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1. RELEVANCE OF THE SUBJECT 
 

In recent decades, mankind have been paying increasingly more attention 
to the natural environment. The immediate surroundings of the residence and 
workplace, including the green space is subject to growing awareness. Solitary 
trees planted in urban areas for recreation and protection play an important role in 
this, because society expects an rising number of infrastructure services directly 
from trees in urban areas. 

 
These services, such as clean air, shade and other benefits of green space 

can only be fulfilled by healthy and thrifty mature trees. The age of trees, therefore, 
should be extended as long as possible, but unfortunately more health problems 
arise with trees of older age. 

 
The large size of trees brings about increasing negative effects, as well. 

The falling branches and fallen trees can create a hazard to human life and 
property, and can cause considerable damage. These trees should be intensively 
managed and cared for, but the difficulty is that the properties of mature trees, 
especially the development of biomechanical stability is not well-understood. 

 
The technological advancements of the last two decades helped the 

development of devices for measuring mechanical stability and internal defects of 
trees. Several of these instruments are now available to  urban foresters and tree 
care professionals at an affordable price. 

 
The currently used tree testing procedures often forecast the methods and 

timing of interventions in sparse intervals, so the risk management of trees could 
be somewhat haphazard. Thus, the interpretation of the results of tree testing 
require further clarification. 

 
Some of the common tree testing procedures require complicated and 

significant organizational activity and are costly and time-consuming. It is prudent 
to reduce the level of expenditures, especially since some costly tree care 
intervention is only worth it if the subject tree is of high value. 

 
After a thorough review and study of currently known tree testing 

methods, this paper proposes changes to the procedures to make them more 
efficient. New tree testing procedures that were developed under this study are also 
introduced while enhancing the knowledge of static loads of older trees. 
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2. OBJECTIVES OF THE STUDY 
 
The study of solitary trees started several years ago in Hungary and have been 
progressing dynamically, keeping up with similar research abroad. The author 
wanted to answer several research questions by setting the following objectives at 
the beginning of this study: 
 
The review of available national and international literature is an important starting 
point to establish a research topic and reference points. In particular, the following 
priority issues have been identified: 
 

• the role and impact of wood-destroying pests and pathogens in tree 
resistance, in particular of the tinder fungus; 

• the understanding of effects of catastrophic forces to tree equilibrium 
positions, with special regards to the effects of wind; 

• the mechanical characteristics of trees in relation to tree resistance; 
• the equilibrium positions of trees; 
• the behavior of the stem and roots at the onset of forces; and 
• the understanding of technical possibilities and tools for tree inspection. 

 
Following the literature review, it is necessary to carry out many of the 

available and suitable tree testing procedures by assessing and measuring the 
mechanical properties of mature trees and their immediate surroundings. 

 
The analysis and interpretation of data from these measurements and 

observations will enhance the knowledge on the static loads of trees. 
 
The interpretation of data can help in refining methods for determining 

tree resistance, thereby reducing the risks of decision making, so tree care can be 
performed more cost-effectively. 
 
Understanding the causes and the course of tree fall may lead to more economical 
and simpler procedures and faster development of indicators and methods for 
determining tree resistance. 
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3. HYPOTHESES 
 
After defining the research objectives, the following hypotheses were formulated: 
 
1. Depending on the shape of the stem of the damaged tree, there could be 

several sources of random measurement errors when using an acoustic 
tomograph. 

 
2. Decay can take many different shapes and forms in the stem. 

 
3. Wall thickness below a certain size due to decayed or hollow parts in the stem 

is no longer sufficient to maintain tree resistance. 
 

4. The resistance of solitary trees in urban areas can be characterized by the 
slenderness ratio usually applied to forest trees. 

 
5. Diameter at breast height and crown dimensions are statically correlated. 

 
6. A calculation protocol can be developed based on simple instruments 

measuring the parameters that can provide a cost-effective way to assess the 
stability of trees. 

 
7. Trees of different species that are uprooted due to a disease exhibit a similar 

shape of the root system. 
 
8. There are mechanical, statical reasons behind the flares and spreads that form 

on the lower part of the tree trunk, root collar and roots of older and larger 
sized trees. 
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4. RESEARCH MATERIALS AND METHODS 
 

The study of the trees in urban areas took place between 2008-2014. The 
selection of trees occured randomly, partly based on external assignments and in 
part because some of the trees appeared to be in risky locations. The trees were of 
different ages, but most would be considered mature. Ninety percent of the trees 
are located in western Hungary, including two-third in Szombathely and its 
surrounding area, partly on streets and squares, as well as gardens, parks, and a 
small number in rural areas subject to urban and intensive use. 

 
The static tests involved 71 individual trees of 27 species with a full 

survey that meant the detailed measurement of 23 structurally important features, 
and the assessment of forces acting on each tree. In addition, five variables for each 
tree were derived from databases, and ten variables were the results of calculations. 
These variables together include the scope of the data required for the analysis of 
tree resistance. 

 
A total of 197 tomographic measurements have taken place, a number of 

them at multiple heights on the tree. Altogether, 459 trees of 40 species were 
visually inspected with special regards for crown and stem shape and the root 
collar. The author’s purpose was the understanding and analysis of environmental 
relief and its relation to non-measurable characteristics of the tree. 

 
The effective root zone was  clearly identifiable for nine trees that were 

uprooted or moved by wind, so these trees were used to demonstrate a cost-saving 
tree test procedure developed by the author. 
 

Tree resistance was calculated in MS Excel using input values from data 
that were either directly measured or obtained from databases as per the above 
methods. A subroutine within MS Excel was used to calculate wind loads 
following international standards.  
 

Certain indicators derived from the tree data and correlations among tree 
variables were calculated using the STATISTICA software package based on non-
parametric statistical methods. 
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5. RESULTS 
 
Mechanical effects due to human activities often result in physical changes to the 
tree that greatly affect its stability. 
 
Various indicators and ratios derived from measured and calculated data for a 
given tree can help assess its health and static loads relative to an ’ideal’ tree 
growing under similar environmental conditions. One such indicator is the tree 
height (m) to diameter at breast height (DBH) (cm) ratio that should be below ½ 
for trees located in urban areas to ensure sufficient resistance to stem breakage. 
 
The following relationships can be derived from the ratio of DBH to various crown 
dimensions: 
 

• Tree stability is maintained if the value of crown surface expressed in 
square meters is less than the value of DBH expressed in centimeters. 

• Resistance to stem breakage can be considered sufficient if the crown 
diameter is less than ten times the DBH. 

 
The relationship of various indicators cannot be described by one statistical curve, 
rather the data values generally form a band or cloud that exhibit a linear trend as 
implied by the relationships stated above. However, there is a sudden, usually 
exponential change at extreme values due to stem breakage or tree fall (i.e., failure 
in resistance).  
 
Tomographic studies conducted after tree measurements yielded an insight into the 
relationship between the size and extent of decayed or hollow parts, the remaining 
wall thickness in the tree and diameter. Although no definite relationship could be 
obtained, the data provided important information about the extent and bounds of 
internal defects. The application of tomography at multiple heights along the tree 
enabled the construction of 3D models of internal decays. The author differentiated 
four different types of decay shapes: cone, inverted cone, barrel and cylinder-
shaped cavity. The analysis of the decay shape gave important information about 
the starting point of the damage and the short-term outlook for the tree. 
 
Analysis by the author indicated the extraction of relevant data on the remaining 
wall thickness in the tree using acoustic tomography. Uniform, pipe-like wall 
thickness of healthy wood comprising at least ⅓ of the stem diameter will ensure 
sufficient tree resistance. Trees with smaller remaining wall thickness can only be 
maintained by crown pruning and crown reduction. 
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Root plate diameter is also an important characteristic and can be interpreted in the 
context of tree height and DBH. According to this study, tree stability requires that 
the root plate diameter to be at least 20% of the total tree height. 
 
Analysis of tree survey data combined with the information from tree-pulling 
experiments, windthrow studies and the thorough review of other relevant 
literature provided the basis for the development of a tree resistance calculation 
method that could serve as an alternative to costly and time-consuming 
experimentation. In addition to the basic tree data, this new method requires careful 
determination of two very important pieces of information: wind speed and the 
extent of the effective root system. 
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6. THESES 
 
1. Measurement data for a given tree obtained by acoustic tomography can 
vary greatly based on decisions taken by the surveyor. 
 
The results of tomographic measurements can be distorted significantly due to 
random errors. These errors generally result in an overestimate of tree stability and 
can be caused by several tree defects such as healthy knots, frost damage, cracks 
(internal growth, mechanical), burls, plank roots, internal adventitious roots, ribs, 
tumors, scars and galls, goiters, flares, spreads and overgrown objects. 
 
In addition, in practice it is often difficult to spot the critical cross-section, and the 
measurement is done elsewhere. It is also possible to assume a circular cross 
section instead of the real cross section during tomographic measurements or to use 
less sensors thus significantly reducing measurement time on bigger jobs; however 
this can become a major source of bias.  
 
2. Based on 3D tomograms, there are four basic manifestations of stem decay. 
 
The 4 stem decay forms are as follows: 
 
Conical decay or cavity is widest at the base of the root. The rot starts at the root 
collar and it quickly moves upward once reaching the pith. This form of decay is 
the most dangerous to tree resistance, because it is very likely that the root system 
is also damaged by the disease. 
 
Rot that starts from a stem injury above the root collar can spread upward, 
downward and toward the pith thus it usually exhibits a a barrel or spindle shape. 
Based on the CODIT principle, the pathogen can travel faster in the direction of the 
tracheids than radially which results in an elongated form of decay that is broader 
in the mid-section. 
 
Frequent tree pruning or historical pollarding in residential areas cause extensive 
injuries close to the base of the tree crown thus helping the pathogens get into the 
stem. In this case, the rot begins to extend downward and to a lesser extent radially 
resulting in an inverted cone shape. This form of decay increases the chance of 
branches breaking off the tree. 
 
If the extension of the rot is sufficiently large in the direction of the tracheids, the 
disease will also start to spread radially. In this case the cylindrical shape of decay 
create a pipe-like cross section where the living and thrifty sapwood forms the pipe 
wall. This form of decay most often occurs on horse chestnut. 
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3. The remaining wall thickness ratio of a decayed or hollow stem where the 
crown is not managed, must be at least ⅓ in order to maintain sufficient tree 
resistance. 
 
Tomographic measurements by the author indicate that the stems with a remaining 
wall thickness ratio of ⅓ or less are susceptible to breakage. However the 
remaining wall thickness ratio of ⅓ must be uniform along the stem to maintain 
stability. Values below ⅓ may occur on stable trees with a heavily pruned crown. 
 
 4. The ratio of tree height and DBH can take a value as high as ½ for solitary 
trees without significantly affecting tree resistance. 
 
Based on measurements in this study the heights of trees in residental areas lag 
behind their counterparts growing in a forest stand under similar environmental 
conditions. The ratio of tree height to DBH, called the slenderness index must be 
below ½ for solitary trees to maintain sufficient resistance to stem breakage. 
 
5. The following relationships can be derived from the ratio of DBH to various 
crown dimensions: 
 
Tree stability is adequate if the value of crown surface expressed in square meters 
is less than the value of DBH expressed in centimeters. 
 
Resistance to stem breakage can be considered sufficient if the crown diameter is 
less than ten times the DBH. 
 
6. The author developed a process for calculating tree resistance that could 
replace costly and time-consuming tree-pulling experiments. 
 
The process is similar to other tree resistance calculations in accounting for stattic 
loads and forces of resistance and comparing the bending moment to the resistive 
moment of the tree. The difference is in the interpretation of the individual factors 
and their calculation methods (e.g., EUROCODE wind load calculation, 
determination of crown surface, modified aerodynamic factors  and the extent of 
the root zone). This process is particularly suitable for identifying the causes and 
course of tree fall. 
 
In performing the calculations, the following correlations emerged: 
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• 10% change in the radius of the root plate will cause 22-25% change in 
tree resistance in the same direction. In addition, 10% change in the crown 
surface will bring about 10% change in stability in the opposite direction. 

• Spearman's rank correlation showed that tree resistance is mostly affected 
by the horizontal extent of the effective root zone. One of the most 
important pieces of data that is also the most difficult to determine is the 
horizontal extent of the effective root zone. The following important 
points should be considered: 

 
o By examining the root system of uprooted trees we can state that 

the roots that break are generally 5 cm or thinner in diameter. 
o In addition, the surface movements often indicate the bounds of 

the effective root zone, moreover utilities, building foundations, 
fences limit the development path of the root system. 

 
• Estimating tree resistance and safety can be helped by the relationship that 

root plate diameter should be at least 20% of the total tree height. 
 
7. Most uprooted trees exhibit a root zone similar to the shape of the lateral 
root system. 
 
Uprooted trees examined in this study showed that at older ages the effective root 
zone closely resembles the lateral root system. Trees that overturn with the heart 
root usually have a significantly reduced root system due to damage. In case of a 
well-developed heart root not only the extensive root system prevents overturning 
but also the high compression strength of the soil on the leeward side of the root 
zone minimizes movement. Uprooted trees with a taproot are generally regarded a 
transition to stem breakage since the broken taproot can be considered a 
continuation of the stem below the ground. 
 
8. Roots rising above the soil surface, flares, spreads and ribs are all 
mechanical reactions of trees to growing stress due to external forces. 
 
Greater static loads are generated from increasing weight and surface area which 
result in increased tensile and flexural stress in the root system. However, the 
increasing stress in trees is not only due to the greater weight and greater crown 
surface but also by cause of decreasing strength because of the reduction in the 
cross-sectional area due to decay. Since trees are trying to compensate for the 
increased stress, they respond by thickening the stem or root collar near the ground 
that leads to roots rising above the soil surface, increasing spreads, flares and ribs. 
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7. PRACTICAL APPLICATIONS OF THESE FINDINGS AND 
RECOMMENDATIONS FOR FURTHER RESEARCH 
 
The material presented in this doctoral thesis has significantly broadened and 
deepened the knowledge base of tree properties. Information contained in this 
study can be used in tree registries, during the assessment of green space and in the 
preparation of inventories. However, first and foremost the knowledge developed 
in this thesis should help in tree experimentation and testing and in the preparation 
of more reliable forecasts.  
 
With regards to trees, this thesis clarifies answers in relation to life and property 
safety issues and provides new aspects for examination. One special consideration 
is the determination of liability where tree resistance calculations could provide the 
means for reconstructing the cause, course and partially the consequences of the 
catastophic failure of a tree even if the subject tree is no longer available.  
 
In addition, this work can be used in planning and estimating the cost of pest 
control and tree protection measures. 
 
The advancement of information technology helps the creation of efficient 
measuring devices; however interpretation of the results will still require technical-
biological and ecological knowledge of trees. 
 
Of course, these results need to be further developed as we still know little about 
solitary and mature trees. Still a large amount of data is needed with regards to 
material properties of the living wood, especially volume and density data of live 
trees, their different strength values, the mechanical properties of soils and the 
mechanical interactions of the root system and the soil. More research is needed on 
wind speed and the changes in turbulance due to increase in the aerodynamic 
roughness of the surface. 
 
Our profession still struggles with the thorough scientific analysis of cases of 
domestic windthrow and with the development of effective prevention methods. 
We do not know enough yet about the process and speed of tree decay for different 
tree species or pathogens, either. 
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