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Chapter I. Introduction and problem statement

The stability of trees is an important issue both in the forest and in an urban
environment.In the forest, tree stability is especially critical in the proximity of
roads and hiking trailJswhere falling trees may pose a serious risk of accidents.
From an economics pohaf-view, individual tree stability is less consequential. In
this case, remarch usually focuses ahe statistical evaluation of the windfall
damage caused by different levels of high wiedy. Moore and Maguire 2005;
Peltola 2006)

In an urban environment, trees provide many benefits, including shading,
windbreak, decorationglaxation, improed air quality and reduceaémperaturg
Unfortunately, urban trees sometimes also pose various risks. Falling branches,
trunk breakage or uprooting do not only lead to nuisance and cleanup expenses.
They may result in considerable damag@ublic and private property, and also in
personal injury, or, in extreme cases, death. The accurate assessment of tree
stability and safety is therefore crucial in preventing these highly undesirable

outcomes.
1.1 The assessment of tree stability and ety

The simpest way to determine healtth urban trees is by visual inspecti@ertain
problemsmay be identified based orvisible signs Structural stabilityand safety
camot be directly establisheby this methodHowever,visual characteristics can
serve as the basis for determining the health and structural integrity of trees, which
has a knoclon effect on stability.Visual tree inspection also requirepecial
expertise, much anatomical knowledge and practical experience, and leaves a lot of

roomfor human error.

Most information of visual inspectioran beobtaired from the tree crownTree
growth characteristicandtheimpact of weather conditiarleave avisible mark on
the trunk of treesRoot system damages mays@ be recognizk by visual

inspection.Sometimes hese damagedo not have an immediate effegh the
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health and stability of the trees, but in time noticeable discrepancies appear.
According tothe standardWSL 1997) in completely healthy tree)0% of the
leaves have normal col@nd sizelf any part ofthe foliage isdamagedit is a sign

that thequality and health of the tree compromisd. The standard classifies trees
into 4 health categories (slightly damaged, significantly damaged, severely
damaged and dead)ased on thepercentageof damageto the foliage. Early
detection of signs like crown damages or trunk idiosyncrasies may prevent more

serious damages or unfortunate accidents related to trees.

Advancement in nondestructive testiidDT) led to the development of a nber
of more reliable techniques and instruments in the past 75 yWaisus methods
andtechniques have been advanced during these,y@atssarious manufacturers

offer equipment for tree condition and safety assessment

Applicablenon-destructiveechmiques include the following:

1 Sound velocity evaluation
Acoustic tomography
Impedance tomography
Resistance drilling

Static pulling test
Acoustic root mapping

Electromagnetic radiatiehased techniques

=4 A4 4 A4 A A A

Ground penetratmradar (for rootetection
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Non-destructive teshg has severaladvantage compared to visual assessment.
Instrumentbased measurements are replicable, more reliablg, degending on

the technique applied often faster and simpler than a thorough visual inspection.
On the other handpse of the techniquéslike the pulling test for examplie are

tedious and time consuming. Also, the interpretation of the results often requires
specialized knowledge and expertise, and instrumented measurement results are

best interpreted coupled withe conclusions of visual inspection

The traditional and accepted way to directly establish tree stability is the pulling
test. It is a very well researched and established method, based on theoretical
considerations of tree mechanics, as well as exteqsaeical experimentation
(Brudi andWassenaer 2002Yhis method is condered as a standard mnost of
Europe (specially in Germanyfor tree stabilityevaluation andis also applicable

for trunk safety assessmeitoweverthere are everaldisadvantges associated

with this techniqugincluding:

1 testing is tedious; it requires heavy equipment (cable, wiaddger, etc.) to
be lugged to the test site;

i it is also timeconsuming; testing one tree (including setup, testing and
dismounting) takes appro20 minutes;

1 testing requires wind veloa#s below20 km/h, because heavy winds may
interfere  with the test through modifying the Iloads and
movement/deformation.

9 an anchor point is needed for fixing the cable. Such point may not be readily
available, atdast not in a convenient direction or distance;

1 finally, and most importantly, testing is done in a static manner, while the
lateral wind loading that may uproot or break trees is dynamic in nature. The
behavior of trees may be very different under dynaoecling, especially
since the trunk, branches, twigs and leaves constitute a complex vibrating
system, and static loading is probably a poor representation of such

situations.
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Nevertheless, static pulling is safe, well-established method with a solid
theoretical basisA better, less tedious and dynamic method would be favorable,

but only if its reliability can be clearly demonstrated.

1.2. Dynamic tree stability assessment

A novel approach emerged recentty assessing tree stability and trunk safety.
Instead of static loading, this technique uaetualwind loads This is a more
realistic loading scenario, but unfortunately the interaction of the wind loads and
the movement of the various part of the tree is a highly complex process, governed
by manyvariables, and impossible to accurately describe or model at our current
level of scientific advancement. Therefore there is no direct correlation between
momentary wind loads and tree movement or deformation. Scientists have been
able to overcome this piblem by employing a statistical approach, which will be

described in more detail in chap&8.

In addition to the abovdescribed challenges, there are other issues that need to be
considered when employing dynamic testing. One of these is wind directio
Depending on the geographical area, winds most frequently blow from the same
point of the compass. Such winds are called prevanings, and their direction
depends on the geographical location. Prevailing winds are often strong, and
therefore treesend to develop their crown, trunk and root systems so as to be most
resistant in this direction. On the other haind, h e bwiomwd wher ever
(John 3:18, NLT)andis under no obligation to follow the prevalent direction. The
stability oftrees can be markedly different in crosswinds than in prevailing winds,

andthe operator has no control over this factor.

As with any kind of approach, dynamic tree stability assessment Vaai®ous

advantages andisadvantage Advantages include the following:
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1 Testing is simple, does not require heavy equipment, much preparation, or
dangerous maneuvers like climbing the tree.

1 Although testing is time consuming, several trees can be measured at the
same time, which ultimately makes it more productive than thengukist.
Trees are tested in realistic, dynamic loading scesario
The determination of the safety factor (a measure of tree stability) is much
simpler; it does not require tree geometry and drag factor that may be
complicated to measure accurately antbithice a measure of uncertainty in
pulling test results

91 Low wind velocity is not a requirement for the measurements.
Disadvantagemclude

1 Measurement requires a wind velocity of at least 25 km/h,

1 There is less control on measurement parameters, inglultiading
intensity and measurement (wind) direction,

9 This technique is not as well established as the pulling test; information
supporting the reliability and usage experience is still being collected.

Therefore arborists are often skeptical.

Sincethe dynamicmethod allows testingeveral trees at once with ease, it may be

a useful tool to examine several trees imious conditions to extend our
knowledge base about the behavior of trees in different circumstances, and
examine theeffect of factors suchas wind direction, precipitation, temperature,
pruning, etc. This was the primary goal of the doctoral research project outlined in
this dissertationalong with collecting further data about the applicability and

reliability of the new technique
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1.3. Research objectives

The main goals of the doctoral research described in this dissertation were, as
follows:

9 The verification of the applicability and reliability of the dynamic testing
technique for tree stability assessment by comparing its resultatio st
testing and uprooting test results.

1 Assessing how dynamic tree stability #&fected by various factors,
including:

0 soil moisture content,
o wind direction, and
o0 seasonal foliage changes.
1 Assessing the effect of anthropogenic influences on the stabilitsees,

through examining the effect of root damages and pruning.
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Chapter Il. Literature review

2.1. Nondestructive testing

Non-destructive testings a descriptive term used for the examination of materials
and components in such a way thiddes nbo destroy them orchang their
usefulnessNDT or NDE (Nondestructive Evaluatiorgan be used to findpcalize

and measue surface and subsurface flaws and defetctsexamine the internal
construction of materials and structures, or to estimate varioaterial

characteristics in a nenvasive (or minimally invasive) way.

The first NDTmethod coming into industrial application was theRXy
Technique in 189%y ConradNon-destructive tegsig as a modern industry
emerged aftethe Second World WaNowadays theNDT technician has become

the frontline diagnostic professional providingnaterial measuremenand
monitoring to all industries. NDT methods have become the materials evaluation

choice in the field on all private sector argbsEA 2001)

Ultrasonc testing was thdatestto come tothe industry approximately in 1912.
The ndustrial use of ultrasonic testing started simultaneously in three countries:
theUSA, GB and Germanyin 1931,Saddikobtained a patent for using ultrasonic

waves, using twaansducers to detect flaws in solids.

Preliminary research on nondestructiveitgstor wood and wood producisas
first donein Germany Many differenttypes ofequipment and technigsievere
developedor the wood industies during the decadeandarenow in widespread
use. Recentlyin additionto wood and wood produsstresearches started focusing

on testng treesas well

Sincetrees areonsideredatural capitatthere is an increased emphasis around the
world to address forest and ecosystem haakuesThe marketplacé beconing
increasingly global in naturelhe biggest motivatiorto pursuenondestructive

testng in the wood and wood produdhdustrieswas the neetb use them irthe
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best way possibleThese challengesecessitateaccurate,costeffective non
destructive test(Brashaw et al 2014)

Postharvest nedestructive evaluation methods such as machine stress rating
(MSR), andultrasaic veneer grading have been the standard procedures for
evaluaing wood stiffness and strength. Woagdality research had showthat

most propertie®f wood @n be prediotd by a range ofnondestructive methods,

and alsahroughsimple acoustic measuremeit live trees (Wang et al. 2007)

Non-destructive testgan detectnternal decay and defects in arband forest
trees The science of tree stability analysis uses-destructiveevaluation and

biological and engineering principles.

In some of theesearcho evaluatethe stability oftrees, the rostwere examined.

Many factors affect the root syste(soil conditions, weather, age of tree,
biological factors). Root length, root angle, number of roots, and root diameter
varies greatly between species. In trees, as in engineered structures, if the normal
service loads create stresses that are jusinbible strength of the materjahey

have practically no strength reserve, and the smallest accident @dytde
breakagéMatteck et al 1993)

Wood in trees is flexible, and behaves as neither an ideal solid nor an ideal fluid
(Vogel 1996) Trees should bable to safely withstand high winds. The safety
factor is calculated relative to the high wind level tgbito a geographical area
(Cullen 2002.
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2.2 The assessment tfee health and safety using nondestructive methods

Trees provide enormous benefigsich asalancing theecosystemprevention of
desertification and global warming, as well as human waeding in urban
ecosystemgPitarma et al 2018 As mentionedn section 1.1 there are matypes

of equipment for evaluating the tred@hese will bantroduced in this section

2.2.1.Resistograph

The Resistograph ia reliabledevice forassessing the condition of trees as well as
that of wooden structure3hedeviceis based on a drilling resamce measuring
methodby Rinn(1990 in Heidelberg, Gemany.

This device Figure 1) is designed so that arborists are able to detect wood decay,
stages of rot, hollow areas, cracks and ring strugifison and Wang 2015)As

the micro drill enters the tree, the resistance of the waodes increased power
uptake in the drill The instrument translates these variations into a diagram, which
is printed by a Bluetooth printeFigure 2) or may be downloaded to a computer.
Variations in drilling resistance are evident in the diagram; a region of lower

resistaie usually implies some form of internal damage (like rot or cavities).

Resistograph

Spare printer pape:
4/;

Spare Battery

Bluetooth printe;

\"-\\ Locks for carying cae

\\ Battey Charger
Ny i greiRans o

Figure 17 The Resistograph equipment
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Figure 271 Printouts of some Resistograph tests

More sensitive versions of the equipment have higher spatial resolution and can
even detecvariations due tdalifferent early wood and latewoodlensity and thus

theannual ringstructure can be examined

One limitation of the device is that it should be precisely orientedatdtta path
of drilling goes though the decay zone, cavity or otheternal anomaly in the
trunk. It has been suggested that the resistograph technique is best suited to
confirm and determine the extent of decay in trees after suspect trees are identified
by other methods such as visual inspection, stmes® timing or acoustic

tomography (Allison and Wang 2015).

2.2.2. Impedance Tomograpi

This equipments able to detect the size and locatiorregions withactive fungi
attack in the trunk nodestructively It works based on electric resistivity

measurementssingseveral sensors around the triRlgure 3).
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Figure 37 Impedance Tomogragh(Vizvari, et al.201%

The basic measurement principle is tekgctricalresistivity increases/decreases if

there is a change in the concentratof ionsin a certain regionvithin the trunk
Impedance tomography is based on creating an excitation field inside the trunk and
measuring potential differences between several sensors around the circumference.
This allowsthe creatiorofa fAr esi sti vity mapoacitaa t o me
the detection of fungalttacks even ithe very erly stages when the mechanical
performance of the tres not yet affected, or when the disease does not affect the

mechanical properties at all

Electrical impedance tomography was first apptedvood by Just and Jacobs in
1998. After that here have been several applications of this technique, e.g. to
detect decay (Dubbel et al. 1999, Bieker and Rust 2010a), red heartwood in beech
(Weihs et al. 1999, Hanskotter 2004) and in wild service Wéeil{s 2001), and
brown heartwood in ash (Weihs et al. 2005). It can also be used to determine the
exact sapwood area in various species (Bieker Rust 2010b, Lin et al. 2012),

and to detect red hart in beg&oncz et al. 2017).

2.23. Acoustic propagation time measurement
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A simple acoustic wave propagation velocity measurement technique is based on
measuring thesound propagation time (or Time of Flight, ToMetween two
sensorstypically placed on opposite sides of the tree tr(figure 4). Measured
propagation times are shorter in healthy material, but longer if there is decay in the
measurement path, because the signalsisallyf or ced t o O6det our ¢
decayed area. Wave velocity (calculated from the measured time and the distance

of the senars) is compared to a reference value (either measured on a healthy tree,

or taken from literaturee.g. Divos and Szalai 20020 determine the probable
presence of decay.

Figure 417 Schematic photo showing the operation principle of the Microsecwner T
(Divos et al 2011
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The stress wave timing method was first applied to determine degradation in trees
by Mattheck and Bethge (1993), and has been in use as a simple yet effective
technique sinceéWhile this technique can detect the presence ofnexte decay

with good probability, it cannot determine the extent or exact location of the
damaged area.

2.24 Acoustic tomography

The acoustic tomograph is designed to detect hidden holes and decay in trees by
nondestructive acoustic testing. The measoent isan extrnsion of the simple
stresswave timing techniquepased on attaching several sensors around the trunk
(Figure 5a), and measuring sound propagation time betvesmm pair of sensars

Data is then analyzed using reverse backpropagationetieca highresolution
soundvelocity map of the trunk cross section, where lower velocity regiug

indicate decaycavities or some other internal anomggure 5b).

Blactooth

USB-Serial

i | b)

Figure 51 Acoustic tomographyMajor & Divos 2015

Several versions of acoustemographs have been developed and evaluated over

the past two decades. It was successfully applied to detect internal decay hidden
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from view within the trunk of trees (Nicolotti et al. 2003, Gilbert and Smiley 2004,
Wang and Allison 2008, Wang et al. 2P Some versions of the available
evaluation software is also capable of creating 3D maps by measuring several cross
section layers of the same trunks at different hgightos 2010).

2.2.5. Root Detedbn

The structure and condition of the root systeas a very important effect on the
health and stability of trees. Unfortunately, the position and condition of roots is
very difficult to assess without excavating. Attempts to use nondestructive
assessment included the use of ground penetrating radare(@ilic2013) anad

electric resistivity tomography (Amato et al. 2008; Zenone et al. 2008)

More recently, an acoustitsmsed approach was presented determining the
locationand orientatiorof the rootsin the soil(Buza and Divos 2016)t works

based on sound velocity measurements between a sensor attached to the trunk and
a soil sensor placed close to the r(feigure 6). By adjusting the position of the

soil sensor while keeping @nstantdistance from the tink enables operator to

map major rods that run close to the surfa¢Bigure 7). The benefit of this
method isthabt her treesd root s, pi pes or ot
measuremen(Divos et al. 2009)

h



Shadabeh Fathi - Ph.D. Thesis 25
DOI:10.13147/SOE.2020.020

Figure 67 Photograph showing the measurement principle used fodetettion

Figure 717 Demonstration of theesuls obtained fromaroot detecto(Divos et al. 2009)

2.2.6.The pulling test

This technique is based on attaching a cable to the tree (at the approx. center of the
crown), and exerting increasing latetahds on the tree, while measuring the
inclination of the root collar and/or the deformation of the trdirtle loading test

Is terminated at an inclination &2 degreeswell before any damage could be
caused to the tree. From the laadlination or loa-deformation curves, the
uprooting or trunk failuremoment can be estimated, and the safety of the tree
concerninguprooting or breakagean becalculated, respectively, based on tree

geometry and other factors.

/ anchor

inclinometer -
point

Figure 8- Schematic view of thpulling test(Buza & Divés 201%
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The pulling testechnique has been in use since the early @9B&nty of excellent
papers are available on the implementation and the usage of thesegests3 (Bell

et al. 1991; Wessolly 1991; Rodgers et al. 1995; &ayNicoll 1998; Neildand
Wood 1999; Moore 2000; Peltola et al. 2000; Silins et al. 2000; Bnelivassenaer
2002; Clair et al. 2003; Lundstrém et al. 280200h; Kane and Clouston 2008;
James an#ane 2008; Sani et al. 2012; Siegert 2013; James et 3 Rahardjo et al.
2014 Buza and Divos 20)6

At present, the pulling test is the most accepted method for evaluatsafeheand
stability of the root systemrlhe advantages of this technique are discussed in chapter
1.2. Since this technique was dse our investigations, and because it is the basis of
the dynamic tests as well, a detailed description of the theoretical background of this

test is included in chapter 3.2.
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2.3. Dynamic tree stability assessment

As shown in chapter 2.2, the currigraccepted method of tree stability assessment

Is the static pulling test, despite its many disadvantages; chief among them is that it
is a poor way of modeling the response of trees to actual wind (démze and
Maguire 2004) The reason for this is @h the behavior of trees under actual wind
load conditions is far from straightforward. Tréegspeciallyopergrown trees,
typical of urban situation$ constitute a complex system of trunk, primary and
secondary branches, twigs and leay@smes et al2006, 2014) Wind loading
produces a chain reaction in these components in reverse order. Due to the
complex interaction of the different components, the actual response of the tree is
practically impossible to model or predict at our current scientiffgalities
(Sellier and Fourcau@009. Further factors, like erratic wind gust intensities,
natural variation othe material characteristics of the wood comprising the tree,

etc. further complicate the situation.

In a relatively recent review article,rdas et al (2014g¢ompiled a very thorough
analysis of the available literature on the dynamic behavior of trees. In their study,
they identified a number of hurdles that hamper the efforts to determine the

mechanisms by which trees respond to wind loaxtéyding:

1 the viscoelastic nature of wood, which results in-hoear deformations
(Vogel 1996, Miller 2005);

1 exact material parameters are impossible to determine due to natural
variation (Niklas 1992);

1 trees and other biological materials acclimate ead change their material
properties as they age and grow (Lindstrom et al. 1998; Lichtenegger et al.
1999; Reiterer et al. 1999; Bruchert et al. 2000; Spatz and Bruchert 2000;
Lundstrom et al. 2008; Dahle and Grabosky 2010b; Speck and Burgert
2011)

1 Dynamc analysis is complicated because it includes all the static forces and

additional components of inertial forces due to the motion, the damping
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forces and the dissipation of energy, the displacement and phase differences,
the natural frequencies, and thensequent changes in motion (Den Hartog
1956)

1 Damping is usually not well understood in vibrating structures (Clough and
Penzien 1993) especially when it is complicated by-lmearity (Miller
2005)

1 Twigs, branches and trunk moprise a multidegree of fredom system. A
multimodal analysis is required to account for complex dynamic interaction

of these components (de Langre 2008; Rodriguez et al. 2008)

In their study of tree aerodynamic behavior, Sellier and Fourcaud (2009)
concluded that material propediplay only a limited role in tree dynamics, while

small morphological variations can produce extreme behaviors, such as either very
little or nearly critical dissipation of stem oscillations. Indeed, ontogenetic
morphological differences tend to have ajnar i mpact on the tr
wind loading (Dahle and Grabosky 2010b; Speck and Burgert 2011).

In spite of the above issues, researchers employed various strategies to predict the
behavior of trees in the wind. These inclutle following (based onrJames et al.
2014)

a) statistical evaluation of economic losses due to wind damage in forests
(Moore and Maguire 2005; Peltola 2006);

b) assessmemtdf theexpectedylobal behavior of trees under wind loading, e.g.
visual tree assessment (Mattheck and Brel®94}), tree risk assessment
methodology (Smiley et al. 2011), quantified tree risk assessment (Ellison
2005), and statics integrated methods that combine static pulling with
dynamic wind load assessment (Wessolly 1991; Brudi and van Wassenaer
2002; Detter ad Rust 2013).

¢) wind tunneltesting (Peltola 2006); and

d) dynamic tree modeling.
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Unfortunately, the first three methods have their limitatisngerms of accuracy
Statistical economic evaluations cannot predict the behavior of individualatrees
all, globd tree behavior assessment methods tend to-©iwglify tree behaviar

and the limited size of wind tunnels allows the testing of scale models only, rather
than actual trees, where thg scalingis complicated in termdor elastig

deformablébodies liketrees, and loading tends to be static, rather than dynamic.

Dynamic modeling has the mosbtpntial to accurately recreatbe dynamic
loading situation that occurs in real lif&hree types of models have been

employed to simulate the dynanibehavior oftrees, including the following:

1 The lumpedmass procedurewhich assumes that the maskeach tree
components concentrated at a discrete point as it oscillates dynamically.
Components are regarded as liob@nected springnassdamper systems
(Figure 9). In its simplest formthe whole tree is regarded as a single
system(e.g. Milne 1991; Miller 2005)However, realistic modeling requires
a complex model of multiple interconnected lumpealss components
(James et al. 2006; Theckes et al. 2011; MurphyRamathicki 2012) Such
systems tend to become very complex very fast, and their behavior exhibit
multi-modality, which means that the harmonic movement of individual
components may amplify or cancel each other out in a manner which is very
difficult to predct. Nevertheless, the relative simplicity of the lunymedss
procedure is very helpfulparticularly in describing the frequency
dependency of the treesd behavior
2010).



Shadabeh Fathi - Ph.D. Thesis 30
DOI:10.13147/SOE.2020.020

Figure 91 Dynamic models using a sprimgassdamper system representing: (a) a tree as a
single masgMiller 2005), and (b) as multiple masses with a trunk and branches (James et al.
2006).

Figure 101 Dynamic modes applied to trees: (a) modes of a beam (Schindler et al. 2010) and
(b) modes ofbnached structures (Rodriguez et al. 2008).

1 The uniformly distributed mass modeprovides a more accurate

representation of tree components by treating each component as a beam











































































































































































