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1 Introduction to Biomechanics of Tr

The mechanical behaviour of a tree is in the ceoitnaterest of many forestry
and arboricultural research due to damages to treésiilolings, properties or
even the human life. Modelling the tree behaviowd measurement of the actual
condition of the trean situis, therefore, important for the tree safety assessment.
Trees adapt their stem (Telewski, 1995) and root dr@iicoll and Ray, 1996)
In response to the wind loading to which they arnejextied in order to resist
breakage or overturning. By understanding the beoavof trees in strong
winds (Mayer, 1987; Gardiner, 1994, 1995; Peltol®96 Blackburn,
Blackburn, 1997; Gardiner et al., 1997) and thelhmaasms of root anchorage
(Deans and Ford, 1983; Coutts, 1986; Ray and Nid®88) it has become
possible to develop mechanistic models that predicttiieal wind speeds for
damage to occur and how these are affected by tpegres of the trees within
the stand. Such an approach allows predictions afitpact of any arbocultural
operations on tree stability and the design of arlho@llstrategies for reducing
wind damage.

Various authors describe the mechanical behaviour toéeain various ways.
Because of large dimensions and complicated geomeftrya dree, the
calculations are carried out usually by the use ofprdars. There is a trend to
utilize the finite element method (FEM) that is vgrgwerful to describe such
complicated mechanical structure as a tree (Matti®&6, 1998, Badel, Perré
2000, Fourcaud et al. 2000, Alhasani 1999, Dauae®#@99, Grill, Laghdir and
Jullien 1997).




1 Introduction to Biomechanics of Tr

Other authors proceed from Timoshenko’s theory (SR&Q0) or a tree is
considered as an elastic cantilever beam accordingButer theory (Wessolly
1998, Mossbruger 1986).

Consideration of the tree as a forced damped harnoscitator, has allowed to
model its dynamic response to wind loading (Mayer, 7198ardiner, 1991;
Gardiner, 1993), but these considerations are notggmirbe observed in this
paper, as well as those related to growth stresses (Add®s). Both Leiser and
Kemper (1973), and Milne and Blackburn (1989) houend that axial stresses
due to wind loading vary along the stem with a mmaxn occurring at a position
which depends on taper. According to Mamada et 1£84), the theoretical
height of maximum stress was in good agreement wahht#ight at which the
stem breaks. However, other authors (Petty and S\WaB5; Mattheck, 1991,
Wood, 1995) suggest that the stress should be constieat stem.

Mechanistic models (e.g. Peltola and Kelloma»ki, 3t90eltola et al., 1999)
have recently been under development for predidtmegcritical wind speeds at
which trees are likely to be uprooted or broken;togrovide tools for assessing
the risk of wind and snow damage in the context eé tsafety and stability.
However, much basic work is still needed, especiallyhwegard to the
components of root anchorage (because of the complexithe root-soil
system), and also with regard to stem stability. Thesebeainvestigated using
static loads, with the reservation that the results nead to be modified when
the dynamic forces caused by wind are introduced {€al086).



1 Introduction to Biomechanics of Tr

In a static system the breaking and uprooting forcesally calculated as
bending moments at the base of the stem, are treatadising in two ways.

Firstly, the force produced by wind action on thevam, simulated by pulling

with a rope, causes defection of the stem. The leastam then assists in
uprooting the tree because its centre of gravity moxer the hinge point in the
root system (Ray and Nicoll, 1998). Thus, a secondefes provided by the
weight of the stem and crown. The uprooting momegmesisted by bending of
the tree stem and various components of root anchattageveight of the root-
soil plate, the strength of the windward roots, thergjth of the root hinge and
the soil strength at the base of the root-soil pldteéhé uprooting moment
exceeds the resistive bending moment of the tree paracular angle of

deflection, the tree will deflect further. The tredl give way if the uprooting

moment exceeds its maximum resistive bending momerh the relative

strengths of the stem and roots determining the modfailfre (Petty and

Worrell, 1981).

Measurement of maximum resistive bending moment isigeedvioy the use of a
winch system. It is used to pull the trees and theiegbdlorce needed to
“uproot” a tree or bend its stem is measured. Thisrigcie or its principles are
used relatively wide. Utilization of the pulling tes referred in Wessolly
(1995a, 1996b), Stokes et al. (1995, 1997, and 2@@ichert and Gardiner
(2000), Crook et al. (1997). In the seminar, theadk- and Inclinomethods" for
tree stability assessment using the pulling test (Wes$oly1998) was applied.



1 Introduction to Biomechanics of Tree

» Focus of interest (for forestry and arboricultural aesk) owing to the
potential for trees to harm people or property

o Significant practical implications for tree safegsassments
« Response to wind loading — breakage or overturnirigeef

« Mechanistic models that predict the critical wind sfgeabove which
damage may occur

* It is possible to predict the influence of arboriawdtl operations upon
tree stability
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Objectives of biomechanical approach

1. Assessment of the mechanical safety of the tree ddoysengineering
concept with generally accepted rules

2. ldentification of forces acting on tree
3. Determination as to whether the tree structurbstands these forces

4. Finding the weakest places in the tree and datatran the size of the
weakest place relative to the adjacent cross-sections

5. Determination of residual carrying capacity ofeet
6. Quantitative prediction of fracture safety

7. Non-destructively monitor exactly the same placeyéars
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Key concepts

Mechanical principle of tree design
Principle of optimal design
Principle of similitude

Principle of adaptive growth

Principle of stability and flexibility strategists

o 0ok W DN F

Principle of holistic approach




1 Introduction to Biomechanics of Tree

Key terms

1. Adaptive growth

2. Optimal design = compromise in respect to funstion

3. Safety factor

4. Tree stability = resilience (S-strategy) vs. ttesise (K-strategy)
5. Tree reiteration = repeating pattern of design

6. Hollow structures
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Limitations (special cases)

We are limited by very complicated interactionsragetstability concept.
To take all possible potential factors into accoanimpossible (yet).

1. Simplifications:
a) loads (laminar steady flow, sailing area x 3-Dagrgurface, Cx
concept, streamlining, ...)
b) wood properties (very complicated, spatial distrdny static x
dynamic behaviour, changes in time, ...)
C) geometry

2. Assessment of ,static” picture of tree — often wuthids history and
future development

3. Root system — out of our reach, non-destructiesist?
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Methods of analysis (solutions steps)

1. Discovery of damage, situation, site
2. Determination of loads — wind, mass

3. Determination of tree form — basic statics strustunegan correlations,
defects

4. Comparison damage stage to basic structures
5. If necessary, definition of damage more precissdyice-aided)

6. If necessary, carry out tree-care measurementc@eiwed)




2 Hazard Tree Management N PO

2.1 Hazard Tree Evaluation

e Interest in hazard tree management has increasedentrgears due to
safety and liability concerns resulting from prevelgatcidents.

2.2 Problems (defects) identification

e Recognizing hazardous trees and taking proper coreegttions can
protect property and save lives.

e A “hazard tree” is a tree with structural defectslitki® cause failure of all
or part of the tree, which could strike a “target.”

2.3 Biomechanical approach

The development of the approach is schematically ptede




2 Hazard Tree Management N T 1

2.1 Hazard Tree Evaluation

Components of Hazard Tree Evaluation

1. Site
 History
* Recent exposure to loads
« Construction activities
* Environmental conditions

2. Tree
 History — toping
 Architecture — growth habit
« Signs of decay
» Weak structures
* Root system

3. Target
 Potential to fail and injure or damage a target




2 Hazard Tree Management N Vi

2.1 Hazard Tree Evaluation

What to Look For

e We recognize seven main types of tree defects:
» dead wood,
e cracks,
» weak branch unions,
 decay,
e cankers,
* root problems,
e and poor tree architecture.

A tree with defects is not hazardous, however, unlesg gamtion of it
IS within striking distance of a target.




2 Hazard Tree Management N T

2.2 Problems (defects) identification

The key to reducing the risk with a tree isdentify and correct the
problem.

Problems identification:
* Visual tree assessment (Body Language of Tree)

» Devices-aided assessment (Resistograph, Arbosohic, ...
 Combination of visual and devices-aided assessment

Obijectives

1. Determination of tree stability without injury.

2. Monitoring of stability.

3. Assessment of safety against fracture.

4. Determination of weakest places within the tree.




2 Hazard Tree Management N T

2.2 Problems (defects) identification

Key concepts

There are 6 current tree inspection systems in wide use:

1. The Visual Tree Assessment methgd A )
2. The Evaluation of Hazard Trees in Urban ArdadT)

3. Statics-Integrated AssessmefltA) and Statics-Integrated
Methods §IM)

4. The Forestry Commission in the United Kingdom dgwvetba
guantitative windthrow hazard classification scheme

5. The Windthrow Handbook for British Columbia Forests

6. Mechanistic approachestdtic and dynamic model}




2 Hazard Tree Management

2.3 Biomechanical approach

Resistance to breakage

* Wind- and mass-induced stresses are calculated accotaling
elastic theory.

« Stresses are calculated within the tree at any height

* When stresses exceeds the strength of wood, the stebreak.

* The critical load is product of stem diameter and avstwength.

Resistance to overturning (uprooting)

 Tree overturns if the load (due wind) exceeds the @tpp
provided by the root soil-plate anchorage.

» Uprooting forces (bending moment) at the base ofstken are
provided by the wind and weight of the stem and crow

* The uprooting moment is resisted by bending of the stem and
various components of root anchorage.




3 Introduction to Wood Science T

3.1 Tree structure and function

Form of tree trunk and branches is probably largehtrolled by
biomechanical requirements. In respect to their f@tem and branches
are not simple “optimum structures” adapted to onky fumction, but are
“good enough” or “optimum compromise” structures whperform a
number of different functions.

3.2 Tree growth and ontogeny

Tree functions, and thus also the design of the trag,vary during
ontogeny of a tree.

3.3 Intro to wood science

Stability is one of the most important prerequisiteged design. Trees
are compromise structures to meet mechanical requitsme
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3.1 Tree structure and function

Key terms

Tree represents open dissipative system satisfying vgfairesments:
(1) mustgrowth
(2) needbtability to support the energy producing leaves
(3) water and minerals have todmductedfrom roots

(4) nutrients and water mustdsiered

All functions are tightlyinterconnected

Supporting, storage and conductive functions are
indispensable for growth.

A complex framework of genetical, abiotic, biotaxcfors
controls the system.




3 Introduction to Wood

3.1 Tree structure and function

STORAGE

A

vy

GROWTH

GENOME,
ABIOTIC
AND BIOTIC
FACTORS

STABILITY | | TRANSPORT

Antagonistic functions
(Mosbrugger 1990)

-—-» Prerequisite for




3 Introduction to Wood Science T

3.1 Tree structure and function

Assumptions

The tasks must be performeddyery part of a tree(roots, stem,
branches, leaves), but their relative importanceegdrom organ to
organ.

In general, thérunk should represern energy-saving compromise
structure for stability, conduction and growth.

Wood is also measurements‘sfirplus” assimilates substances formed
during growing season.

Stability <=y Vitality

R
AT
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3.1 Tree structure and function

Key concept

Basic idea of constructional morphology is the prilecqf optimal
design— each biological structure is optimally adaptedsmatural
load, which acts also as its design mechanisms.

This type of mechanism is calledaptive growth — trees are
compromise structures that have to meet a numbeffefeht and
opposing mechanical requirements.

The principle — the stem and branches of trees shawiel & form
which functions best usingrainimum amount of material
(assimilates).

The shape of tree may be viewed as “good enougbptmum
compromise structure which perform a number of different functions
with (nearly) a minimum cost of energy.
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3.2 Tree growth and ontogeny

Key concept

The anatomical tree-ring structure may be compareddisplay in which
we can observe the resultant effects of ecologicalitons.

The tree-ring structure is the result of a complefaofors that affect the
site, and it is also an expression, both quantitatidecaalitative as well,
of these prevalent conditions on the site.

Trees are capable of responding to the effects of@mwiental factors in
a variety of ways.

Cambial age affects the intensity and frequency oflgrowth
changes.
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3.2 Tree growth and ontogeny

Young cambium, whether at
the apex of old trees or at the
base of young individuals,
features fewer changes and is
less susceptible than at an
older age.

Sifka letokruhu

dy (1)
y(t)

vék sromu

There are two aspects involved
In plant aging:
(1) physiological aging ;
(senescence) and :

(2) ontogenetic aging. The
annual growth in width
(thickness) is determined
In part by the maturity o
state of the individual

irka letokruhu [mm]
w
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3.3 Intro to wood science

Obijectives

. Wood - victory or loss ?
. How does wood structure limit wood properties ?
Why mechanical properties are determined by vabadtture ?

. Wood is hierarchical structure, unfortunately veoynplicated — true
or false ?

Ol

. Wood is optimised compromise structure — how toyapm tree
biomechanics ?




3 Introduction to Wood Science TR

3.3 Intro to wood science

Key concept

— Wood nature

— Chemical composition
— Submicroscopic structure X Wood as material
— Microscopic structure
— Macroscopic structure




3 Introduction to Wood Science T

iy 3.3 Intro to wood science

Key terms

1. Orthotropic nature of wood — unique and indepemndnechanical
properties in the directions of three mutually pethemar axes

2. Mechanical properties represented as ,strength“goties — maximum
(ultimate) stress = resistence to failure

3. Mechanical properties represented as ,elasticitgperties — modulus
of elasticity = resistance to deformation

4. Allowable stress — the maximal stress anywhere istteture

5. Factor of safety = the ratio of actual (calcudatgtress to required
strength

6. Tree design — thaesired responsef tree is given (key concept of
biomechanics)
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3.3 Intro to wood science

Wood as material

a) Wood is a material witAnisotropy of all physical properties,
including mechanical.

b) This anisotropy is based on the chemical composdinzh
structure of the wood.

c) The anisotropic nature of wood is the best commserbetween
requisite functions (bearing, storage, conduction).

How does the wood look like... -
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3.3 Intro to wood science

Wood ashiomolecular compositewith
similar hierarchical structure on every
organization levels.

Hierarchical structures are assemblages of
molecular units or their aggregates that are
embedded or intertwined with other phases,
which in turn aresimilarly organized at
increasing size levels.

Layered structure of
cell wall

Needle-shape cells

Wood as composite is
rich in celluloseand
lignin. The interaction
between cellulose and
lignin determines

_ _ Cellulose ligament
mechanical properties.

R.J.Astley et.al.



3 Introduction

3.3 Intro to wood science

Wood as bio-composite — chemical composition

Wood = Fiber-Reinforced Composite

Composite

Lignin forms the matrix, to which the cellulose is embedded.




3 Introduction to Wood

3.3 Intro to wood science

Wood as bio-composite — chemical composition

Ilatrix

Lignin forms the matrix,
to which the cellulose is embedded.

Cellulose
* is responsible for elasticity
* behaves as brittle matter
 provides stiffness and restricts deformation

Lignin
* is responsible for plasticity
* has ductile character
 provides the strength and energy absorption




3 Introduction to Wood Sc

3.3 Intro to wood science

Wood as bio-composite — chemical composition

Lignin forms the matrix,
to which the cellulose is embedded.

— wood is fibrous material

— main components are cellulose,
hemicelluloses and lignin

— chemical bonds provide the stress
transmission

— therefore, wood properties are related to
grains direction

32

,563\).«\ Vrstevnata bunécna sténa

Stfedni lamela

@
..
Makrofibrila
Tracheida
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0 o
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Krystalicka celuléza

o O
25 nm %‘ 1 o 0,79 nm




3 Introduction to Wood Science NN

3.3 Intro to wood science

Wood as bio-composite — anatomical structure

What is important for tree biomechanics ?

Softwoods

Simple structure

Two types of elements only

Regular structure

Rare irregularities

Universal elements
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3.3 Intro to wood science

Wood as bio-composite — anatomical structure

What is important for tree biomechanics ?

Hardwoods

» Three types of elements at lea

* Cells more specialized
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3.3 Intro to wood science

Wood as bio-composite — mechanical properties

— Stress-strain diagram
— Different wood mechanical behaviour
— Important properties

— Density of wood

— Modulus of elasticity
— Strength

— Deformation
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3.3 Intro to wood science

Wood as bio-composite — mechanical properties

How get to know your material — Stress-Strain Diagram

—— —
)

‘T
o
S 4
7))
3 :
5 Proportional
@ limit I
2
%. 05 10 15 20

Deformation [%]




3 Introduction to Wood

3.3 Intro to wood science

Wood as bio-composite — mechanical properties

What is the stress-strain diagram providing us?

Character of material (will be discussed immediatelly)

Important values (could be measured only)
Modulus of elasticity

Strength

Proportional limit

Deformation

Energy saved
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3.3 Intro to wood science

Wood as bio-composite — mechanical properties

Stress-strain diagrams all in one

Sirass Iﬂumpun.fnn

W Elasto-plastic
approximation

Perpendicular
Brittle lo grain
fractura
Tenslon f,

Bodig, Jayne (1983)
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3.3 Intro to wood science

Wood as bio-composite — mechanical properties

Compression parallel to grains
* Viscoelastic behaviour

/ e High stiffness
e High strength
o / / ———— g . g
/ « Deformation about 1 %
e High amount of saved energy
525 * “No failure”- goodway of loading
£40

o 64.3 MPa
E-Modi0&t9 MPa

N
=

ucrit -

€ 1.18 %
T-S :3.489e-008
Hustoté77.178g/m"3

0 —t—t —t—t + +
0.0 0.5 1.0train in %5 2.0
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3.3 Intro to wood science

Wood as bio-composite — mechanical properties

Compression perpendicular to grains

e Plastic behaviour

|  High deformation
5q e Low strength
i « Hardening
_ad -  Bad way of loading
s ]
%3 ,
| /
2
.
Of! +— + —+—+ —+— + + t + } + +—t + }

0 10 20 30 40
Strain in %
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3.3 Intro to wood science

Wood as bio-composite — mechanical properties

Tension parallel to grains

« Elastic brittle behaviour
| e Fails by tearing
150] /’ e High stiffness
| e Very high strength
e Low deformation (1 %)
 Goodway of loading

Stress in MPa
o

4/
-/

0.0 0.2 0.4 0.6 0.8
Strain in %




3 Introduction to Wood Science TR

3.3 Intro to wood science

Wood as bio-composite — mechanical properties

Tension perpendicular to grains

e Brittle material

* Very low strength and
stiffness

 Theworst way of loading
» Falils by tearing

Pa

Stress i

iaiaREn

WU
8 01 ST

0 10 20 30
Path in %
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3.3 Intro to wood science

4

Wood as bio-composite — mechanical properties

Shear

/

Stress in MPa

2
Strain in %

Viscoelastic behaviour

Low strength and stiffness
(one exception)

Fails by shearing
Bad way of loading

3
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5 3.3 Intro to wood science

Force-Stress in kN

Bending

w

N

[EEN

4

6
Path in mm

10

Wood as bio-composite — mechanical properties

Combined loading

Viscoelastic brittle material
Fails by breaking on the tension
side

Combines compression and
tension
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3.3 Intro to wood science

Wood as bio-composite — mechanical properties
Wood — what a strange thing !

 Wood mechanical behaviour depends on:
« Mode of loading (bending, compression, etc.)

Direction of loading relative to grains
Velocity and maintenance of loading
Water content

Temperature of wood

e \Wood can behave like:
e Plastic — viscoelastic — elastic matter

e Ductile — brittle
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3.3 Intro to wood science

Wood as bio-composite — mechanical properties
Key terms

Modulus of elasticity — stiffness of wood

e Strength
 ultimate/maximal
» strength at the proportional limit to
« Deformation %.___f‘f’_‘f'_""[_

 ultimate/maximal
o deformation at the proportional limit

-F

compression
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3.3 Intro to wood science

Wood as bio-composite — mechanical properties
Modulus of elasticity (stiffness)

e Ratio between stress (strength) and relevant deformatio
 Tangent of elastic part of stress-strain diagram
« Shows internal resistance of material against unitgaitbon

 E-modulus - describes tlsiffnessof the material. It represents the stress
necessary for the unit deformation (strain) of theemait[MPa, kN/cm2].

\\\\\\\\

Stress

Strain
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3.3 Intro to wood science

Wood as bio-composite — mechanical properties
Modulus of elasticity (stiffness)

Taxon Moisture  Density E G
(%) (kg.m-3) (MPa) (MPa)
Spruce Green 497 7 300 400
Picea abies 12 350 9 500 500
Beech Green 833 9 800 800
Fagus sylvatica 12 600 12 600 1100

Oak Green 833 8 300 -
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3.3 Intro to wood science

Wood as bio-composite — mechanical properties
Strength of wood

 Force per area
e EXxpresses maximal bearable force of material

* Need to be distinguished from stress (it is the physielal, fstrength
IS the property)

Stress

Strain
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3.3 Intro to wood science

Wood as bio-composite — mechanical properties
Strength of wood

Taxon Moisture Density MOR Comp.|| Tension ||
(%) (kg.m-3) (MPa) (MPa) (MPa)

Spruce Green 497 36 17

Picea abies 12 400 66 35 84

Beech Green 833 65 28

Fagus sylvatica 12 689 110 54 130

Oak Green 833 59 28
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3.3 Intro to wood science

Wood as bio-composite — mechanical properties
Deformation

* Displacement x deformation (strain)
« Deformation = relative change of dimensions

e Three types of deformation
 elastic (reversible immediately)
o elastic in time (reversible during certain time pd}io
 plastic (irreversible)

« Transversal deformation Stress

\\\\\\\\

Strain
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3.3 Intro to wood science
Relation between stress and strain

Strain — only quantity which could be easily measyoeinpared to stress)

E-modulus — only materi@lonstatnt ever known (the criterion of the
stiffness) because of the wood nature (chemical cotistitu
and anatomical structure)

Ultimate

/ strength
\
60 /
s 1
o
. %
— =
O- E 8 » 40 \
()]
() .
% \ Proportional
limit
O max :64.3 MPa
20 E-Modulus: 10649 MPa
u crit o
€ 11.18 %
T-S : 3.489e-003
Density :677.176  kg/m"3

0.0 0.5 1.0 Strain in % 15 2.0




4 Components of Tree Stabiliy

The development of the approach is schematically ptede The main
limitations of the adopted approach are that it dossaccount for large tree
deflection or for dynamic effects, and that growttestes are not considered
neither. The hypothesis on which the mechanical amalis based are
summarized in the following lines, being the ones ugwaopted by several
authors who have studied the bending of tree trunéemnches:

a)The stem of standing trees can be treated as arc elastilever beam
rigidly fixed on one side and free on the other.dégtion varies with
height, and this non-uniform taper can be descrimech mathematical
function.

b)The transverse section of the stem is considered eiticatar or elliptic,
with an area S and a second moment of inertia |.

c)In order to calculate the self-weight of the frié® canopy weight can be
evaluated as a point vertical force applied in itstieeof gravity.

d)In order to calculate the wind load, a horizomaint load applied also in
the canopy centre of gravity can substitute it.

e)When bending, trees will usually fail on the compren side first,
because wood is an extremely anisotropy material wicosgpression
strength is about half the tensile strength (Mossbrugb@®0). In the
development of the method the most unfavourable walbelways be
considered, searching for the point where maximal pression stress
occurs.




4 Components of Tree Stability " I

w;gwg 4.1 Tree geometry

e The trunk of a tree has a specialised structure inr tocgupport
mechanical efforts, due to the self weight of the fl@own and stem) and
to the external loads (wind, snow).

4.2 Wood properties

e Wood structure, considered as a strengthening tisssigpp®osed to be
closely related to the stress level which affects iinduthe life of the tree.

4.3 Loads applied to tree
e The distribution of longitudinal stresses in the stemtduts self-weight

and several wind loading is calculated using the strattheory of a
cantilever beam



4 Components of Tree

4.1 Tree geometry
4.2 Wood properties

4.3 Loads applied to tree

The triangle of stabllity

LOADS

GEOMETRY /\ MATERIAL




4 Components of Tree Stability "3

4.1 Tree geometry

Obijectives
What is the optimum geometry of tree — stem, branaresn, roots ?

What is the optimum rate of tapering depending ekihd of loading ?

1. The geometry of tree (stem, branches and rootsplmply largely
controlled bybiomechanical requirements

2. The taper is advantageous for tree to save struotatarial and not to
rely on extremely high safety factors against fragtur@articular near
the top of the tree.




4 Components of Tree

4.1 Tree geometry

Special cases

Independent Windthrow Hazard

Atiribute Low Moderate High

Crown Small f\ Medium Large

Stam L/‘P Medium Taper Medium Taper Madium Teper
Roots _LL_ Maoderalely Deep Modearately Deep Maderstely Deep
Cromn Medum

Stem 41 High Taper

Roots Jl-— Modersiely Deep

fdedium

fedium Taper Madium Taper

%
hiedium Fiescliurm
Medium Taper I_ Low Taper
Madaralely Deap Moderabely Deep
Crown ’{.’}l Medium {3 Madum [P
—_—

Roots
G

Deep Moderately Deep Plate




4 Components of Tree

4.1 Tree geometry

4.1.1 Shape of the trunk

The trunk of the tree isr@onprismatic
tapered cantilever beam.

It is fixed in the ground (soil) due its roots.

The stem i9earing structure — its function
IS to bear the crown with leaves and fruits, | -
spread the active crown area above the |
neighbours, to occupy maximum of the rog
for light.

The highest trunks are successive (the
phototropic growth — is opposite to the
requirement of the stability!).

Higher trunk is more advantageous for
dissemination of the seeds.




4 Components of Tree Stability -1

4.1 Tree geometry

4.1.1.1 Shape of the trunk — Tree height

The highest tree of the world was the

Pseudotsuga menziesiith the height 140 m. I
fr B
Note that: o
— The higher the tree — the longer lever arm. l e

— The higher the tree — the higher wind
velocities

— The higher the tree — the worst water
supplementation

Mattheck (1995)




4 Components of Tree Stability - I

4.1 Tree geometry

4.1.1.2 Shape of the trunk — Stem cross-section

The stem have round cross-section. This is more
advantageous from the mechanical point of view.

The cross-section can be hollow. It is necessary
to remember, that the hollowness of the trunk is
not disadvantage.

The bearing capacity of the tube-like structure
does not decrease directly with the loss of the
material. It results from the way of loading.

In the bending is the bearing capacity of the
trunk given by thenodulus of inertia br section
modulus W. !

You can calculate, that the tube with the
remaining residual stem-wall 0.1 of the diameter,
has still 50 % bearing capacity.

Mattheck (1995)




4 Components of Tree Stability

4.1 Tree geometry

4.1.2 Shape of branches

Branches are horizontal beams, which
are fixed in the stem. This connection
between the trunk and the branch is very
strong. Is allowed by the systematic
overgrowing of the wood layers of the
trunk and the branch. Resultant structure
look like screw. It allows to carry
branches with weight of several tons.

Permanent loading of branches (bendinc
due their own weight) causes the cross- 4
section deviation. Branches have oval
shape, which is caused due the
production of the reaction wood. Figure7: Gymnosperys are ushed upward intothe vrtical poition by

formation of compression wood at their lower sides facing the soil.
Angiosperms are pulled into position by formation of tension

The same pnnClpIe you can see on thE . wood at their upper sides facing away from the soil.
leaning stems on the picture.

TENSION oD

Mattheck (1995)




4 Components of Tree Stability - 1)

4.1 Tree geometry

4.1.3 Shape of roots

The roots have to transmit the forces and
stresses arising in the crown and the
trunk to the soil. There are these forces
spread out by the friction between the
roots and soil.

The shape of roots is also optimised to
the functions, which they have to realize.

TENSION

Wood is formed in accordance with the dominant
force flow both axially and circumferentially.

Mattheck (1995)




4 Components of Tree Stability - 1)

4.1 Tree geometry

4.1.4 Shape of root system

The unilateral development of root system is
a measure of asymmetric loads.

Height : 3.88 Dian : G343 Display list : off
Age : 5 Sinpl : 0 Seed : 10 2935 polygons at detail 4
File : line Orthometric ! filled polygon




4 Components of Tree

4.2 Wood properties

Obijectives

1. Methodological issues
1.1 Wood at different moisture and physiologicalhae#
1.2 Dimensions of standard specimens for determinafipnoperties
1.3 Statistical processing of data
1.4 Determining of modulus of elasticity and stresgapg@rtional limit

2. Mechanical properties of wood
3. Relationship between properties from static anchya material tests

4. Items needed to be address
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4.2 Wood properties
Relationship between properties from static and dyoamaiterial tests

£ 140
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T o120 :

:'_:" = 12% moisture content
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Time to ultimate stress (5)

» Relationship of ultimate stress at short-time loadinthad at 5 min
loading, based on composite of results from rate-ad-staidies on
bending, compression, and shear parallel to grain.

« Variability in reported trends is indicated by widih band (Forest
Products Laboratory 1999).
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4.2 Wood properties (Wessolly, Erb (1998))
Stuttgart Material Properties of Wood
green wood, dynamic measurement (1 Hz) green wood, static measurement
Common Specific Modulus Deformation Compression Modulus Compression
species names gravity of elasticity  prop. limit prop. limit of elasticity prop. limit

- kN/cm2 % kN/em2 kN/cm2 kN/cm2

alder (Alnus) 0,86 800 0,25 2,0 780 2,2
ash (Fraxinus) 0,93 825 0,32 2,6 950 2,7
aspen (Populus) 0,76 680 0,24 1,6 650 1,6
basswood (Tilia) 0,84 700 0,25 1,8 720 1,5
beech (Fagus) 1,0 850 0,26 2,3 980 2,8
birch (Betula) 0,88 705 0,31 2,2 990 2,6
black locust (Robinia) 0,95 705 0,28 2,0 1180 4,2
cedar (Chamaecyparis) 0,69 735 0,27 2,0 790 2,4
cedar (Juniperus) 0,75 765 0,20 1,5 550 2,1
douglas-fir (Pseudotsuga) 0,63 800 0,25 2,0 840 2,5
elm (Ulmus) 1,01 570 0,35 2,0 520 1,9
fir (Abies) 0,63 950 0,16 15 810 2,2
hornbeam (Carpinus) 0,99 880 0,18 1,6 970 2,7
horse chestnut (Aesculus) 0,92 525 0,27 1,4 530 1,7
chestnut (Castanea) 1,06 700 0,36 2,5 710 2,4
larch (Larix) 0,82 535 0,32 1,7 790 2,4
limetree (Tilia) 0,75 450 0,38 1,7 920 2,6
sycamore (Acer) 0,89 850 0,29 2,5 960 2,3
maple Norway (Acer) 0,92 700 0,36 2,6
oak english (Quercus) 1,1 790 0,35 2,8 830 2,8
oak pubescent (Quercus) 1,0 720 0,28 2,0
pine (Pinus) 0,82 700 0,24 1,7 730 2,2
poplar (Populus) 0,89 605 0,33 2,0 680 1,9
redwood (Sequoiadendron) 1,05 500 0,36 1,8
rowantree (Sorbus) 1,07 600 0,27 1,6
spruce (Picea) 0,70 650 0,32 2,1 740 2,0
sycamore (Platanus) 0,99 625 0,43 2,7 640 2,4
tree-of-heaven (Ailanthus) - 560 0,36 2,0
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4.2 Wood properties
Relationship between properties from static and dyoamaiterial tests

Modulus of Elasticity (kN.cm-2)

950+
Robinia

900 - Carpinus .
- Abies AEggus
GC) 850 - * Frax®o®

Alr% tsugaTilia ®

qE) 800, . %E?“ss .
= unlgerus Betula
cce 750 - Chamaecyparis 2
Q Castagiaus
- 700 - Populusgf'l'fgo
Q ¢ Picea .
% 650 Platanus * La’rlx
; Salix 4Populus
S 600 ymys ® *

550 Aesculus

500

500 600 700 800 900 1000 1100 1200 1300

static measurement

Relationship between static and dynamic measureofenbdulus
of elasticity in green condition.
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4.2 Wood properties
Relationship between properties from static and dyoamaiterial tests

Compression Strength (kN.cm-2)

3,0
Quercus
Platanus 4
28 2 Fraxinus
< Acer Castanea 2
O 2,5 2 2
E Fagus
9 23 Betula 2
8 ' Picea 2
® Ulmus Poputis Alnus Chamaecyparseudotsugadrobinia
Q 20 . . . . . *
S |
O 18- Tﬁa Pinudilia Larix
& ' Safrpulus Carpinus L R 2 2
g * o * Juniperusbies
> 157 Aesculus ¢ o
© *
1,3
1,0 T T T T ]
1,0 1,3 15 1.8 2,0 2,3

static measurement

Relationship between static and dynamic measureméntompression
strength at proportional limit in green condition.
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4.3 Loads applied to tree

Obijectives

1. Identification of forces acting on tree.
2. Comparison of such forces respectively, the relatnaortance.

3. Determination of mechanical stresses caused by tieeamd the

weight of the tree.
4. Determination of how loads differ considerablyrimks and

branches.
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4.3 Loads applied to tree

The Loads — axial loads (normal and shear stresses)
and moments (bending and torque):

 The main factor is theind.

* The ,others" include owmveight of the
tree,additional loads— the snow, the ice,
the water (from rain), birds and other
animals (for instance arborists ...), and
torque due to eccentricity of crown center
of gravity.

e Loads caused by the wind are much more
higher then others.

p
« The gravitational force is relatively weak I
compared with the force of the wind on B ——
the crown until the tree starts to sway wel
away from the vertical axis.




4 Components of

4.3 Loads applied to tree

Summary of mechanical stresses acting in trees

STRESSES

Figure 9: Main sources and effects of mechanical stresses acting in trees

Mattheck (1995)




4 Components of Tr

4.3 Loads applied to tree

Factors affecting wind and gravitational forces agtn a tree.

Applied Forces Factors

Wind speed
Crown size

ﬁ Crown densily
Crown mass
Stem mass
Stem elasticity

Tree heighl
Tip displacement




4 Components of Tre

4.3 Loads applied to tree

Factors affecting the resistance to wind and grawnatiforces

acting on a tree.

Resisting Forces

%,

Root-Soil
*+ Resistance

’ﬁ%’

Factors

Wood strength
Wood elasticity
Stem lhickness

Root-soil weight
Soil shear strength
Root strength

-

3
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Conclusion

e Trees adapt their stem and root growth in respondestwind
loading to which they are subjected in order to rdsisakage or
overturning.

* By understanding the behaviour of trees in strong svarttl the
mechanisms of root anchorage it has become possibéy&bog
mechanistic models that predict

1. the critical wind speeds for damage to occur and
2. how these are affected by the properties of tlestre

e Such an approach allows predictions of the impaangf
arboricultural operations on tree stability and theigin of strategies
for reducing wind damage.




5 Biomechanics of Tree

5.1 Application of mechanics of materials

Relationships between external loads and the inyeofinternal loads and the
resulting deformations based on the size, shapd¢ypedof material used.

5.2 Stability and failure of tree

Failure occurs when forces acting on a tree exte®desistance to breakage or
uprooting of the root/soil system.

5.3 Factors influencing tree stability

The factors that affect windthrow and breakageexg are those that influence
the effectiveness of root anchorage, the strenghag@rodynamic properties of
the tree, and the direction and characteristidh@®fvind within and above the
stand.

5.4 Influence of defects
Hazardous defects are visible signs that the gréailing.

A tree with defects is not hazardous, however,as®me portion of it is within
striking distance of a target.




5 Biomechanics of Tree

5.1 Application of mechanics of materials
Obijectives

1. Understand the axial, shear, and bending stressesiaed with
simple trunk design and analysis.

2. Understand the stress-strain and load-displacemenonslaips for
axial members #ree as column

3. Learn to calculate the stress, strain and displaceimebéams under
various loading conditionstree as cantilever

4. Learn to calculate the principal stresses in meminersiaw the
principal stresses relate to failure.

5. Use mechanics of materials to analyze structures.
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5.1 Application of mechanics of materials

Assumptions

* Prismatic bar (a straight structural member havingrs@nt cross
section throughout its length)

» Loads act through centroids of the cross sections

« Homogeneous material (the same throughout all pattsedfar)

|




5 Biomechanics of Tree

5.1 Application of mechanics of materials

Key Terms

» Axial Force — load directed along the longitudiazis of the bar

« Cross Sectional Area — interrfateof a bar taken perpendicular to
the longitudinal axis

» Stress— force per unit area (normal stress, uniaxial stressis(upsi,
Pa)

 Strain — elongation per unit length (normal straimiaxial strain)
(dimensionless)

\\\\\\\

Stress

Strain




5 Biomechanics of Tree

5.1 Application of mechanics of materials

Key Terms

« Axial members- support forces with vectors directed along the axis of
the bar

e Torsional members- support torques (couples) with moment vectors
directed along the axis of the bar

e Beams- support forces and/or moments with vectors perpendicular to
the axis of the bar

e Plane of bending- deflections will occur 1n a plane if the beam 1is
symmetric around this plane

Load Types L l l

——— ———
- —

» Concentrated (point) loads
e Distributed loads 7




5 Biomechanics of Tree 1

5.1 Application of mechanics of materials

Key Terms

« Structure- any object that must support or transmit loads

» Factor of safety, Athe ratio of actual strength to required strength
(generally values from 1 to 10 are used) (structubepnesumably
fail for n less than 1)

» Margin of safety- an alternative definition to "factor of safety"
(commonly used in the aircraft industry) (structuréd pnesumably
fail for margins of safety less than or equal to zéusyally given as
a percent)

» Allowable stress the stress that must not be exceeded anywhere in
the structure to satisfy the factor of safety

« Allowable load permissible or safe load

« Response how the structure will behave to loads, temperature
changes, etc.

* Properties types of members and their arrangement and dimes)sion
types of supports and their locations, materials usedtaar
properties




5 Biomechanics of Tree

5.1 Application of mechanics of materials

Key Terms

« Analysis- thepropertiesof the structure are given and tlesponse
IS to be determined

* Design- the desiredesponsas given and theropertiesof the
structure are to be determin@dsually a longer and more involved
process)

 Stiffness- the ability of the structure to resist changes mpgh
(stretching, bending, twisting)

« Strength the ability of the structure to resist failufeompression,
tension, bending)

 Stability - the ability of the structure to resist buckling ofumns
(i.e. slender compression members)

» Loads- active forces that are applied to the structuredye
external causénown in advance)

« Reactions passive forces that are induced at the supports of the
structure(must be calculated)




5 Biomechanics of Tree

5.1 Application of mechanics of materials

Assumption / limitation

ole
. . .. Base plate
« clastic cantilever beam, rigidly fixed on

one side and free on the other

 croos-section varies with height, and this
non-uniform taper can be described by a
mathematical function

Concrete pier

e transverse section of the stem is

considered with an area 4 and a section
moduli W

 1n order to calculate the self-weight of the
tree, its canopy weight can be evaluated
as a point vertical force applied in its
centre of gravity

* 1n order to calculate the wind load, a
horizontal point load applied also in the
canopy centre of gravity can substitute it




5 Biomechanics of Tree

5.1 Application of mechanics of materials

Tree in consideration Forces Stresses $oeurt.oads
': s
L Pa.=p V.5 l-
] - .@ Stem  Compression
L7 R (normal stress)
e AN ! .
o \* fa) Crown Compression
R @ (normal stress)
| l‘ -/P—{_;’;'h N n"‘ il Bending moment
! : — T M. = Fardhgebip
1.%—;—-:__-.:{:.:-':-.?’} ﬁ p— . .
il % % Wind Bending moment
o / L e .
T Torsion moment




5 Biomechanics of Tree

5.1 Application of mechanics of materials %I )

Key concept

« The forces acting upon a tree are divided into

1. thehorizontal force due to the wind and
2. thevertical force due to gravity, including the stem and
crown weights and the weight of snow.

e Trees are assumed to

1. be stressed in cross-section by axial forces or moments
(flexure formula, normal stresg

2. deflect and/or to stretch to a point of no retwhen acted
upon by wind deflection formula)




5 Biomechanics of Tree

5.1 Application of mechanics of materials {I ?

1. Force due to wind(horizontal)

 There are a number of possible methods for caloglahe wind
loading on a tree. These include direct calculdaftiom a knowledge of
the drag coefficient and leaf area of the tree pgrfdones, 1983),
spectral methods using the approach pioneered by Paxtgi1961) or
an empirical approach using the measured draged {idayhead et
al., 1975).

 The wind speedu) over a forest canopy is given by a logarithmic or

power profile: . a

viz)=v(z)) -

 The mean wind loading and gravity-based forces al@ilated at each
height in the canopy using a predicted wind praiie the vertical
distribution of stem and crown weights.




5 Biomechanics of Tree
5.1 Application of mechanics of materials {I )

1. Force due to wind(horizontal)

The new Eurocode 1 includes four terrain categorids aifferent
roughness-parameters and in addition to that thergpa®@al windmaps
based on different mean wind velocities for differ@attions:

N
Grodient
— Wind 100,
Elml
of =04
e L]
Grodient
Grodient
) ] e

Profile of the mean wind velocity for different igliness-classes.




5 Biomechanics of Tree
5.1 Application of mechanics of materials {I )

1. Force due to wind(horizontal)

e The total mean wind-induced force is the sum of threlforces acting
at each point on the stem and crown that is giveme§lal983; Peltola
et al., 1999) at heiglztby:

F=0,5pC, AV’

where v - the mean wind speed,
A -the area of the stem and crown against which thd acts,

c, - the drag coefficient, and
o - the density of the air.




5 Biomechanics of Tree
5.1 Application of mechanics of materials {I ?

1. Force due to wind(horizontal)

—The wind act in the area of the tree crown as irsthieof a ship.

—We can replace the acting forces in each one paroafn with the one
solitary forceacting in the centre of gravity of the crown.

—Than the calculation of the stresses and bending manseanabled.

* Note that the force increase with the sail afga ljut with the square of
the velocity ¢) !

« TheCx is the drag coefficient of the crown (porosity)dépends on the
species, on the wind velocity and other factors.

* Greek lettep denotes the density of the air (1,2 kg)m




5 Biomechanics of Tree

5.1 Application of mechanics of materials {I ?

1. Force due to wind(horizontal)

e The drag force on the crown is proportional to tteaaf branches and
stems exposed to the wind, the drag coefficient ofdhage (i.e. how
efficiently it intercepts wind), and the square o thind speed (i.e.
when the wind speed doubles, the drag force on thvercincreases by
a factor of four).

e Wind tunnel studies with whole trees have shown tlettiag force is
nearly proportional to the projected area of thaopg, drag
coefficient, and wind speed.

 However, as wind speed increases, the canopy tendadcabe
deflect and become more streamlined.

e This force is transmitted to the stem, causing it tallzd sway.




5 Biomechanics of Tree

iz 5.1 Application of mechanics of materials @

2. Forces due to crown and sterfvertical) JL

The weight of the tree is divided into stem weighd an
canopy weight. As for the stem load, each sectiohef t
trunk is at any time supporting the weight of thetiporof
trunk above

Fste m Vste m Gste m g

The canopy weight Fc is applied as a point loaden th
centre of gravity of the crown generating constaidla

stresses Iike
crown rncrown g

Usually, the centre of gravity of the crown will be
eccentric, and the distance to sterand height pg can

define its position A

_ - &
|:crown o I’ncrown Sin arCtg h 9
e ' , cg /)

peslfervt!




5 Biomechanics of Tree

5.1 Application of mechanics of materials

3. Axial stress(normal stress) JI—

Axial stresses due to stem and crown mass vary alongetimength a
maximum at a position which depends on taper.

F . +F

—_— crown stem
i

ree
A Yi ¢

9

1



5 Biomechanics of Tree
5.1 Application of mechanics of materials {I )

4. Flexure formula

a) bending moments

* bending — mean wind force acting on the crown eeaitrd the height

of center of gravity
 total maximum bending moment is at the base of tha ste

* bending moment varies with the height
_ F
I\/Iwind — ' wind hcg
: "
v

 the eccentric load induces a bending moment whicbnstant along

the stem
— e
M crown |:crown S = l
M




5 Biomechanics of Tree <
5.1 Application of mechanics of materials {I )

4. Flexure formula
b) torsion moments
« wind acting on eccenricaly shifted center of crowavgy

 the resultant load there is torque and stress actitigeotinee there is
shear

Twing = Fuina © F =
| M
|




5 Biomechanics of Tree
5.1 Application of mechanics of materials {I )

4. Flexure formula
c) section modulus

* both bending and torsion stresses are indirectly propw@lto
section modulWw given by equations:

BENDING TORQUE

3
w =P W, =" H%B W = 2w
32 32
W, = £ HB?




5 Biomechanics of Tree T I

5.1 Application of mechanics of materials % I )

4. Flexure formula

d) bending stress
¥
Tensile stresses
M a0,

— " wind Negative bending

O-wind T W moment
AW

- Crown

O-crown T W ‘{ A

Compressive stresses

* bending stress = RESISTANCE to BREAKAGE (BENDING)

 wind, crown and stem induced stress in the outer fibres of the tree
stem

« stress can be calculated only at given height

* when stress exceeds the distinct value — compression strength at
proportional limit — the stem will break.




5 Biomechanics of Tree

5.1 Application of mechanics of materials {I )

4. Flexure formula

e) torsion stress

T, -
Z_ — win d T S Tmax

o torsion stress = RESISTANCE to BREAKAGE (TORSION)

« wind, crown and stem induced stress in the outer fibrése tree
stem

e stress can be calculated only at given height

* when stress exceeds the distinct value — shear strenmtbpairtional
limit — the stem will break.




5 Biomechanics of Tree

5.1 Application of mechanics of materials % I )

S. Deflection formula
a) bending moment

* 1n a static system the uprooting forces are usually calculated as
bending moments at the base of the stem

* 1if the uprooting bending moment exceeds the resistive bending
moment of the tree at a particular angle of deflection, the tree will
deflect further

* tree will give away if the uprooting moment exceeds its maximum
resistive bending moment, with the relative strengths of the stem and
roots determining the mode of failure

d*v




5 Biomechanics of Tree T I

5.1 Application of mechanics of materials % I )

5. Deflection formula —

a) bending moment

— =
——— — T e
e

-— e

—
——

Key Terms
e Plane of bending - deflections will occur in a plane if the beam is
symmetric around this plane
e Deflection, v - the displacement of any point along the beam from its
original position, measured in the y direction

_sz
6 EI

% (3L—x)

* Angle of rotation, 0 - the angle between the x-axis and the tangent to
the deflection curve

* Slope of the deflection curve: dv/dx =tan 0 (tan © =06 for small
angles)
- Fx

=377 (2L—x)

v




5 Biomechanics of Tree T

5.1 Application of mechanics of materials

5. Deflection formula

a) bending moment

 deflection or angle of rotation = RESISTANCE TO OVERTURNING

deﬂectian of stem —
Fx’
3L—
V=err L)

slope of deflection curve (angle)

- Fx
y = 2E]<2L x)
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5.1 Application of mechanics of materials

Factor of safety— the ratio of actual STRESS to required STRENGTH
(generally values from 1 to 10 (100 to 1000%) arelse

Structure will presumably fail for factor of safegsk than 1 (<100%)

[0} .
factor of safety= COMPIESSD 100
Uwind T Ucrown T O-tree

factor of safety= Lshear 100
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5.1 Application of mechanics of materials

Factor of safety— the ratio of actual STRESS to required STRENGTH
(generally values from 1 to 10 (100 to 1000%) areluse

Structure will presumably fail for factor of safegsk than 1 (<100%)

slope of deflectiorcurve
Inclination of tree

factor of safety- 100
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5.2 Failure of tree

Obijectives

The objective is to determine the largest stresses amgwihéhe
structure.

No new theories are involved — only applicationsrefvpusly derived
formulas and concepts:

1. Select a point in the structure where the stressesteains are
to be determinefusually where the stresses are the largest).

2. For each load, determine the stress resultants poth&look
at axial force, twisting moment, bending moment, sihaae).

3. Calculate the normal and shear stresses due to eash st
resultanfc = F/A,a =M/W) .

4. Combine the individual stresses.

5. Repeat the process for additional points, until gi@uconfident
you have found the largest stresses anywhere in theiigte.
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5.2 Failure of tree

Key Terms

Elasticity - a material property that causes the
specimen to return to its original dimensions
when the load is removed

Elastic Plastic

Residual Strain the permanent strain exhibitec;
in the material when the load is removed

Elastic Limit- the limiting stress where the
material will still return to its original
dimensions

Plasticity- inelastic behavior of the material
beyond the elastic limit ’ e €

\ Elastic

strain recovery
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5.2 Failure of tree

Key Terms
ao

Reloading- applying a subsequent load after -
material has experienced a loading resulting
permanent deformation

NOTE:

Permanent deformatiachanges the material
properties:

a) the linear-elastic region is
increased

b) the proportional limit, elastic limit,
and yield point are raised

c) plasticity is reduced (material
becames more brittle)




5 Biomechanics of Tree 105

5.2 Failure of tree

Key concepts

* Trees adapt their stem and root growth in resptmtee wind loading
to which they are subjected in order to resist brgala overturning.

* By understanding the behaviour of trees in strong svart the
mechanisms of root anchorage it has become posside/&lop
mechanistic models that predict

1. the critical wind speeds for damage to occur and
2. how these are affected by the properties of tles tre

e Such an approach allows predictions of the impaeingf
arboricultural operations on tree stability and theigin of strategies
for reducing wind damage.




5 Biomechanics of Tre

5.2 Failure of tree

The basic structure of
models is very similar
and a general
schematic relevant to
models is shown in
Fig.

The major differences
lie in the method for
calculating the values
at each stage of the
model.

INPUT

Distance from
stand edge

Wind spead
Snow depth

Stand density
Grown depth
Crown width

Species
Tree height

Wood density
Stem diameter

Soil type

DERIVED VALUES AND
RELATIONSHIPS

Aerodynamic roughness
Zaro plane displacemant
Mean wind profile

MODEL
CALCULATION

Gust factor
Drag coetficient
Crown streamlining

Modulus of rupture

r

Bending momant and
stem surface stress at
tree base as a function of
wind speed

Strangth of tree stem

Root-soil plate ancharage

106

OUTPUTS

Maximum stem surface
strass that tree can
withstand

Critical wind speed
and snow loading
for upreoting and

breakage

as a function of species
and soil typs

Maximum resistive
mament af tres roots
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5.2 Failure of tree

Process of failure of tree

1. breakage — a tree will break down if the tosahlbkstress due to wind
and tree mass exceeds the compression strength at
proportional limit in the outer fibres of lee side.

2. overturning (uprooting) — a tree will overtufrine total extreme
bending moment due to the wind / load
exceeds the support provided by the root-soill
plate anchorage.
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5.2 Failure of tree

Resistance to breakage

1. Tree as free-standing column

« Upright and free-standing column fixed at base
» Loaded by crown and stem mass (gravity)
« Can fail by

a) compression or

b) global buckling

Compression Buckling
L |:crown_|_|:stem O._1T2EI
TTTA 4L°A
()‘ ..
factor of safetys —22IMt > 1
0]

0 <strength in
compression
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5.2 Failure of tree

Resistance to breakage

1. Tree as free-standing column

« Maximal stress strength in compression

« Strength is constant
* Resistance to breakage = balance between load

and area

Load Area

Function of tree hight y 777 . Function of

= LENGTH (L) X ). DIAMETER (D?)
! D | ! | B , ’
A=7-D’ A="-HB
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5.2 Failure of tree

Resistance to breakage

1. Tree as free-standing column

LENGTH
LENGTH = f ( DIAMETER ?)

STEM DIAMETER
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5.2 Failure of tree

Resistance to breakage

1. Tree as free-standing column

LOAD = STRENGTH x AREA

LOAD (L) STRENGTH AREA (DY

A
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5.2 Failure of tree

Resistance to breakage

1. Tree as free-standing column

LOAD = STRENGTH x AREA
AREA (D?)

LOAD (L) STRENGTH
DEFECTS

1

AREA (D) LOAD (L)

AREA (D?)
STRONGER
WOOD

LOAD (L)

WEAKER
WOOD

!
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5.2 Failure of tree

Resistance to breakage

2. Tree as CANTILEVER

« Cantilever resisting a bending moment
» Loaded by wind force
« Can fail by

a) bending or

b) torsion

Bending Torsion

M wind+ M crown _ M wind
o= T=—r"

W W,

prop.limit
0]

o < strength in compression OR
shear

factor of safety= d >1
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5.2 Failure of tree

Resistance to breakage

2. Tree as CANTILEVER

« Maximal stress strength in compression

« Strength is constant
* Resistance to breakage = balance between

moment and area (section moduli)

Moment Area
M=F h , 777 . Function of
1 ) 2 : 7& DIAMETER (D?®)
Fwindzi wpP VZA o ! Lo | )
3 T 2
Function of tree hight W:g2D WX=3—2 H"B
= LENGTH (L) and

4 44 3 3
sail area = AREA (A)  w="_D —d szgzﬂ B—h"b
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5.2 Failure of tree
Resistance to breakage

2. Tree as CANTILEVER

LENGTH = f (AREA, DIAMETER 3
LENGTH

STEM DIAMETER

CROWN AREA
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5.2 Failure of tree
Resistance to breakage

2. Tree as CANTILEVER

MOMENT = STRENGTH x SECTION MODULUS
WIND FORCE x LEVER ARM = STRENGTH x AREA (1)

LOAD (A,L)  STRENGTH AREA (D)

Voo }

A
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5.2 Failure of tree

Resistance to breakage

2. Tree as CANTILEVER

MOMENT = STRENGTH x SECTION MODULUS

WIND FORCE x LEVEF&.—?&%MS): STRENGTH x AREA (D

LOAD (A, L)  STRENGTH
DEFECTS

l

AREA (D?
LOAD (A, L) AREA (D°)

STRONGER
wOQOD

LOAD (A, L)
WEAKER
WOOD
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5.2 Failure of tree

Resistance to breakage _éf /

CONCLUSION

Risk (Hazard) Tree Safety Tree
AREA | 010
WEAKER STRONGER  AREA

LOAD WOOD

DEFECT

WOOD

CLEAR

l

SIA —LOAD (tree hight) and AREA
SIM —WOOD STRENGTH and DEFECTS
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5.2 Failure of tree

Resistance to breakage _éf /

CONCLUSION

Risk (Hazard) Tree - Safety Tree
RE%‘A%ED WEAKER INCREASED
WOOD AREA

DEFECT

o

A

SIA —LOAD (tree hight) and AREA
SIM —WOOD STRENGTH and DEFECTS
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=82 5.2 Failure of tree

Resistance to overturning (uprooting) Q/
1. Tree as CANTILEVER

« Cantilever resisting a bendeing moment
» Loaded by wind force or own mass
a) wind action on the crown causes defection of the stem
b) leaning stem can uproot the tree because its agntre
gravity moves over the hinge point in the root system
« The uprooting moment is resisted by bending of theestem and
various components of root anchorage:
1. the weight of the root-soil plate,
2. the strength of the windward roots,
3. the strength of the root hinge and
4. the soll strength at the base of the root-soil plate.
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5.2 Failure of tree

Resistance to overturning (uprooting) Q/

1. Tree as CANTILEVER Stability

generalized tipping curve

fromﬁgeasured trees
33
i

inclination of the butress in
25 -

If the uprooting moment exceeds the
resistive bending moment of the tree
at a particulaangle of deflectionthe
tree will deflect further. ——
The tree will give way if the
uprooting moment exceeds its
maximum resistive bending moment,
with the relative strengths of the stem

~" vertical
ngents

stability

and roots determining the mode of

failure. os [ *

The evaluation of extremely tipped trees |l i Y we
shows that the pattern is always the same: 0 2 4 @ w100 % ofipng

no further load increase is possible between Substitute load standardized to a fixed hurricane relationship

begarelp e i 2° and 3° inclination. The Inclinometer
R TR method is based on this.
GO g Wessolly (1996)

Bands i
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5.2 Failure of tree

Resistance to overturning (uprooting) Q/
1. Tree as CANTILEVER

 Maximal angle (slope of deflectior)2-3° of
inclination accordinng to experiments

* Angle depends on hight positiop & f(x))

* Resistance to overturning = balance between load,
area (moment of inertia) and stiffness (E-modulus)

Deflection Slope of deflection (angle)
B Fx° - FX B
v= - BL-x) v=ggrl2l=x)

slopeof deflectiorcurve -
Inclinationof tree

factor of safety=
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5.2 Failure of tree

Conclusion

1. No scientific training is needed to understand foédowing
discussion - sound commonsense is enough.

2. Just remember that assessing fracture safety of auserumt all the
relevant standards (BIOMECHANICS of TREE) is based on
computational statics.

3. This means that (1) load, (2) material and (3) ggpmmust be
known in order to solve the statics equation.

4. The basic question i&hat stem diameter does a tree of given size
(tree hight and crown area) need on its site so that ican
withstand a severe storm (hurricane) with safety?
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5.3 Factors influencing tree stability

« The factors that affect windthrow and breakageedd are those that
influence the effectiveness of root anchorage, tteagth and
aerodynamic properties of the tree, and the direcrmd characteristics
of the wind within and above the stand.

e For simplicity these can be separated into

1. individual tree characteristics,
stand characteristics,
root zone soil characteristics,
topographic exposure characteristics,
meteorological conditions.

a kWb
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5.3 Factors influencing tree stability

1. Individual Tree Characteristics

At the individual tree level, the following charagstics affect tree
stability:
« the height, diameter, and shape of the bole
* the crown class and size of crown
e the strength and elasticity of the bole, branchesnaedles
 the rooting depth and area, size and number of rantsywhether
or not adjacent tree root systems interlock
* the tree defects
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5.3 Factors influencing tree stability

2. Stand Level Characteristics

At the stand levelindividual trees can be made more or less prone to
windthrow through the effects of:
e stand height and density
e species composition
 silvicultural treatments (thinning, pruning, edgetifesing,
ripping, draining, etc.).
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5.3 Factors influencing tree stability

2. Stand Level Characteristics |
ALY, :
e, [Pﬁ( |11 5! .__HL'.‘ ______________
z?é N
H
= TTTITIT L JL
e
e ﬁ | ﬁ EI Afp*’&
3 | intemedate: Demnants l
A comparison of IR 1
. . . - Uneven 1 E
distributions of the relative oes | [}% z,/\ ]
windfirmness of individual T e

trees comprising stands | [r— e |

with different structural %ﬁl Q% HIR l
characteristics. O | Wﬁi-}ﬁ"uh' i g%mm\—m

Windfirmnass
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5.3 Factors influencing tree stability

3. Soil Characteristics

Soil characteristics affect windthrow through theerattion of:
e depth
e drainage
e structure, density, texture, and the anchorage straidhe root
system.

wmn\
l/

Root and solil factors 2 Soil sheer
affecting resistance to strenglh
overturning.

= RA d. Root flexion and compression
b. Soil and root tension . F

c. Weicht of the root-sol plats
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5.3 Factors influencing tree stability

4. Topographic Characteristics

Topographiccharacteristics affect windthrow by modifying:
e wind exposure

e wind direction, speed and turbulence.

Table 1: Height of boundary layer and exponents for different
terrain (Davenport 1960)

roughness type height of boundary exponent o
layer [m] [-]

flat apen country 270 170 =014

rolling hills 290 1/36=028

inner city areas 510 1/2.5 =0.40

Wind flow over a
hill showing flow
acceleration on the
windward slope and
turbulence (roller
eddies) on the
leeward slope.
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Conclusion

» The concept of biomechanics refers to mechanicalghena
observed in a living plant, like a tree, that carekplained by the mere
application of the usual analysis of structure and nat@echanics.

* As an example, the global or local deformations wéa submitted to
sudden wind can be calculated by classical structuchamecs
provided that sufficient information is given on

1. geometry,
2. material properties and
3. wind-structure interaction.
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Conclusion

* The assessment of the mechanical safety factor ofébestructure is
a clearly defined engineering concept with gengadicepted rules.

* It involves an accurate appraisal of the forces ocuyias well as the
determination as to whether the tree’s structure aatenmal can
withstand these forces.

 The procedure is represented in the model of thecstatiangle,
which demonstrates the inherent correlation of loa@e geometry
and wood properties.
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Some of the earlier inroads into a systematic apprttabhzard evaluation
were made by the Parks Service in the USA (in 19é8gener,in 1967,
Paine, gathered data on tree failure relatedpgeciessizeandpart of tree.
This early work paved the way for the systems thaticoatto develop
today.

There are 6 current tree inspection systems in wide use:

3. Statics-Integrated Assessment (SIA) and Statics-Integrated
Methods (SIM)
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6.2 SIM — pulling test

6.3 Comparison to other methods
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6.1 Statics-Integrated Assessment (SIA)

 The method o&taticsintegratedAssessment (SIA; in Switzerland SIB)
has been developed on the basis of of practical measats and safety
surveys of trees.

* The basic question solved therewsiat stem diameter does a tree of
given size need on its site so that it can withstand aveee storm
(hurricane) with safety ?

 TheSIA methodfocuses on the load the wind load on a tree depends on
its absolute size, crown form and wind permealbility.

|t works with four basic forms of crown appearance:

1. a slender cylinder on a pillar,
2. a ball on a pillar,

3. an ellipsoid on a pillar,

4. and a heart-shape.

* Tree species can be grouped when their wood strerftghedces and
wind resistance coefficients are equalized.

 The compression strengths of the individual woods acogtd the
Stuttgart Strength Catalogueare also a basis of the SIA, as is the
different wind permeability of the crowns.
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Discovery of damage

e The flow-diagram shows the new way I
of thinking. o

» First access the tree from its basic Determination of wind-load
substance and not concentrate on the l

damage or symptoms.

Determination of basic statics

 |n most cases this saves time and

expensive investigation. l
e The SIA method SlmpllfleS Comparison damage/basic substance
determination of the basic substance; the
practioner only needs to measure tree |
height and stem diameter precisely. l

If necessarry, definition of damage more precisely

e A simple form guides the user through.

1

If necessarry, carry out tree-care measurements
SIM — Elastometer and Inclonometer Methods
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6.2 Statics-Integrated Methods (SIM)

e SIM is the final stage in diagnosing the safety of ingut trees.

» Before this the practitioner should be able to makerasite
decision on the safety of the trees as regards traffax;cordance
with the statics situation.

» Decisive factors involved there are
1. load,
2. wood-material properties
3. geometry of trees.

e Remember .....

Components of Tree Stabiliyd
Biomechanics of Tree
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6.2 Statics-Integrated Methods (SIM)

Inclinometer method - the establishment of :
generalized tilt curve valid for all trees shows

that stability can be determined without
injury by apulling testby measurements of
tilt.

Elastometer method - the development of the

approach, which non-destructively measure

the stretching of the representative peripheral

fibres forthe pulling testvere the
consequence of the failure process of trees
under bending load is assessed.

137

S

Elastometer

— P stress

The Elastometer
allows the weakest
place in the tree

to be located

and evaluated

relative degree
of damage
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6.2 Statics-Integrated Methods (SIM)

» The Elastometer measures the stretching of material properties

obtained in laboratory tests

the peripheral fibres, and can non-

destructively analyze the tree from the i of elasticiy

outside and also locate the place which 7
. . . 0,27

gives danger most, even with hidden

cavities. 0,24

0,26
e In comparison with the mean E-modulus

(stiffness) of all the measured trees of the
same species, we obtain the residual

4.4 1610

outside

3,4 1400

average

3,6 1400

aullen

0,28

Position of
measuring points

carrying capacity of the hollow tree as = 02

compared to the solid cross-section.

e The residual carrying capacity or residual
wall thickness is important for completing
the overall picture of the tree's statics, and
for making a prediction.

138

example
Beech
85 years

compression strength
kN/cm 2 *

1550 4,4 0,28

auflen

1310 3,1 0,24
Mittelwert
1400 3,1 0,22

auflen

Modulus of Elasticity

kN/cm

limit of elasticity

Bisheriger Wert: 0,26

average: 0’26
amplitude: +/ _0702
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6.2 Statics-Integrated Methods (SIM)

* The Inclinometer measures ...... material properties e
e In comparison with theretical and/or limit of elasticity compression strength
calculated deflection or slope of deflectlom wen g
4.4 1610 1550 4,4 0,28
(angle) we obtain

1310 3,1 0,24

Mittelwert

a) the residual carrying capacity of theoz: =« 100
hollow tree as compared to the solid
Cross-section

b) the assessment of tree fixation to the )
ground (the measure of rooted area measung s

1400 31 0,22

auflen

Modulus of Elast|C|ty

6 3,6 1400

aullen

0,28

kN/cm

stability) — the rigidity of tree ~ 029
anchorage

limit of elasticity

Bisheriger Wert: 0,26

average: 0,26
amplitude: +/ _0702
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6.2 Statics-Integrated Methods (SIM)

e The failure behaviour of trees in a storm allows @rig
computational possibility of fracture safety analysis:

a) simulation of wind load and Elastometer measurewient
the compression of the heaviest-loaded peripheradibr
located directly beneath the bark

b) simulation of trunk deflection and Inclinometer
measurement along the stem axis

e Their behaviour is representative for the carryingacay of the
Cross-section.

« Application of method — guarantee of safety.

o EXpert statics-integrated tree monitoring is baseddividual-tree
analysis of

1. load,
2. geometry and
3. material.
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Assessing the safety of a tree, like that of any engmgestructure, is a
clearly defined engineering task with generally atee rules. It involves,
on the one hand determining as accurately as poskil®itces occurring
and, on the other hand whether the structure anériaatan withstand
them. The procedure is symbolized in the staticsdl@arwhich consists on
the inseparable connection of loads, tree geomettywaod properties.

It would be naturally simpler to determine the safaftyrees if nature had
kept to closely limited numerical values which cobilused to describe a
uniform residual wall-thickness or a constant safetysstnealid for the
entire tree. Since trees consist on roots, stem aodncmwhich are
optimized by adaptive growth, their diversity of foisuggests that it will
not be possible to determine safety by generalizedenuat values (as
used for example in the VTA method) characterizing tlegree of e.g.
hollowness or safety without any measurements (as useddanple in the
SIA and SIM Methods).



[ Conclusion 142

The failure behaviour of trees in a storm allows omhe computational
possibility of fracture safety analysis: simulation ofndiload and

Elastometer measurement of the compression of the dstdvaded

peripheral fibres located directly beneath the bdrkeir behaviour is

representative for the carrying capacity of the csmsgtion. How much
these fibres can be compressed before they are irdelyedmaged is

described by both modulus of elasticity (stiffness), emichpression strain
and stress at proportional limit (rigidity and strengtnly methods based
on non-destructive spatial determination of the caggapacity of a part
of a tree and prediction of the fracture load sitlig above mentioned
constants, can provide verifiable technigue botHricture safety and for
tree stability assessment.
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