleration data have been
conducted by various researchetanes et al., 20081oore & Maguire, 2008 The relationship
between wind velocity and basal inclination is, however, inherently more complex than in static

pulling tests, as it is influenced by turbulence, crown aerodynamics, dynamic amplification &nd soil
2



root nonlinearities. Despite this complexity, statistical approaches such as those descid®md by

L. et al. 202ffer a way to evaluate tree stability directly under operational wind conditions.

Within a bieengineering context, the stability assessment of trees is therefore a key element in the
management of urban areas, where robust analysis techniques can substantially contribute to
protecting both natural heritage and human activities. Sme@pproach proposed byessolly &

Erb, 1998was introduced, substantial effort has been devoted to improving the geotechnical and
structural understanding of tiiesoil interaction during uprooting. Field experimental research has
investigated root architecture, soil conditions and failure mecharirsia range of species and sites
(Coutts, 1983aCoutts, 1986Crook & Ennos, 199&icoll et al., 2006Nicoll et al., 2008 Défossez

et al., 2021 Galli et al., 2024 In parallel, laboratory physical modellinlylérsiglia et al., 2022

Zhang et al., 202@®hang et al., 2023 wind tunnel experiment€g@o et al., 201,2Gromke & Ruck,

2008 and numerical studie®@puy et al., 2005Yang et al., 2014Dattola et al., 2020have been

used to explore nestandard loading paths, investigate parametric dependencies and refine
conceptual models of roplate behaviour. Numerical and smsdlale physical modelling are
particularly well suited to controlling test repeatabilitydgrerforming detailed parametric analyses
(Zhang et al., 2023)By contrast, fullscale field testing is logistically complex, complete load
displacement curves are seldom reported, tests are usually performed in a singledpatingn,

and the unloading phase is almost never documented, limiting the potential tchfathcterize

hysteresis and stiffness degradation.

Taken together, static field tests, laboratory experiments, numerical modelling and dynamic
monitoring under real wind loads offer a complementary, yet still incomplete, view of tree stability.
This highlights the need for a comprehensive framework tmeintegrate these different sources of

information to support the risk management of urban trees.

Aims and outlooks

This PhD thesis aims to advance the quantitative assessment of tree stability in urban environments
in relation to wind, with the broader goal of supporting risk management strategies that preserve the
ecological and social value of urban forests, #meteforebiodiversity. To this end, the thesis
combines field testing, laboratory experimentation, monitoring, numerical modelling and applied

engineering solutions in order to address the recurring practical issue that tree failure risk is often
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inferred from incomplete information (typically short, l@mplitude static tests), whereas the
mechanisms governing real wind loading depend on the interaction between aerodynamic forces and

the nonlinear response of the sailot system.

More specifically, the thesis pursues five complementary objectives. First, it abimaréxterizéhe
mechanical context in which anchorage develops, by linking tree stability to soil conditions through
targeted geotechnical investigation and parameterization suitable for interpretation of uprooting
resistance. Second, it evaluates the reliability@tdntial sources of bias in-@ite nondestructive
pulling tests, including the influence of loading direction and pull geometry, and it benchmarks
extramlation procedures against destructive uprooting tests to clarify when current practice is
conservative or potentially misleading. Third, it seeks to bridge static and dynamic assessment by
deriving windinduced loading from in situ wifighclination measwements, with particular focus on
estimating an effective drag formulation that can be used consistently within -feefety
calculations and compared with standard tabulated assumg&ouagh, it develops a controlled,
laboratoryscale, physical modekdigned taneasure the force transmitted into the fplate system

This enables repeatable experiments where the forcing and boundary conditions aretfk@own,
possibility for validating the measurement chain and signatessing andesting a reaitime
monitoring systemFinally, it extends the scope from the mechanics of individual trees to operational
tools for managing tree risk. This involves combining mediand longterm monitoring with CFB

based wind modelling across scales to describe expaikeell as highresolution 3D surveying
workflows that directly support the planning, design and verificatiatadfilizationor consolidation

measures.

Looking to the future, this work naturally leads to several possibilities. The first priority is scaling up:
expanding the size of the datasets across species, architecture, soil types and urban morphologies
while explicitly accounting for the seasonalesffs (e.g. soil moisture, canopy state and growth) that

can alter both wind loading and anchorage response. A second area of focus is integration, involving
the coupling of response indicators derived from monitoring with CFD exposure maps and
mechanically consistent models, creating a unified, uncertaawwyare workflow that can be
implemented as a 'digital twin' for higkalue sites. From an applied perspective, further work should
focus on translating these approaches into practical guidance for mitespand professionals,
defining minimum monitoring requirements and validation protocols againsepest performance

and lowimpact mitigation strategies, so that tree safety and biodiversity objectives can be pursued

together rather than being tredtas separate priorities.



Structure of thesis

The thesis iglivided into two main parts:

T

Part I1focuses on singleree investigation, combining controlled experimentation and full
scale field testing
Part Il extends the analysis towards tools and applications that support risk management in

real settings.

Partl is composed of two chapters:

T

Chapter | reports on the fietdsting campaign carried out at the University of Dundee Botanic
Garden, detailing the nesestructive and uprooting tests used to compare the resulting
moment rotation response®articular attention is given to practical sources of variability,
including the influence of pulling direction and pull angle, and to the suitability of
extrapolation procedures commonly used in operational pra&idest step toward the
creation of a predictive model based on a Bayesian appvwaketiso be introduced.

Chapterll presents the development of aJphysical model conceived to reproduce key
features of rodtsoil interaction under controlled boundary conditions. The chapter describes
the structural design, the forceand kinematiemeasurement architectures (including
calibration), the actuation and data acquisition chains, and the main outcomes that support

interpretation of combined and cyclic loading effects.

Partll is composed of three chapters:

T

Chapter Ill describes a lortgrm monitoring campaign at Vivaio Bicocca (Milan), where
wind forcing and tree inclination were recorded under natural loading conditions to
characterise speciaspecific responses within the same exposure.

Chapter IV introduces a computational fluid dynamics approach to wind modelling at
different scales, illustrating how urban morphology and local flow patterns can affect tree
exposure and the resulting aerodynamic demand.

Chapter V closes the technical body of the thesis with three applied case studies in tree
consolidation, showing how advanced survey techniques and engineering calculations can be

combined to design and verify stabilisation measures in different opefatommarios.






Literature review

Introduction

Climate change is expected to alter hazard regimes affecting transport infrastructure and the built
environment, with many regions experiencing more frequent extremes and greater weather variability,
including drier cona canditions punctuated by intense storm events (Satterthwaite et al., 2007).
Across Europe, tree failure under wind loading occurs predominantly through overturning rather than
stem breakage (B. Gardiner, 202Wyban trees play a distinctly dual role: they provide very high
value in terms becosystem services, including mitigation of the urban heat island eff@ghénos

& Calaza, 2018Speak & Salbitano, 202CavendeiBares et al., 202Hand et al., 201,9D. Liang

& Huang, 2023 Salmond et al., 20)6ut the same trees can represent a hazard when exposed to
strong wind gusts that exceed the conditions to which they are typically adapted. Storms and severe
winds can lead to stem breakage or uprooting in such circumstances, causing damage to buildings

and infrastructure, disruption to transport networks and other services, and injuries. In the worst cases,

loss of human life can occur.

Figure 2: afterwards of the storm that hit Northern Italy in July 2023 (specifically on theZ3ith of July) 5400trees had fallen in
the metropolitan area of Milan.

The spatial positioning of tall trees in urban areas relative to nearby structures, pedestrian and traffic

flows, and local wind amplification effects plays a key role in determining the associated risk of
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failure (Giachetti et al., 2021Ciftci et al., 2014. A striking example is the storm that hit northern

Italy in July 2023 (24 and 25 July), wh&rd00trees fell in the Milan metropolitan arefidure 2).

Of these treeg}160were in parks and green spaces, whi#é6were on streetand the species most
affected wereQuercus robur Acer campestre, Fraxinus excelsior, Populus nigra, Cedrus deodara,
Cupressus, Carpinus betulU®inus nigra Acer platanoidesTilia, Robinia pseudoacaci®esculus
hippocastanumThe damagea mount ed to over 041.4 million,
public sector and 016.7 million in the privat

These observations have sustained strong interest in tree biomechanics under lateral loading,
particularly the coupled behaviour of the steoofi soil system, as it underlines assessments of
windthrow resistance and supports the design of forest managstregagies aimed at mitigating

wind risk Mickovski & Ennos, 2003Nicoll et al., 2008 Stokes, 1999Dupont & Brunet, 2008
Gardiner & Quine, 20QMoore et al., 2008 Beyond forestry, the mechanics of ficil interaction

are also relevant to civil engineering and public safety, because windthrow can endanger people and
damage nearby assé&chmidlin, 2009)and on sloped may contribute to instability and initiate

or exacerbate landsliding processikpb & Lambert, 20QNelson et al., 20)5Finally, improving

the understanding and prediction of uprooting is important for the conservation of old and culturally

valuable trees.

Because belowground architecture is highly heterogeneous and the mechanicsiafaibobupling

are difficult to characterise directly, earlier studies have often described tree stability in a pragmatic,
empirical way by linking resistance under qustatic lateral loading to abovground attributes that

are readily observaldesuch as crown characteristics, stem geometry, and site exposure to wind
(Guitard & Castera, 1999%Ruel, 2000 Sellier & Fourcaud, 2009 Methodologically, this body of

work has been driven primarily by in situ winching/pulling experime@isufts, 1983aCrook &

Ennos, 1996Nicoll et al., 200§, complemented by measurements of strain and deformation in the
basal stem region, detailed surveys of root system archited@argoh et al., 20052008, and
targeted mechanical testing of individual roots to constrain strength and stiffness propeinties ¢

et al., 201). To investigate controlling factors under repeatable conditions, and to capture how water
content and soil state may vary with depth within the rooting zone, several authors have adopted
reducedscale 1g laboratory physical modelling as a controlled exgerial framework for studying

roofi soil interaction Mickovski et al., 201pHarnas et al., 201&hang et al., 2018 Such setups

allow key parameters to be systematically varied and enable the instrumented monitoring-of hydro



mechanical conditions along the model profile. This supports the interpretation of how changes in
soil moisture and stratigraphy influence anchorage behaviour in a mechanistic way.

Analytical and numerical approaches have similarly been widely adopted to explore the mechanics
of roofi soil interaction and to predict anchorage capacity. On the analytical side, several families of
models have been propogedmong the most cited are tigackwell Rennoll$ Coutts model
(Blackwell et al., 199Q)theFibre Bundle Mode(Pollen & Simon, 2005)and theRoot Bundle Model
(Schwarz et al., 2010While these frameworks have proved useful for interpretation and parametric
studies, they typically represent root architecture and root material behaviour in a strongly idealised
manner, relying on simplified geometries and effective biomechanical riespdo estimate
anchorage strength. In parallel, numerical simulations based on the Finite Element Method have been
used to resolve the coupled response of soil and roots under lateral loading, providing a more detailed
representation of stress transéed deformation within the composite systddugguy et al., 2005

Yang et al., 20142017, 2018 2020. More recently, macroelement formulatiéne/here the root

system is idealised as an embedded shallow found@atiane been introduced as an efficient
compromise between mechanistic fidelity and computational cost for modelling treeveull

responselattola et al., 2024).

Regarding the study of tree response under dynamic conditions, several investigations have focused
on estimating the aerodynamic drag coefficiepu€§ing three main approaches: wituthnel testing,

field inference from structural response, and hybrid in situ methods combining sensors and imaging.
Early windtunnel work on conifers provided some of the first systematiesimateq{Mayhead,

1973) while later studies quantified wirgpeeddependent reconfiguration and frortaiea changes
through photographic measurementsi(singer et al., 2005Rudnicki et al., 2011 In the field, G

has been derived by coupling wind records with stem deflection and independently measured stiffness,
enabling reconstruction of aerodynamic loads aadKdizumi et al., 201Q)For urban trees, the
definition of the reference area has been shown to be a critical source of uncertainty in both crown
area and gestimategKane & Smiley, 2011)Additional evidence from windbreakiented studies
highlights canopy porosity as a key control on drag, limiting the transferability of coefficients among
species and architectur@Srant & Nickling, 1998) The same issue underpins comparisons between
model trees and real specimens, where aerodynamic similarity requires consistent geometry, porosity,
and reconfiguration capabilifManickathan et al., 2018¥ost recently, hybrid in situ measurements

on mature solitary trees indicate that uncertainty in frontal @iea dominant driver of the spread

in reported value€y (Bekkers et al., 2022)



Biomechanical Response of Trees to Lateral Forcing

Much of the early, foundational work aimed at clarifying uprooting mechadisand, in particular,

the role played by soil conditions and root architeéunas carried out in the UK-¢taser & Gardiner,

1967 Coutts, 1983b, 1986). Those campaigns established the typical field configuration for
controlled overturning tests and provided some of the first mamaation curves describing
anchorage behaviour under lateral loadiRggre 2). Building on these observation&rook &

Ennos, 1996)lescribed tree anchorage as primarily governed by a set of thicksuréze lateral
roots from which vertical #fAsinker o rooFigurebr an
4a). Under overturning, the mechanical roles of these components become strongly asymmetric:
lateral roots on the leeward side mainly oppose rotation through bending resistance, whereas

windward sinkers and tap roots primarily contribute by resisting @pidtsoil extractionKigure4b).

a)

=t

Figure 1. Tree Pulling Techaigue: Layout of Equipment.

A =Wire rope sings G —Single sheave swivel snasch-blocks
B —Screw I shackles H —Backstay wirc rope
C —Dhnamometer I —Rigging screw
D —Tirfor hand winch J —Chain sling with shorteaer hook
E —Chain ding with reevable cgg links K —White paint marks on rope
F —Adjostsble pulley block spacer, fabricated L —Free end of wire rope

fream alley scaffodd poles and coupler clips

b) c)

..........

|
|

o a
Bngin o gt frem el peatien o Do

Figure 3: tree pulling technique anghomentrotation curves as first reported ififraser & Gardiner, 1967)
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Figure 4: Trunk and root movements (a) before and (b) under lateral I(@dsok & Ennos, 1996)

Anchorage failure is commonly associated with breakage of the leeward laterals close to the stem,
accompanied by progressive uprooting of windward sinkers; concurrently, the tdpoedog less
laterally confined during rotatiéntends to rotate through tiseil together with the steimoot plate.
To investigate these coupled mechanisms in situ, winch (pulling) tests have been widely adopted, in
which a controlled horizontal force generates an overturning moment and the resulting stem rotation

is recorded t@haracterise momenbtation response.

Winch test setupand results

A direct assessment of a treeds resist-acalee to
field experiments in which the overturning moment and the associated rotation of ttseitquoate

are measured up to incipient uprooting. These iyatson® commonly referred to as winching or
pulling test® lateral forces are applied to the stem with a winch to pull the tredfigere5). With
advances in field instrumentation, winching has become a standard approach for derivingimoment
rotation relationships and quantifying anchorage capacity across species and site conditions (Coutts,
1983a, 1986; Crook & Ennos, 1998; Nicoll et al.020From an operational standpoint, the pulling

line is typically attached to a polyester sling around the stem at a height chosen to pronrpétea oot
mobilisation while minimising the risk of premature stem breakage. In contemporary protocols, the
load is @plied at a relatively low inclination to the horizontal and commonly betweeithindeand

onehalf of total tree height; consequently, local damage to the lower stem is often unavoidable
(Marchi et al., 2018). The test is conducted under egtasit conditions, with a datalogger recording

force through a load cell and rotation/tilt through clinometers or inclinometers (Nicoll et al., 2006).
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Figure 5: an example of an overturned Sitka spruce tree showing a shallow sodtplate with many small roots extending from the

edge.
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The resulting momentotation curves generally exhibit an initial quatastic segment followed by

a peak (interpreted as a critical or maximum resisting moment) and -pgadssoftening trend
leading to failure Eigure6). Importantly, accurate estimation of the overturning moment at the base
requires accounting for selfeight effects, which become increasingly influential as deflection grows
and the gravitational component contributes to the overall overturning de@mmaistent with this,

Nicoll et al. (2006) reported an approximately linear relationship between critical turning moment
and stem mass across different soil tygagure 7), and similar evidence was observed for trees
established on sloping terrain (Achim et al., 2003). Collectively, these findings indicate that tree mass
is not a secondary detail but a governing factab in and should be explicitly incorporated in

anchorage analyses.
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al., 2006)
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Complete momeintotation curves extending to replate failure are only sporadically available in

the published literature. In many cases, datasets derived from winching tests are disseminated
primarily through summary metrics or fitted relationshipshwifie underlying raw curves either
omitted or reported only partiallfFigure8). For this reason, as part of the present literature review,

a targeted screening of sources was conducted to identify studies that explicitly publish fullimoment
rotation responses up to failure. The associatedfestimetadata were compiled in a susnyrtable

(Table 1) to enable consistent comparison across sites, species, and testing pr&igooés9
reproduces the original moméndtation plots for all winch tests to failure retrieved in this review,
wheread-igure10 presents thdigitizedversions of a subset of these curves, which are subsequently

adopted as a reference dataset for comparative analyses in this research.
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Figure 8: mean regression of turning moment on stem weight for several trees pulled over on differgmtesfiisaser & Gardiner,
1967)

Tablel: results of winch tests field data inclusive of the fllliM c ur v e

Range of Range of

. N° of Range ; Range
Reference Type of soil  Type of trees tree heights ML
tests of DBH ) (kNm) (deg)
Fraser & Gardiner,  brown earth, Picea i i :
1967 peaty podzol sitchensis 368 15-23 11-14 16-53 ott-25
Picea . .
Coutts, 1986 peaty gley sitchensis 10 1571 27 18- 20 61 20 /
Larix
Crook & Ennos, 199t sandy clay loam europeax 22 12-20 10-13 giu-24 16-28
japonica
Populus
L. X. Dupuy et al., trichocarpa, i
2007 clayey sand Populus 24-28 / 16 /
deltoides
Ghanietal, 2009 sandyclay  £udeMa o5 5 138 20 /
grandis
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Figure 9: Moment rotation curves of winching test to failure found in literature.
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Figure 10: Digitalised moment rotation curves.

The momeritrotation responsg§igurell) reported byJrata et al. 201provide clear evidence that

test configuratiod specifically whether the crown is retained or rem@edn markedly influence

the measured overturning behaviour. When the crown is present, both aerodynamic area and mass
distribution are altered, and the gitational contribution associated with a leaning stem becomes
nonnegligible. As r ot at-waght ganerates amalditisnal ovetumingt r e
component, such that the effective bending moment at ground level is higher than wouldée infer
from the applied lateral load alone. Consequently, accounting fewsglht effects is essential for

the correct interpretation of winching tests, especially when comparing results obtained under
different crown conditions.

(a) Stand A, Sample No. 9 (b) Stand B, Sample No. 17 (C) Stand C, Sample No. 27
16 45
40 or
st
—_ = 35
5 s £l
2 o} Z 30 5 .l
2o | =25 =< cl
s & 20 = ]
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Figure 11 Moment of a tree with a leaning stem. Thick line total moment, thin line pulling load moment, dotted-lwedseif
moment. Arrows indicate the maximum pulling load moment. Stem displacement was measured using a displacement sensor attached
1 m high @ the opposite side of the stem from the source of the pulling.

Although full momernitrotation traces are often not provided, several studies report key scalar

outcomes from winching tegtsmost commonly tharhit moment\Vi, the corresponding rotati@n,
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and basic biometric descriptors such as DBH. For clarity, these outpsim#nesizedn Table2 to

enable crosstudy comparison even when raw curves are unavailable. Using a large dtiset,

et al. 2023further explored statistical relationships linking anchorage capacity to tree size and
mechanical response parameters. As an exaifiglere12 illustrates how anchoring strength scales

with tree dimensions across multiple species and highlights associations between maximum capacity
and rotational stiffness derived from the early part of the response. Such correlations are particularly
valuable fom an operational perspective because they suggest a pathway to estimate ultimate
anchorage resistance by exploiting the initial, ciedestic segment of the momérdtation

behaviour, thereby reducing the need for destructive loading to failure.
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Figure 12: a) species effect on anchoring strength and b) the relationship between rotational stiffness and anchorage strength varied
from linear to curved depending on species.

Table2: Results of winch tests field data not inclusive of thefaliMc ur v e

number "2nge of ratr;gg of range of range of
Reference type of soil type of trees DBH . ML G
of tests heights
(cm) (KNm) (deg)
(m)
Pinus 51 18.4
sylvestris
(Peltola et Fine sand / . . i i 5.971
al., 2000) coarse silt Picea abies 33 14-23 13-20 19.2 19.7
Betula spp 11 20.1
Betula pendula 78 33 24 25-250 -
Picea abies 65 32 25 12-260 -
Fraxinus
excelsior 48 34 25 20-260 -
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Pinus sylvestris 48 31 25 12-320 -

Fagus sylvatica 21 33 26 90-320 -
Different oned
(Detter et urban and foresi  Populussp. 18 44 30 80-450 -
soil types of Platanus )
al.. 2023) Europe and acerifolia 12 28 18 40-160
North America Acer
saccharinum ! 28 o 75190 )
Acer 5 22 23 - -
pseudoplatanus
Prunussp. 3 33 13 - -
Quercus robur 3 54 19 - -
Tilia sp. 3 32 14 - -
Robinia
pseudoaccacia 2 48 19 ) )
Alnus glutinosa 1 72 21 - -
Acer platanoides 1 34 10 - -
Pseudotsuga 4 31 22 - -
menziesli
(Kamimura  brown forest Chamaecyparis 23 12.7- 6.71 9.271 i
et al., 2012) soil obtusa 19.5 16.4 72.2
(Kane & . i
Clouston, Acer spp. 24 45-71 116885' 1217% -
2008) '
(1) soil with 80%
granite chips anc
Ow et al 20% sandy loar Samanea
" soil. (2) soil with 20 50- 55 / 9-16 -
2010 saman

50% granite
chips and 50%
sandy loam soil

Analytical and numerical models

Modelling tree anchorage capacity remains challenging because it depends on tightly coupled
processes involving ro@ystem architecture, soil type and stratigraphy, ddptfendent changes in

soil state, and the strong modulation introduced by soil nreisitherefore, uprooting resistance is
frequently characterized empirically through pulling experiments and then expressed through
relationships with readily measurable abgreund attribute3 most commonly stem diameter and,

in some cases, tree hei§hfiollowing approaches widely adopted in pracf&essolly & Erb, 1998)

The following sections therefore review a range of modelling strategies, spanning simplified
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empirical formulations to more mechanistic frameworks, that have been proposed to represent tree

response under lateral loading.

Blackwell, Rennolls and Coutts (RBC) root plate model

TheBlackwell, Rennolls and CouBRC)model, is a mechanistic model, which considers the weight

of a rootsoll plate, soil strength, putlut and bending capacity of roots was describglackwell

et al., 1990)In the BRC model the roail plate of a tree is considered as a rigid body which rotates
around a O6hinged | ocat ed Figure 138).hBy meamrseofvratatidnal s i d e

equilibrium equation it is used to estimate the critical limit momen).(M

Weight (a) :

Soil resistance a) 2 My b)

Figure 13 a) description of RBC modéCoutts, 1986)b) representation of the resistance model. (a) Side view showing the hinge
point H as a tree is overturned. (b) Top view: s is the radius of the plate, y1 is the centre of gravity of the arc trelgghise of
gravity of the semicirclAchim & Nicoll, 2009)

Achim & Nicoll 2009improved the BRC model by comparing the limit (critical) resisting moment

of the model M to the experimental limit moment determined in field tests calculated wptitteg

testsbut also ignored the contribution of roots which are in compression on leeward Figles (

13b) as they found that the weight of the rgotl plate and windward roots provide almost 85 percent

of total anchorage streng(foutts, 1986)The modelled rodsoil system resisting moment equals

to the sum of the resistance force of each root multiplied by the perpendicular distance to the hinge

point:

) D Eq. [1]

where K (unit: Nm-1) is a constant, s (unit: m) is the radius of the semicircle atuhit: m) is the
distance between the hinge and the centre of gravity of the arf€igseel3). For an arc of 180°,1y

could be calculated as:
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© T Eq.

Therefore

01 €20Q" Ri “201i2 Eq. 3]

Assuming that the shape of the rsoil plate, with depth equal to Rd, is a half cylinder, the moment

of selfweight resistance (Mweight) can be simply calculated as:

“or

0 —Y" @ Eq. @

where y2 is the centre of gravity of the r@ail plate, which is calculated as:

w Tifo* Eq. [5]
Therefore
“q Ti
0 —Y " Q- Sy g Eq. [6]
C o o

In this case, ML, which is the sum of Mroot and Mweight reads:

5 0 B o %i Y Q Eq. [7]

Root bundle model

The Root Bundle Model (RBM)roposed bySchwarz et al. 201@xplicitly considers geometry
(branching characteristics, tortuosity, and diamkgegth proportion), roesize spatial distribution
(di mension and number of roots), mechani cal
and different soil coditions (soil type, soil moisture, and confining pressure). The RBM model is a

compromise between complexity due to reotl interactions and oversimplifications of parameters
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used to describe key features of the geometry and mechanics of pulled roots. The model follows an

algorithm shown irFigure14.

Initialization: Loop imposed displacement Ax Loop for the calculation of elongating
F 3
Root length * v
Branching pattern | Loop over activated segments (n-i) Calculation:
Maximum tensile strength
Tortuosity Root segment dimeter
Apparent cohesion

Confining pressure
Debonded friction
Root segment friction force
Root segment branching force
Root segment pull-out force
Cumulative pull-out force
Young's modulus
Root segment clongation
Cumulative clongation

Cumulative clongation

=

Imposed displacement?

Cumulative pull-out force

Tensile strength?

Slippage

Cumulative pull-put force

=

Pull-out streneth?

Figure 14: The algorithm of RBM.

It should be noted that this is a strain step loading model and there is no interaction between
neighbouring roots and overlapping may result in a more complex mechanism of force redistribution.
Moreover, despite the ability to identify root puut and bbeakage failure modes by introducing root
breakage strength and resiil interfacial friction, the RBM ignores the root flexural properties,

which are known to substantially affect the root anchorage aricdbptilesistances.

Winkler foundation (BNWF) approach

In geotechnical engineering, a widely adopted analytical framework for representing pile behaviour
under combined lateral and axial loading is the beara-nonlinearWinkler foundation (BNWF)
formulation(Allotey & Foschi, 2005)Within this approach, the pile is idealised as an elplsistic,
displacemenbased beam whose interaction with the surrounding ground is captured through discrete
nonlinear springs. Different spring families are introduced to represent distinct nsohashaft

shear transfer is described throughsprings (withodenoting mobilised interface shear arille
21



relative axial displacement), tip resistance in compression is represengezisipyings, and lateral

soil reaction is modelled viay springs linking horizontal resistanpdo pile deflectiory. The remote

ends of these springs are assigned appropriate constitutive properties so that their deformation
represents freéeld soil movement, thereby providing an efficient, modular description of soil
structure interactiofDuckett, 2014)Liang et al. 201%®xtended the BNWF modelling approach to
describe the individual roetoil interaction both preand posffailure (Figure15). Existing py
formulations from piling engineering were validated against large direct shear tests. This approach is
versatile, computationally efficient and can be used to deal with the case involving different soil types,
nonlinear soil behaviour, dédrent root properties and layered stkeijer et al. 201%xtended the
approach by using bothip and iz curves to describe the flexural and axial responses of the root

system, respectively.
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Figure 15: schematic diagram of robsoil system undergoing shear loadifhgang et al., 2015)
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Macroelement approach

From a geotechnical point of view, pulling tests consist in imposing a combined set of horizontal (H),
vertical (V) and toppling (M) loads on the root system, characterized by a positive (i.e. downward
oriented) vertical load component. Such type of logditypical of many geotechnical structures

which were shown to be successfully modelled using the Macroelement apiiosat® Montrasio,

1991)(Figurel6).
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Figure 16. Performance of macro element modelling of shallow foundations under combined (V, H, M) [d&ling& Montrasio,
1991)

Dattola et al. 202Ghowed that a tree under wind loads can hence be interpreted within the
macroelement framework by assimilating the model tree to a tall vertical structure, founded on an
equivalent circular rigid foundation of diameter D and subject a complex loadingqhghthV,H,M

space. They show how the theargn captureand howthe vertical load (V) influences the limit
moment M_L (Fig. 2 17). In the perspective of the stability assessment of tree against wind loading,
the calibrated shape of the limit surface shalat static pull tests (characterized by compressive V
forces) would overestimate limit moment as wind loading has no compressive loading V which, on

the othethand,can sometimes be negative because of wind pulling effects.
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Figure 17: left) influence of the vertical load component ordM c ur v e s ; ( r i g h tV)plare doa treenddgferepta t h s

inclinationsof the applied loadattola et al., 202b)
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FEM modelling

The Finite Element Method (FEM) provides a flexible numerical framework for solving equilibrium

in complex engineering systems and has increasingly been applied to reproduce tree pulling tests and
to represent the coupled sabot response under laterablding. As with any FEM analysis, predicted
behaviour is strongly controlled by the constitutive descriptions assigned to the interacting media; for
tree anchorage problems, this requires soil models capable of capturing nonlinearity and failure, as
well as a representation of root damage and breakage mechanisms. WithioaSEMstudies of root
biomechanics, two main discretisation strategies have been employed: continuum (solid) elements
and reducedrder beam elements. Early contributiondDupuy et al. 200andFourcaud et al. 2008
modelled roots using 2D solid elements to describe combined axial and flexural behaviour, differing
primarily in the treatment of the raail interfacéd Coulomb frictional contact iDupuy et al. 2005

versus a rigidly bonded interfacefourcaud et al. 2008

To reduce computational cost while retaining the essential mechanics, several later studies
represented roots through beam formulations, typically based on Timoshenko beam theory. In this
context,Yang et al. 2014ntroduced damagkased constitutive laws within a root embedded beam
element (EBE) to reproduce diametlpendent root behaviour and to allow failure in tension,
compression and/or bending. The same modelling framework was subsequently adopted and
exterded to investigate overturning resistance and the contribution of root breakage to anchorage
capacity under lateral loadirfyang et al., 201,72018.
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Figure 18: FEM modelling of pull tests showing importance of using advanced elastoplastic models inclusive of roof{dantage
al., 2014)

In this respect¥ang et al. 2014igure18show how an advanced soil model and a sophisticated root
model are required properly reproduce tree pull test data. More reZéntlgt al. 2014xtended

Yang et al. 2014£BE modifying the constitutive strésgrain relationship to calculate uprooting
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resistance by considering the ricgxil interfacial shearing and the strength decline as root pulls out.
The power of FEM is that in principle any mechanism, static and dynamic can be sohedirfple,

Yang et al. 2020ecently modelled the dynamic interaction of a tree subject to wind lod€gge

18 shows some images of the FEM results depicting the power of such numerical tool. Nonetheless
FEM results still rely on the constitutive model adopted and maybe time consuming and often require

costly software not always accessible to everyone.

Turbulent wind load

Aerial structure

L Ra i) 1
i AN X AT ! / |'r" ———————T »
- " AN LY L . g l’h N [
500 520 540 560 580 &0 2SS
Time (s) - / 4

Root system embedded in the soil

Windward roots Leeward roots

Taproot

—> Wind

xy

........ » Possible ruptures

@ Nodeswhere model outputs are analyzed Root- Soil system

(@) @2 (b) @3 J
Damage __‘ Soil plastic /
evolution b - slrau:u“ :

T *3.0776-02
gEET ; St

Figure 19: dynamic FEM modelling of wind tree interaction on elastoplastic soil(ldadg et al., 2020)
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Tree safety assessment in practice

Visual Tree Assessment (VTA)

The Visual Tree Assessment (VTA) procedure introduceiattheck & Breloer 1994s the most
widespread approach adopted for tree inspection and symptoms recognition. It requires high
arboriculture expertise and although some quantitative geoiin@sad indexes, like the ratio of the
thickness t of the wood wall to the radius R ofttiuek (t/R) ratio or the slenderness coefficient (ratio

of the height of the tree to the diameter of the truak® employed, the method remains quite
subjective. The basis behind VTA is the identification of symptoms, which the tree produces in
reactionto a weak spot, or area of mechanical stress. It is essential that any arborist using VTA has a
broad range of experience of different tree species, as individuals and in groups, to enable them to
make i nformed and r e asafetyp.€d VTdenethod is amirternatibnally t 6
spread and acknowledged method for trees inspection.

The VTA is built upon the axiom of uniform stress. A tree is a@alfimizingmechanical structure
(Mattheck & Breloer, 1994\hich reacts to mechanical and physiological stresses by growing more
vigorously to reinforce weak areas, while depriving less stressed Ipastby understanding such
principle that according to the authors an Arborist can make informed judgements about the condition
of a tree. In practical terms the VTA is implemented by implementing the four steps:

1. Inspection for detect symptomsit is the first look to the tree, where the first investigation
of potential defects is performed by a general visual inspection;

2. Confirmation of defects and measurementlt is a deeper investigation and consists in the
use of specific instrumentation to determine the drilling resistance, sound speed in the trunk
(it sets if the trunk is hollow or not), wood strength measurements and the estimation of the
age of the tree.

3. Assessment of the defectd is the establishment of the criteria for determining the safety of
different typologies of trees: hollow trees, trees with root damages and health but high trees
Figure20

4. Determination of further actions: determinations of the potential intervention required

based on the results of the first three.
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Figure 20: Schematic drawings describing VTA analysis and tree symptoms (Mattheck et al., 2015)

To standardize and facilitate the implementation of the osdale 2007ntroduced a basic
procedure for tree hazard assessment in a situation where people or property are potentially at risk

Figure21
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Figure 21: VTA implementation flowchart edited aftesnsdale 2007
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Non-destructive operative method static pulling test

In routine tree risk assessment, the -destructive static pull test is widely regarded as one of the
most dependable procedures for evaluating stability, and its outcomes are commonly recognized in
professional practice, including by insurance stakemsldeonceptually, the test follows the same
loading scheme as destructive winching campaigns but is conducted within a controlled range
intended to avoid permanent damage. As outlined by Kim et al. (2020), a@srapplied to the

stem at a known heigf® with a defined inclination relative to the horizontal ground surface, and

the resulting rotatiom of the root plate is measured (Fig22). The recorded foréeotation response

is then used to characterise the mechanical behaviour of the anchorage system under lateral loading.

INCLINATION |
MAX 0.25°

Yr4 B WINCH
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E B ANCHOR ~——>
(OPTIONS BELOW)

Figure 22: schematic diagram of a static pull test sefupn Wassenaer & Richardson, 2009)
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To minimise the risk of inducing root damage, the applied load is typically restricted so that the
measured roeplate rotation remains small, commonly not exceeding about 0.25°. The resulting
force rotation response is then interpreted by fitting the ewpmntal data with the tipping
relationship introduced byessolly & Erb (1998)which provides a practical basis for extrapolating

anchorage behaviour beyond the s@structive loading range.

c 3 OAF—— - -  —— £q. Bl

where the fitting parameter Fepresents the reference limit value of the force F, implicitly fixed at a
r ot at=1.914°. The safety factor is then determined as

0

1\0 -
U

Eq. 9]

wherel is the limiting overturing moment determined usi®gandi is calculated from the
geometric parameters of the tree, the characteristic aerodynamic drag factor of the given species and

the expected maximum wind velocity value in the area:

0 on 60M@ o0 -0 01Q Eq. [LO]

In this formulation® denotes the projected crown arga, is the peak wind pressure associated

with the design wind speed (i.e., it depends on air dehaitgyv  through the dynamic pressure

term, typicallyy -"0 ;for” p& ¢B ¢ ando od O ,n isaboutp QPO is

the aerodynamic drag factor, ali s t he hei ght of the crownds ¢
0 is often obtained via imag®ased tools that estimate crown area from photograph§iges

124), while the aerodynamic factoos are commonly adopted from tabulated values reported by
Wessolly & Erb (1998)
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Figure 23: typical nondestructive pultest results and Fs estimation

Principles of dynamic tree response

In dynamic wind loading, tree overturning risk is primarily governed by three interacting components:
(i) the treeds geometric and mass characteris
forcing, and (iii) the anchorage capacity of theigled soii root system. Under moderate wind
conditions, trees typically exhibit complex sway responses driven by fluctuating wind pressure rather
than monotonic loading. The incoming wind energy is partitioned between dissipation mechanisms
within the tre@ through damping associated with the stem, crown and branch & aiwhenergy
transmitted to the sditoot plate via the base of the stem. When anchorage and surrounding soil can
accommodate this transferred energy without progressive damage or losstahces uprooting is
avoided and the tree remains stable. Dynamic resistance is therefore not determined solely by peak
load, but also by how effectively the tiaeil system attenuates and redistributes virticed

energy over time. Accordingly, the assment of tree stability under dynamic conditions should

account for the following three aspects:

1. amount of the energy transferred to the tree from the wind;
2. amount of the transferred energy is dissipated by the tree components above ground;

3. how efficiently the root plate and soil dissipate the remaining wind energy.
30



The amount of energy imparted to a tree by the wind field can be inferred from the characteristics of
the incoming flow together with canopy architecture and the effective frontal area exposed to the
wind. Early work suggested that the maximum energy feans closely linked to the first natural
frequency of the tree, as resonatike conditions can enhance motion when dominant forcing scales
align with the fundamental modeglolbo et al., 1980Peltola, 199% In practice, because structural
dynamics can be investigated through either free or forced vibrations, the fundamental frequency is
commonly identified from freelecay tests: the stem is displaced from equilibrium, released, and the
dominant oscillationfrequency of the ensuing response is taken as the natural frequency.
Observations indicate that free oscillations are largely governed by the most massive component of
the system, i.e. the truniSéllier & Fourcaud, 2005 Consistent with this, increases in natural
frequency have been reported following completéi@daching, reflecting the effect of crown mass

and distribution on dynamic behavio(Moore & Maguire, 2005)whereas the influence of root
architecture on the first mode appears limit@éonsson et al., 200AYnder forced vibrations (i.e.,

during wind excitation), the response depends on both the spectral content of the aerodynamic forcing
and the dynamic properties of the tree itself. A key quantity in this context is the energy dissipated
within the tree befre being transmitted to the root pkateften described as dampinglated
dissipatiod which varies with structural characteristics and with the type and intensity of the wind
event. Numerous studies have therefore focused on estimating dynamic pargpaeterdarly
damping, to improve predictions of wiidduced motion. Recent evidence further supports the
notion that the fundamental frequency is a stable and informative descriptor for comparing tree

motions and that it scales strongly with overall see(Jackson et al., 202 {frigure24).

By examining the powespectrumwhich can be interpreted as a proxy for how wind energy is
transferred into tree motidnprevious work has shown that, at sufficiently high wind speeds, the link
between wind loading and stem deflection tends to become primarily governed by wind spfeed itsel
In contrast to static pulling tests, where the moiiretation relationship can be defined in a
controlled and relatively deterministic manner, the association between wind velocity apthteot
rotation in natural conditions is more complex becatise mediated by unsteady forcing and
dynamic system properties. Nevertheless, the statistical frameworks propdd byet al. (2022)
provide a practical route to stability assessment that circumvents explicit estimation dbadnd
time histories, fundamental frequency and damping ratio. The underlying concept, introduced by, is
to directly correlate concurrent, in situ measurementgind speed and roqilate rotation, thereby
inferring stabilityrelevant behaviour from observed -eariation rather than from a fully

parameterize@ejo et al. (20173lynamic model
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As outlined schematically ifigure 25, the method was conceived as a dynamic analogue of the
safetyassessment framework adopted for static pulling tests (see previous section). Rather than
applying a controlled load, it relies on a statistical coupling between wind intensity and measured
inclination, computed over moving time windows of several minutes. Following the procedure
described byBejo et al. (2017)this relationship can be used to extrapolate a limiting \phedsure
threshold for the tree, which is then directly comparable to the maximum wind pressure expected
under severe wind conditions. In practical terms, this formulation reegs{g] into a simple ratio
between the inferred limit pressure and the design maximum pressure, thereby bypassing the explicit

use of geometric descriptors and the adoption of empirical aerodynamic drag factors.

0 — Eq. 11

If the Wessolly & Erb (1998gquation is used to fit the pressure deflection results, sinaad Ay

are independent of wind pressure thEg.([8]) can be written as

¢ OAF—— - — —— Eq. [12]

and used to estimafg and hencéO.

Drag coefficient estimation

Wind-induced aerodynamic loading is a key component of tree stability assessments in forest and
urban environments. The total drag force exerted by the wind on the tree's canopy is described using

the drag equation.

O ™76 6O Eq. 13

where” is air density, v is wind speedis a reference area (typically the projected frontal area of the
crown), and is the aerodynamic drag coefficient. Equivalently, introducing the dynamic pressure
N T@®” L, the drag force can be expressedCas 0 0 1. When the objective is to quantify

overturning effects, the force can be converted into a bending/overturning moment of the root collar
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or another reference section by multiplying by an effective lever arm (e.g., the height of the centre of
pressure).

However, estimating Cd for a real tree is +iomial. Trees behave like porous, deformable bodies
that undergo aerodynamic reconfiguration (streamlining) when wind speed increases. Consequently,
the frontal area A and the drag coefficieatt@nnot be assumed to be strictly constant. In many cases,
the apparent reduction in aerodynamic loading with increasing wind speed is attributed to the
combined effects of (i) a decrease in projected area, and (ii) changes in drag associated with wind
driven modificatons to the shape and porosity of the crown. This physical framework has been

addressed in several experimental studies and authoritative reviews dplamadnteractions.

The literature on drag coefficient estimation can be broadly grouped into three main methodological
families: (1) windtunnel experiments on real trees or physical models; (2) field measurements that
combine wind observations with mechanical responseectafh/inclination) to infer aerodynamic
forcing; and (3) hybrid in situ approaches that estimate drag and frontal area simultaneously using
sensors and imaging, which are also valuable for calibrpairgmeterizations numerical models.

Some of the ediest systematic estimates of drag coefficients were provided by-twimel
investigations on real trees and crowns, including the pioneering wdiMayhead, 1973)who
derived drag coefficients for commercial conifers under controlled flow condifféigsire 26).
Subsequent studies have explicitly highlighted the importance of aerodynamic reconfiguration
(streamlining) and the velociHyependent evolution of frontal area. These studies have often
incorporated photographic methods to quantify the reference adea different wind regimes
(Vollsinger et al., 2005)Figure27).
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Figure 26: a) drag coefficient of pines in relation to windspeed; b) drag coefficient in relation to wind§pssthead, 1973)
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Complementary evidence has been obtained throughsdalé field approaches that infer
aerodynamic forcing from the structural response of t{&&szumi et al., 2010proposed a method
in which wind speed and stem deflection are measured simultaneously and the aerodynamic force is

reconstructed from the measured deflection and stem stiffness, as determined by bending tests.
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we=mee Grand fir®
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====\Nestern hemlock®

1.0

Co

0.5 * No.1
a4 Np.?
= No0.3

— Curve fit°

U (m/s)

Figure 28: comparison between CD values of poplars and conifers obtained from a wind tunneb}®Rdgorted by Mayhead.3 b
Tree no. 1, Y =1.77 X10.911; tree no.(Kokymieral.2010). 14 X1 0. 824; t

This enables the estimation of Cd and its dependence on wind speed. Siifikanky,& Smiley,
2011)discussed the estimation of Cd and crown area for urban trees, emphasizing that the resulting
drag estimates are highly sensitive to the definition of the reference area. Beyond these approaches,
direct field measurements of vegetation, often motivatedibgtbreak applications, have shown that
porosity exerts a significant influence on drag. This provides guidance on the limitations of
transferring drag coefficients across species and canopy archite@Breed & Nickling, 1998)

(Figure 29). (Manickathan et al., 2018Jemonstrated in wintunnel experiments that achieving
aerodynamic similarity requires comparable geometric form, porosity and reconfiguration capability
(Figure 30). More recently, hybrid in situ methods combining anemometric measurements with
imagebased estimates of frontal area have been proposed for mature solitary trees in natural wind
conditions. These studies show that uncertainty in determining A is one mbtheeasons for the
variation in Cd values reported in the literat(Bekkers et al., 202ZJigure31).
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Overview

The University of Dundee Botanic Garden, founded in October 1971, provides an excellent setting in
which naturebased and commun#yriented approaches can be explored in relation to climate
adaptation and mitigatidifrrediani K., 2021)The site covers approximately 9.5 hectares on elevated
ground overlooking the River Tay and contains a wateging plant collection, including both native

British species and notable specimens introduced from other regions. The site boundaries are shown
in Figure32 (white outline). Several sectors of the garden are formally designated as outdoor research
laboratories and are routinely used for experimental activities, including tree stability testing. The
trees selected for this study were healthy, \@sthblishedndividuals dating back to the early

plantings of the garden, but were scheduled for removal within a wider renovation programme aimed

at enhancing biodiversity.

Figure 32 whniversity of Dundee Botanic Gardénstudy area, western Dundee (UK, Scotland), and
365 m from the River Tay; 9.5 ha with about 5000 treeshite circles the zone containing tested
trees.

Geological settings

The Dundee Formation, as defined @@ymstrong & Paterson, 1970¢onsists predominantly of
crossbedded sandstones with interbedded siltstone and mudstone, interpreted as liadeisHite
deltafront deposits. Within the Dundee Botanic Garden area, superficial materials comprise (i) late
glacial raised marine depits, including littoral sand, deltaic sand, silt, and subtidal clay, and (i)
glaciofluvial meltwater deposits of sand and gravel. The gardens occupy a sloping terrace near the
crest of an iceage cliff. Bedrock exposure varies across the site, withssanel occurring at lower

elevations and volcanic felsite at higher elevations (although the mapped boundary is not shown).
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Overall, the presence of marirend glacialderived sands, gravels, and clays suggests that the site
may have experienced substantial landscaping, potentially involving soil reworking and/or
importation.Figure33 presents pogest photographs from selected uprooting events described later
in the chapter. These observations indicate likely vertical variability in soil moisture conditions.
Additional visual evidence includes cobbles and sandstone slabs of viriekitess (approximately

2i 5 cm).

: s .-.A o.\ | :Y e i
Figure 33: visual evidence of ground conditions following uprooting tests.

Topsoil characterization

A suite of field and laboratory investigations was carried owtheracterizeéhe neaisurface soil
horizons hosting the tree root systems. The testing programme included the following:

1 Corkscrew (CS)testing, following the procedure reported(@®. J. Meijer et al., 20185.
Meijer et al., 2019 The device was screwed into the soil and then pulled out vertically at a
constant rate of 100 mm/min using a lever mechanism instrumented with a lo@dgeet
34), which recorded the extraction forG Meijer et al., 2019The mobilized shear stress
was derived from the measured palit force and the lateral surface area of the soil cylinder
engaged by the corkscrew. Tests were carried out at four locations around each tree, typically
at a radial distance of about 1 m along the cardiirattions, and where feasiblé were
repeated at increasing depths in sequence until refusal.
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Figure 34: application of corkscrew in the Botanic Garden

1 Vane shear testing (VST) commonly employed for in situ assessment of undrained shear
strength in cohesive soi(€handler, 1988)Measuremeniausing the instrument shown in
Figure35 were taken at four locations around each tree along the cardinal directidgis (N
SiW); where required, additional test points were included, mirroring the spatial layout
adopted for the corkscrew tests.

Figure 35: vane test apparatus used in the field tzshpaign

1 Water content measurements were performed usifdl2nTheta Probe (DeltaT Devices,
Cambridge, UK)shown inFigure 36, a capacitive sensor that estimates volumetric water
content from the soil dielectric permittivity. Readings were collected at four locations around

each tree along the cardinal directions ENSi W), consistent with the sampling scheme
adopted for the c&screw and vane shear tests.
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Figure 36. use of ther'hetaProbe for in situ measurement of soil moistangtent.

Particle size distribution (PSD) Disturbed samples were collected in the vicinity of the
testedPinus nigra(258, 260, 268, 270Acer platanoideg433, 434, 604), antothofagus

(568, 606) individuals and used to derive PSD curves through a combination of vibratory
sieving and sedimentation. For reporting purposes, the Botanic Garden was subdivided into
zones, within which trees were groupé&ilgure 32). Given the high organic matter content,
samples were preetted prior to sieving of the finest fraction (sdlay); sedimentation was
guantified using an automated Paaoalyzer(Meter Group, Washington, DC, USA): the
suspension was agitated in distilled water for 60 s, left to settle for 2.5 h, and then processed

to obtain the grahsize percentageéll the procedure is shown in neixigure37.

Figure 37: PSD experimental setup: Sieving and densimeter.

The combined approach yielded continuous PSD curves that were consistent between the two
replicate samples collected at each locatligyre38a). According to the resulting texture

classification, all soils fell within the sandy loam domaiig(ire38b).
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Figure 38:{a) Particle size distribution curves aiffio) soil texture (the red dot) of the Botanic Garden
topsoil.

1 Soil water retention curve (SWRC) Undisturbed cores (50 mm diameter, 40 mm height)
were collected for SWRC determination. After saturation for 24 h in degassed water,
specimens were placed on a ceramic plate with aenaiy value (AEV) of 100 kPa
(Soilmoisture Equipment Corp., Goleta, CASA) to ensure hydraulic contact and to
equilibrate matric suction at 1, 5, 20, and 50 kPa. Suctions in the higher rahty@0@&Pa)
were then applied using a pressptate apparatus (Soilmoisture Equipment Corple@o
CA, USA). The measured water retention data were fitted using the van Genuchten model
(van Genuchten, 1980Figure 39 presents a representative SWRC for the vegetated topsoil
in zone 3, while the corresponding curves for the remaining zones are repdkgukimdix
A.

--- Van Genuchten boundaries
— Van Genuchten best fit

Zone 3

0.05 0.5 5 50 500 5000
Suction (kPa)

Figure 39: Example soil water retention curve for Botanic Garden topsoil (rich vegetated soill,
zone 3Figure 32). Dashed lines indicate upper and lower limits. Each colour series, along
with its distinct symbol, represents a different-sainple dataset.

47



1 Direct shear tests on largesamples Three cylindrical specimens (150 mm diameter, 300
mm height) were collected from zones 2, 3, anBi§ure32). Sampling was performed using
a purposeébuilt metal tube with the same internal dimensions, which was driven into the
ground until flush with the surface, with a rubber separator used for protection during driving.
The cores were then extracted using\eet systenfas for the corkscrew teytsnd transferred
into preprepared plastic cylinders with a pressnimimize disturbance; specimens were

sealed to limit changes in moisture cont@igure40).

Figure 40: tube sampling procedure for direct shear tests.
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The plastic cylinders were assembled in two sections (100 mm and 200 mm high), separated
by inserts to define the intended shear plane, and fitted with a drainage mesh at the base.

Direct shear testing was carried out using a dedicated appératuang et al., 2015at a
shear displacement rate s mm/min(Figure4l).

" S c3

Figure 41 direct shear testing setup.

Figure 42: Large-sample direct shear apparatus (DSA) test curves.
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Prior to testing, samples were saturated for 24 h and then manually dogiragplying
pressure with a metal spatidefore shearingrhe resulting shear stréssplacement curves
(Figure 42) did not exhibit pronounced peak strengths, plausibly because visible roots

contributed to reinforcement and promoted a more ductile resp@nséeijer et al., 2019)

Figure 43 provides a consolidated view of shear strength and water content data collected at a
representative sitdP{nus nigra268, zone 3)Figure43c also maps the distribution of roots within

the subsoil; across all destructive tests, roots were not observed to extend into the underlying bedrock.
Equivalent summaries for the remaining zones are reportdgpendix A The combined dataset

shows a general reduction in soil shear strength with increasing depth. This trend cannot be attributed
to increasing saturation, since water content also decreases with depth, consistent with drainage into
the underlying sandston& more plausible interpretation is that the rodtuenced horizod

primarily within the upper ~0.4 & exhibits enhanced shear strength as a result of root reinforcement.
This is further supported by the pronounced spatial variability in strength measaed the tree

within this upper layer, which likely reflects differences in the amount of root material intercepted at
each test point. The direct shear apparatus (DSA) results obtained from soil with negligible root
content provide a lowdround estimateelative to the strength values measured within the root bulb
using thein-situ methods. InFigure43, corkscrew (CS) and vane shear test (VST) results are also
compared and grouped by depth interval. VST measurements are systematically higher than those
derived from CS testing, in line with the upper range reportedGyMeijer et al., 2019¥or

measurements aroumicea sitchensigrown in sandy siltKigure44).
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= soil under rootplate.
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Figure 44: Correlation between corkscrew (CS) and vane shear test (VST) data and comparison to
measurements in a similar soil type at an alternative(&teMeijer et al., 2019)

Appendix A

The following figures present the soil water retention curves for the remaining zones (1, 2, 4, 5, and
6), together with the plotsummarizingthe geomechanical characterization of the topsoil obtained
from the Corkscrew (CS) and vane shear test (VST) measurements:

0.7 71 _-- Van Genuchten boundaries

- - =06 1 = Van Genuchten best fit
\

h
AR Zone 1

005 0.5 5 50 500 5000
Suction (kPa)

Figure Al: Example soil water retention curve for Botanic Garden topsoil (rich vegetated soil, zone
1, Figure 32). Dashed lines indicate upper and lower limits. Each colour series, along with its distinct
symbol, represents a different sedmple dataset.
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— VVan Genuchten best fit

TTTOS, Zone 2
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005 05 5 50 500 5000
Suction (kPa)

Figure A2: Example soil water retention curve for Botanic Garden topsoil (rich vegetated soil, zone
2,Figure 32). Dashed lines indicate upper and lower limits. Each colour series, along with its distinct
symbol, represents a different sedmple dataset.

--- Van Genuchten boundaries
— VVan Genuchten best fit

Zone 4

)
~~
RS
O
=
0.05 - il I
r_T_'I'—I"I'TT‘le‘_
0.05 0.5 5 50 500 5000

Suction (kPa)

Figure A3: Example soil water retention curve for Botanic Garden topsoil (rich vegetated soil, zone
4,Figure 32). Dashed lines indicate upper and lower limits. Each colour series, along with its distinct
symbol, represents a different sedmple dataset.
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Figure A4: Example soil water retention curve for Botanic Garden topsoil (rich vegetated soil, zone
5,Figure32). Dashed lines indicate upper and lower limits. Each colour series, along with its distinct
symbol, represents a different sedmple dataset.

0-5 7 ___ Van Genuchten boundaries
* = 9.45 1 — Van Genuchten best fit
0.4 §
0.35\a\ Zone 6

Fal
I T T TTTTIY T Trrrmy T T TTTTmg T T TTTrmg T T TTrrmy 1

0.05 05 5 50 500 5000
Suction (kPa)

Figure Ab: Example soil water retention curve for Botanic Garden topsoil (rich vegetated soil, zone
6, Figure 32). Dashed lines indicate upper and lower limits. The red square markers indicate the soil
sample dataset.
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Figure A6: Comparative summary of soil state and strength datad483r platanoides): (a) shear
strength from corkscrew (CS), vane shear tests (VST), and DSA; (b) depth distribution of soil water
content and suction inferred from zone 3 SWRC. Test data fronediffecationsrelated tothe

trunk, where N, E, S, and W are cardinal directions, RP =-pdate, and H = soil under rogplate.
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Figure A7: Comparative summary of soil state and strength dataq48zer platanoides): (a) shear
strength from corkscrew (CS), vane shear tests (VST), and DSA; (b) depth distribution of soil water
content and suction inferred from zone 3 SWRC. Test data from wliffecations related to the

trunk, where N, E, S, and W are cardinal directions, RP =-ptate, and H = soil under rogplate.
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Figure A8: Comparative summary of soil state and strength data d96&8hofagus): (a) shear
strength from corkscrew (CS), vane shear tests (VST), and DSA; (b) depth distribution of soil water
content and suction inferred from Zone 3 SWRC. Test data from differefibmsceelated to the

trunk, where N, E, S, and W are cardinal directions, RP =pdate, and H = soil under roeplate

Tree stability assessment through noflestructive and destructive test

In this context, the present study examines tree uprooting stability through an extensive experimental
campaign carried out at the University of Dundee Botanic Gardens (Scotland, UK). The primary
objectives were to quantify the influence of pulling directiand pulling height on overturning
resistance and to interpret uprooting behaviour in light of a detailed geotedacatterizatiof

the nearsurface soils. In total, twerdyne mature trees were investigated across both coniferous and
broadleavedpeciesRinus nigra Picea abiesTsuga Betula QuercusAcer platanoidesNothofagus
andEucalyptuy under a range of loading configuratbnan appr oach that, to t
knowledge, has not been systematically addressed previously. Each tree underwent multiple static
pulling tests in which both the azimuth of loading and the pullingeangire varied to reproduce
different windloading scenariod-{gure45). In addition, a subset of trees was tested destructively to
uprooting in order to obtain complete failure curves. The measured responses were subsequently
compared wi t h predictions derived from Wess
approaches)with the specific aim of assessing their robustness under changes in loading direction

and inclination.
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and stiffness K.

Winching test setup

Winching tests were performed either up to a serviceability thre3radéined here as 0.25° rotation

at the stem base in the pulling direction and referred to adestructivé or continued to uprooting,
representing the ultimate limit state. As illustichin Figure46, a rope was fixed to the test tree at a
prescribed height and connected via a winch to a nearby anchor tree, with the rope secured at the base
of the anchor. Tensile force was measured using-linaroad cell (Kaliber 5 t force meter, Budapest,
Hungary working load limit 50 kN; 10 N resolution; 1 Hz sampling). Fleese rotation was
monitored using two orthogonally oriented inclinometers (x30° range; 0.001° resolution; 10 Hz
sampling), aligned parallel and perpendicular to the pulling direction andtetbhiorizontally at the

stem base (dualxis inclinometer from the DynaTree Root and Trunk Testing System, BtFakopp
Enterprise Bt, Sopron, Hungaryrior to each test, canopies were pruned as needed to prevent rope
snagging, and the geometry of the setigs documented, including inteee distance, attachment
heights on both trees, and the initial dimensional characteristics of the test tree. Each tree was typically
tested along two approximately orthogonal azimuths (predominarnt§y &hd EW), with Ni S
corresponding to the dominant regional wind direction at the site. In addition, selected tests were
repeated at different attachment heights to modify the relative contributions of vertical force,
horizontal force, and overturning moment transmitted & rthot soil system. During the larger
deformation uprooting tests, the inclinometers required intermitteiéveding to maintain

measurement capability as rotation increaségr reaching peak resistantbe posipeak (residual)
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response was also recorded. Complete loss of resistance was not captured, as the inclinometers were

removed once large rotations became visually evident.

root-plate geometry

winch

\:oad cell

inclinometers -

S -——-

Figure 46: Setup of nofestructive and uprooting tests.

Figure47 shows the test location and directions of pulling for the winching tegisrted in this

study. A total of 21 trees were tested, divided into conifers and deciduous species. The conifers
included Pinus nigra Picea abies and Tsuga while the deciduous species consisted of Acer
platanoides, Nothofagus, Betula, Eucalyptus, and Quercus. Each tree was assigned a unique
identification code (ID), codes used by curator of the Botanic Gafbane 3 summarizes the
individual tree characteristics (height, H, and diameter at breast height, DBH) and test types

conducted at each location.

Legend:
_~ - non-destructive

" = uprooting

a - multiple pulling inclination \
a University
»4 ofDundc¢

Figure 47: Summary of different pulling tests, indicating pulling directions.
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Table3: Summary of the individual tree characteristics and test types conducted at each location.

Ground

Characterization Test Type =
Tree = B - e - - . DBH H

D Zone % % % *E‘) E 9) S g § - Species (cm) (m)

X S =5 7 =© Z 3 g 3

(@) > a =
433 5 X X X X X X X Acer platanoide 23.213.5
434 5 X X X X X X X Acer platanoide 27.113.2
260 3 X X X X X X X Pinus nigra 37.616.2
268 3 X X X X X X X Pinus nigra 44.616.5
568 5 X X X X X X Nothofagus 50.915.6
258 3 X X X X Pinus nigra 35.617.0
270 3 X X X X Pinus nigra 28.617.6
158 2 X X Picea abies 54.120.0
604 5 X Acer platanoide 41.4 9.3
451 5 X X Acer platanoide120.(27.0
606 5 X Nothofagus 85.025.0
142 1 X Pinus 53.018.0
383 3 X X X Betula 52.013.0
682 6 X X Eucalyptus 72.016.0
683 6 X X X X X X Eucalyptus 69.015.0
143 1 X X X X X X X Pinus 51.017.7
234 3 X X X X X X Pinus 48.012.7
243 3 X X X X X X Pinus 53.012.3
392 4 X X X X X X Quercus 22.613.0
394 4 X X X X X X X Quercus 37.017.0
971 2 X X X X X X X Tsuga 78.012.7

Trees were initially assessed under-destructive loading so that multiple repeat tests (typically 2

4 per tree, with only two exceptions) could be carried out on the same individual while groundwater
conditions remained effectively unchanged. For a etubktrees, the iplan pulling direction was

modi fied while keeping the pulling angle to
given the need to identify suitable nearby anchor trees. These repetitions were used to examine
whether rotabnal stiffness and inferred capacity differed between the dominant wind direction and
the orthogonal direction. For other trees, t h
varied, either by changing the rope attachment height on thededti.t., hl in Figure 10) or by
selecting an alternative anchor tree, thereby altering the horizontal span between the pulling and
anchorage points.

Nondestructive winching tests are commonly em
resistance by extrapolating the measured maoimeatattion response within the elastic range (up to
0.25°) using the Wessolly and Erb relationship between overtummoment (M) and stetbase

r ot at (Wessolly(&Ejb, 1998)

— -OAPB V- - — —— Eq. [14
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ML is the estimated moment (overturning) capacity that was obtained by Etjif$)4] using a least
squares fitting procedure. Finally, fifteen of the tweahe trees were subjected to uprooting tests
after the programme of nafestructive tests was complete. The system configuration used for these
tests was similar to that employed fbetstandard pulling test, but winching was continued until
failure by uprooting. For safety reasons, the canopy was completely removed prior to the uprooting

tests.

Non-destructive test results

Figure48 shows pull test results for tree 260. The extrapolated ML and rotational stiffness KM are

summarized irmable4. In the table, the loading direction (using cardinal direction symbols) and the

angle of pull to the horizontal (U) are also
Appendix B
a) b)
40 17— Pinus nigra 260 N 120 1
= Pinus nigra 260 W
351~ - Ky = 120.63 kNm/deg
- = Kuw = 76.77 kNm/deg 100 1
30 {— Wessolly N
. Wessolly W —~ 801
E 251 £
pzd pzd
= b =
4 20' = 4 60'
c - c
(0] (]
15 :
2 L 401
10 1
20 — Uprooting, M, = 105.19 kNm
51 — Wessolly N, M, = 69.79 kNm
— Wessolly W, M| = 42.04 kNm
0 - . , 0 - . ‘ .
0 0.1 0.2 0.3 0 1 2 3 4
Rotation, 6 (deg) Rotation, 6 (deg)
Figure 48: (a) nondestructive test curves with Wessolly interpolation and stiffness (N pulling angle
U = 16.6A, W pul b comgarisanroigektrapolatedWeskdily c8rves with Wprooting
test (uproot|ng direction N pulling angle U =

Table4: Non-destructive pulling tests results. hl and h2 are the heights, as indicated in Figure 10.
KM is the stiffness, and ML is the maximum moment predicted by Equation (1). N, E, S, and W
represent the cardinal directions north, east, south, and west.

Tree-ID hi(m) he(m) Udeg) o (mideq) M- (Wessolly) (kNm)
133 59 00 176 N 53.4 313
59 00 219 w 498 295
yan 74 00 234 N 73.0 425
74 00 213 w 71.7 43.4
260 60 00 166 N 1206 69.8
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6.0 0.0 17.8 W 76.8 42.0
268 6.0 0.0 11.8 N 220.4 127.9
6.0 0.0 16.3 W 212.3 125.4
568 6.5 I 1. 20.9 N 682.3 402.7
6.5 1. 20.2 W 668.9 405.1
3.0 0.0 5.7 N 171.2 98.2
258 6.0 0.0 11.3 N 150.0 89.4
9.0 0.0 16.7 N 134.0 80.7
6.0 0.0 16.6 W 114.6 64.6
6.0 0.0 12.9 N 29.7 17.6
270 3.0 0.0 6.4 W 38.0 20.9
6.0 0.0 12.6 W 30.2 18.0
9.0 0.0 18.5 W 35.0 21.2
6.0 0.0 25.8 W 470.3 289.8
158 9.0 0.0 36.0 W 466.22 281.3
12.0 0.0 44.1 W 488.0 322.7
604 3.0 0.0 17.7 N 133.6 83.9
3.0 0.0 15.2 w 104.4 61.8
451 7.9 T1. 16.0 E 3566.5 1444.9
7.9 0.0 26.3 S 6924.8 2864.8
606 12.0 1 0. 24.8 N 2453.8 1182.1
12.0 0.0 25.2 w 1667.0 718.6
142 9.6 0.3 25.7 SE 298.5 185.7
9.6 1 0. 20.2 NE 366.1 215.0
383 6.2 0.45 20.8 E 142.5 81.2
682 5.5 0.0 14.0 SE 342.9 187.1
5.5 0.0 9.9 w 203.5 122.4
683 5.0 0.0 14.0 SE 2135 118.6
5.0 0.0 11.8 w 169.4 102.2
143 11.7 _0.5 35.7 SE 526.0 311.3
11.7 i 0. 24.1 NE 458.4 243.2
234 11.0 0.0 195 NW 135.0 75.1
11.0 0.0 33.2 NE 152.4 82.8
243 10.0 0.0 25.5 NE 77.4 46.0
10.0 0.5 33.2 NW 99.1 58.8
8.0 0.0 20.0 N 78.7 42.5
392 8.0 0.0 34.8 N 89.0 46.7
8.0 0.0 69.4 N 76.2 39.3
4.6 0.0 11.8 N 57.8 33.7
4.6 0.0 10.9 N 1471 86.8
394 8.0 0.0 18.4 N 150.9 92.1
8.0 0.0 28.1 N 149.2 97.2
8.0 0.0 53.1 N 165.8 90.8
971 8.0 i 0. 11.6 NE 385.5 234.7

Uprooting test results

The complete set of momémbtation responses measured during the uprooting trials is presented in
Figure49. For illustration,Figure 480 compares the experimentally observed response of tree 260
with the Wessolly curves extrapolated from rdestructive tests conducted in two different pulling
directions. Key parameters from all uprooting tests are compiled in Table 3: the geometiptatsscr

hy, he, U, and pulling directi on FRigarede) onhergasivandd e f i n

d. (the limit rotation angle) were determined directly from the destructive test recorddeftost
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measurements of the uprooted root plates are also repbhtedesults highlight that peak rotations

range between 1.59 and 2.93 degrees.

450 143 - Pinus nigra
i . ——234 - Pinus nigra
AQD + 243 - Pinus nigra
——258 - Pinus nigra
350 - , ,
"'E"‘ ——260 - Pinus nigra
E 300 - ——268 - Pinus nigra
—_— 250 - ) ——270 - Pinus nigra
= u ——383 - Betula
g 200 —392 - Quercus
(@] 150 394 - Quercus
E 433 - Acer platanoides
100 434 - Acer platanoides
682 - Eucalyptus
50 yp
683 - Eucalyptus
D <1 ]
971 -Tsuga

0.0 1.0 2.0 3.0 4.0 5.0
Rotation, 6 (deg)

Figure 49: Summary of moménbtation curves from uprooting tests. The red crosses indicate the
peak values of the moment for each curve.

Table5:Key data from the uprooting tests.

Root-Plate Geometry

Tree-ID  hi(m) h2(m) U(deg) Dﬁ’fggfgﬂ Kir (kNm/deg) M. (kNm) i (deg) 1y o e m{; mc;
433 59 00 17.6 N 62.4 455 261 24 26 - 05 -
434 74 00 223 W 72.6 53.5 203 30 27 - 05 -
260 60 00 16.6 N 130.0 1052 215 1.3 20 - 07 -
268 60 00 16.3 W 206.6 1200 159 2.6 30 - 06 -
258 60 00 16.6 W 107.2 77.3 261 22 14 - 09 -
270 6.0 00 129 N 437 36.5 240 20 15 - 08 -
383 6.2 045 20.8 E 130.8 89.0 290 30 23 15 07 -
682 55 00 14.0 SE 219.5 1828 230 - - - -
683 60 00 175 SE 153.1 1960 180 16 11 - 12 10
143 117 05 357 SE 578.0 4200 160 27 15 051 08 04
234  11.0 00 120 NW 1315 1140 185 - - - - -
243 100 00 11.0 NW 86.0 71.0 296 17 153 1.03 063 115
392 46 00 118 N 89.6 36.4 246 25 155 093 1.65 0.61
394 46 00 109 N 92.3 86.9 195 30 1.7 089 05 064
971 8.0 0.85 13.0 NE 542.5 2290 220 454 457 - 052 045

Other evidences of the field test carried out at the Botanic Garde are shéigarab0:
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PULL TEST SETUP

¥

433 Acer platanoides
{ G FANTES "2V j

e

Figure 50: pull test setup and evidences after uprooting tests.
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Discussion about nordestructive and uprooting tests

Effect of direction of pull (in plan)

Regarding potential bias in overturning resistance along the prevailing windaxisé summarizes
results for the ten trees tested in the west and north pulling diredtigse 51 includes a dashed

parity line corresponding to a ratio of 1 between the extrapolated moments in the two directions, while
the solid line marks the threshold where the ntotlvest ratio reaches 2. Only three trees showed
higher inferred mechanical strahgwhen pulled towards the west. By contrast, the remaining
individuals exhibited greater resistance in the north direction, with differences of up to 66%.
Considering the entire dataset, anchorage capacity was, on average, 23% higher in the nonth directio
based on the Wessolilerived extrapolated limit moment (M This consistent directional imbalance

in inferred capacity is compatible with a w#adclimation effect, whereby the réebil system
develops relatively greater resistance along the dominandtaxis.

Table6: Comparison between extrapolated limit moment in west (MLW) and north (MLN) directions.

Tree-ID Mcw (KNm) Mun (KNm) N/W
433 29.54 31.28 1.06
434 43.44 42.5 0.98
260 42.04 69.79 1.66
260 125.38 127.85 1.02
568 405.14 402.72 0.99
258 64.62 89.35 1.38
270 18.01 17.64 0.98
604 61.81 83.91 1.36
606 718.61 1182.13 1.65

average = 1.z

W Extrapolated M, (kNm)
10 100 1000 10000
10 ST

100 §

1000 3

N Extrapolated M, (kNm)

10000 1

Figure 51: Effect of loading direction on extrapolated limit moment. The blue symbols represent
different individual trees.
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Effect of the height of pull (angle of pull in elevation)

Table 7 summarizes the results from the rbestructive tests, first conducted at different pulling
heights and then after uprooting (Deq is the average of dimensions D1 and D2 of {plateoot
geometry;Figure 46). Moment capacity based on extrapolated values appears to be insensitive to
even very large changes in the pulling angle, as shovigure 52. Using a VHM vyield surface

approach gives the followindpattola et al., 2020)

—_— -, P , — Eq. [15]

where the normalized vertical l oad ( 3) i's gi v
: E— Eqg. [16]

and 4q = 3, b = 0.=95,0.¢12= 1Squb,standitVingvVd he VH

test(Zhang et al., 2023hich is defined by:

— Eqg. [17]

— Eq. [L9]

it can be shown that the moment capadil ) is insensitive to alpha. For trees 258 and 270, the
maximum difference between the extrapolaktd values and the mean value are 10% and 5%,
respectively, despite the maximum tested angle being approximately three times the minimum. For
tree 392, the maximum difference between the extrapolated M values and the mean value is 17%,
with the maximum testedngle being approximately five times the minimum. For tree 394, the
maximum difference between the extrapolated M values and the mean value is 5%, with the
maximum tested angle being approximately five times the minimum. The small differences in the

extrapolated moment are consistent with the analytical insensitivity to alpha. Additional data from a
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large database of uprooting tests fr@xicoll et al., 2006) which is also shown ifigure52, also

shows no c¢cl ear trend. between U and measured M

Table7: Comparison of extrapolated limit moments for different pull angles with measured limit moments from uprooting tests.

Non-Destructive Uprooting
Tree-ID U(deg) M. (KNm) M¢ (KNm) Deq (M)
5.7 98.24 - -
258 11.3 89.35 - -
16.6 80.73 77.26 1.8
6.4 20.87 - -
270 12.9 18.01 36.50 1.75
18.5 21.15 - -
19.9 42.47 - -
34.8 46.76 - -
392 69.4 39.28 - -
11.8 33.65 36.40 2.01
10.9 86.82 86.90 2.36
18.4 92.11 - -
394 28.1 97.19 i i
53.1 90.77 - -
90 -
Nicoll et al. (2006)
79 ® Tree 258
e i
& A Tree 270
=80 W Tree 392
ree
= @
".6:0 45 A ’Tl’ee 394
=
©
Y =
= 30 7 @
< &
15 1 g .
o8
EN ®
O T | T T T 1 L 1
0 50 100 150 200
Extrapolated M, (kNm)
Figure 52: l nsensitivity of extrapolated | i mit mo r

uprooting test database [29] shown for context
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Suitability of extrapolation method for non-destructive test

In the destructive tests, peak bending moments were observed between 1.6 and 2.9° of rotation, which
aligns reasonably well with the predictions of the WessollyEhdnodel Eq.[14]). For9 out of 15

trees, the percentage difference between the observed and estimated moment is within 20% (6 below
10% and 3 between 10%0%). For the remaining six trees, the percentage difference ranges from
35% up to a maximum of 107% (in the case of Pimgsa 270). Only for 4 out of 15 trees was the
predicted overturning moment capacity overestimated compared to the measured value with a
maximum percentage difference of 4%. An alternative stifibased approach to determining
capacity from nordestructve test data is based on the fact that for rotations from 0 to 0.25 degrees,
the response falls within the elastic range, and therefore the nigotation curve can be
approximated by a straight line. According to the Wessolly and Erb model, a rotattha56f

corresponds to 40% of the maximum moment, and thus the law is as follows:

8 J
8

C® 0 18 L J Eq. [19

It is noteworthy that for 11 out of 15 trees, the maximum overturning moment underestimated by
eitherEq. [14] or Eq. [19] represents an inherent safety factor. This finding supports the general
applicability of both the mometitased and stiffnedsased approaches for estimating tree anchorage
capacity Figure 53a), at least for the soil and groundwater conditions considered herein. The
variability in the value of rotation when peak moment is reached can, in part, be explained by local
soil conditions; for instanc€Zhang et al., 2023)emonstrated that soil saturation levels significantly
influence rotational behaviour during winching tests, a parameter that is typically not recorded during
field assessments. Water content and suction data for the different zones considered atithe Botan
Gardens that is shown in tiAg@pendix A demonstrates local variation in groundwater conditions
between zones. Alternative prediction approaches which do not utilizéesbructive test data, such

as the rooplate model proposed Achim & Nicoll, 2009) capture the general trend observed in
the(Nicoll et al., 2006)ataset, albeit with considerable scatkeg(re53b). However, when applied

to the Botanical Garden dataset, the fit appears less satisfactory, especially when using the
formulation where resistance is proportional to the square of the equivalemlat@odiameter
(D_eg”?2). This discrepancy suggestd flaators beyond rogplate weight may influence anchorage
capacity. In particular, it is plausible that structural roots extending beyond the conventional root
plate contribute additional resistance, which is not adequately accounted for in simplifieetrgzo
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models. It also demonstrates that there is additional value in conducthugsiouctive tests to obtain

improved predictions of capacity and therefore better estimates of risk.

400 H

Measured M, (kNm)

300 -

200 ~

P

e

500 -

400 -+

Measured M, (kNm)

= = Parity

® Wessolly &Erb, Eq.[14]
Q Stiffenss-based, Eq.[19]

0

100

200

300

400

Extrapolated M (kNm)

500

a)

@ This study
Nicoll et al. (2006)
— Achim & Nicoll (2009)
— Stiffnessfit, Eq.[18] and [19]

300 A

200 H

100

1 2 3 a4 5 6
Root plate diameter, D, (m) b

Figure 53: (a) Comparison between measured limit moment and extrapolated values using the
Wessolly and Erb method and a stiffnbased approach; (b) effect of measured fplate diameter

on measured limit moment. Data (grey dots) from a large UK uprooting tediatae(Nicoll et al.,
2006)shown for cortext and model fitting bAchim & Nicoll, 2009)

Applying the circular footing model to the Botanic Garden datdSgufe 54), the interpolation

appears less satisfactory. This suggests that the stiffness of the model may be proportional to the cube

of the rootplate diameter and possibly less than the square, as assumed in the n{éaairhy&
Nicoll, 2009)
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Figure 54: Effect of measured rogilate diameter on measured stiffness from uprooting tests and
comparison to an equivalent circular footing of diameterDeqg i s Poi ssond6s numb
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Conclusion

In this work, static pulling tests were conducted to study the stability of mature trees. Specifically,

nondestructive tests were performed, varying both the pulling directions and angles, as well as

uprooting tests. Soil characteristics, such as sheamgth, moisture content, suction, and particle

size distribution, were analyzed to evaluate their influence on root anchorage. The tests were

conducted on twentgne trees from the Botanic Garden of Dundee University, belonging to eight

different specieg¢Pinus nigra Picea abiesTsuga Betula Quercus Acer platanoidesNothofagus

Eucalyptu$. Fifteen out of twentpne trees were uprooted to determine the maximum overturning

moment and compare it with the values estimated using the cited methods. The data collected and

analyzedndicatethe following:

l

As depth increases, the shear strength of the soil decreases. This is not due to an increased
level of saturation, as the water content also decreases in depth (the soil idramzt by

the sandstone). The most plausible explanation is that theysmildantains the root system.

Peak moments in destructive tests were observed between 1.59° to 2.93°. This confirms the
need for destructive testing so that the ultimate limit state is verified.

Regarding bias in overturning resistance in the predominant wind direction, among the 10
trees tested along the north (main wind direction) and west directions, for 7 of them, the
predicted overturning moment was higher in the north direction compareel \Wwest.

Regarding the insensitivity of moment capacity to pull angle, the moment capacity appears
unaffected by substantial changes in the pulling angle.

Regarding the evaluation of existing methods for predicting overturning moment, only 4 out
of 15 trees had their predicted overturning moment overestimated compared to the
experimental values. For the remaining 11 trees, the maximum overturning moment
undeestimated by both models provides a safety margin. These results appear to support the
general applicability of both the momemdsed and stiffnedsased approaches for estimating

tree anchorage capacity.

Attempting to fit the data using the regolate model, which assumes that the ultimate
overturning resistance is proportional to the square of theptate diameter, did not yield
satisfactory results. In contrast, a reasonable fit was obtained usingchlar foundation
rootplate model, where the stiffness is assumed to be proportional to the cube of the root
plate diameter.

In conclusion, there is no correlation between the maximum overturning moment for

uprooting and trees of the same species with similar biometric parameters. This suggests that
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overturning stability depends much more on the-gitecific conditions of each individual
tree.

Appendix B

Below are the figuresummarizinghe results of the nedestructive and uprooting tests, as done for
Pinus nigra260 inFigure48.
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g 6 E 45
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Figure A9: (a) nondestructive test curves with Wessolly interpolation and stiffness (N pulling angle
u = 17.6A, W pulling angle U = 21.9A); (b) <con
test (uprooting direction N pulling angle U =
251 — Acer platanoides 434 N 60
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Figure ALC: (a) Nondestructive test curves with Wessatigrpolation and stiffness (N pulling angle

U = 23.4A, W pulling angle U = 21.3A); (b) con
test (uprooting direction W pulling angle U =
120 1
— Eucalyptus 682 W
= Eucalyptus 682 SE
1004 - - Kww = 203.54 kNm/deg 5
= b KM-SE = 34292 kNm/deg ,, >
— Wessolly W g >
e 80 - Wessolly SE 0
E o
zZ
=
<
(0]
£
o
>
0 . . .
0 0.1 0.2 0.3
Rotation, 6 (deg)
a) b)
Figure ALl (a) Nondestructive test curves with Wessolly interpolation and stiffness (SE pulling
angle U = 14.0A, W pulling angle U = 9. 9A);
uprooting test (uprooting direction SE pullin
b
a)
Figure AL2: (a) Nondestructive test curves with Wessolijerpolation and stiffness (SE pulling
angle U = 14.0A, W pulling angle U = 11.8A);
uprooting test (uprooting direction SE pullin
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