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Tree stability in windstorms and tree failure are important issues in urban areas where there can be risks of damage to people
and property and in forests where wind damage causes economic loss. Current methods of managing trees, including pruning and
assessment of mechanical strength, are mainly based on visual assessment or the experience of people such as trained arborists.
Only limited data are available to assess tree strength and stability in winds, and most recent methods have used a static approach
to estimate loads. Recent research on the measurement of dynamic wind loads and the effect on tree stability is giving a better
understanding of how different trees cope with winds. Dynamic loads have been measured on trees with different canopy shapes
and branch structures including a palm (Washingtonia robusta), a slender Italian cypress (Cupressus sempervirens) and trees with
many branches and broad canopies including hoop pine (Araucaria cunninghamii) and two species of eucalypt (Eucalyptus
grandis, E. teretecornus). Results indicate that sway is not a harmonic, but is very complex due to the dynamic interaction of
branches. A new dynamic model of a tree is described, incorporating the dynamic structural properties of the trunk and branches.
The branch mass contributes a dynamic damping, termed mass damping, which acts to reduce dangerous harmonic sway motion
of the trunk and so minimizes loads and increases the mechanical stability of the tree. The results from 12 months of monitoring

sway motion and wind loading forces are presented and discussed.
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Tree stability in windstorms and tree failure are important
issues in urban areas where there can be risks of damage to
people and property. Trees are a valuable resource that can
benefit people and improve the quality of life, often having
important historical or cultural significance. Current methods of
managing urban trees, such as pruning and assessing mechanical
strength, are mainly based on visual assessment or the previous
experience of people such as trained arborists. Trees, especially
large ones, need careful management in urban areas where
failure can result in loss of life or damage to property (Fig. 1).
Serious liability issues can arise if there is a perception that poor
or negligent tree care practices have contributed to tree failure.
Managers have only limited data available to use when trying to
assess tree strength and stability. Some limited use of static pull
tests on trees occurs in Europe, but is not widely adopted in other
parts of the world. Trees in forests and plantations experience
damaging winds and need management to produce quality
timber, as well as protection to maintain habitat and contribute to
the wider global environment. Recent research on measuring
dynamic wind loads on actual trees is giving a better
understanding of how different trees cope with winds.

The size of trees and their architecture (shape and structure)
greatly influence their mechanical stability under dynamic
loading. As trees grow, the added biomass develops greater
self-loading and the upper parts of the tree are exposed to
higher wind speeds creating larger bending moments at its base
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(Niklas and Spatz, 2000). The growth of trees is largely
determined by physiological constraints, particularly those
affecting photosynthesis and water transport, but even if these
are not exceeded, limitations of size and shape are still imposed
by biomechanical constraints (Spatz and Bruechert, 2000).

A tree must be able to withstand all the physical loads
throughout its life. For nearly all trees, the greatest load is from
the wind that comes as gusts of rapid, periodic, dynamic events.
Wind is the most persistent of the harmful natural forces to which
any individual tree or forest stand is subjected (Jacobs, 1936).
There may be some exceptions, such as trees that grow deep in
rain forests and never experience large wind forces or trees that
fail under heavy ice and snow loading. However, in most
situations wind constantly influences the tree from germination
until death (Jacobs, 1936). Dynamic forces are important when
trees grow to large sizes because if there is enough wind, the
structural demands on the trunk, branches, and roots approach
critical limits, which, if exceeded, will result in failure.

In this paper, we take an engineering approach to mechanical
stability, focusing on large trees, with the underlying concept
that all plants must obey well-known biological and physical
laws. We review experimental results and models that have
been applied in the past, then introduce a new dynamic model
of a tree that incorporates the effect of branches, which dampen
the motion the tree as a whole and increase its stability under
extreme wind loadings. Data of wind loads from actual trees
are presented, which is consistent with the newly proposed
conceptual model.

REVIEW OF PREVIOUS STUDIES

The mechanical properties of trees have been of interest for
centuries. In 1634, Galileo discussed the problem of scaling
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Fig. 1.

and strength and noted that as machinery became larger, with
its geometrical proportions maintained, the larger machines
failed whilst the smaller machines survived (Seeger, 1966).
Galileo stated, “For every machine and structure, whether
artificial or natural, there is set a necessary limit beyond which
neither art nor nature can pass, it is here understood of course,
that the material is the same and the proportion preserved.”
Galileo (Galilei, 1638, pp. 3, 4) had a good understanding of
the size limits of trees and noted “that an oak two hundred
cubits high would not be able to sustain its own branches if
they were distributed as in a tree of ordinary size.”

A quantitative structural analysis of a tree was attempted by
Leonard Euler and later Greenhill in 1881. Both used static
analyses to calculate the maximum critical height of a tree,
above which it failed under its own weight (Spatz, 2000). A
simple model was used to approximate a tree (Fig. 2a) that was
considered as a tapered pole made of a homogeneous material.
Other early plant biomechanical studies from 1874 have been
reviewed by Spatz and Bruechert (2000).

Modifications to the simple tree model include representing
the canopy as a lumped mass on a column (Sanderson et al.,
1999), representing the tree as two masses (one for the canopy
and one for the root-soil system) and the trunk as a weightless
elastic column (Baker, 1995), and modeling the tree as a series
of n logs with lumped masses representing branch whorls along
the trunk (Fig. 2b, Guitard and Castera, 1995). A summary of
studies using the simple model is provided by Moore and
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Storm damage. Catalpa bignonioides after wind storm, February 2005, Royal Botanic Gardens, Melbourne, Australia. (Photo by Kiah Martin).
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Fig. 2. Two simplified tree models. (a) Simple tree model from
Greenhill 1881; x-coordinate runs from O at top of pole, y-transverse
coordinate, w: weight (Spatz 2000). (b) Modified simple tree model with
stem divided into n logs of i elements, z: height, M: weight, D: diameter
(Guitard and Castera, 1995).
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Maguire (2005). Simplified tree models do not consider the
dynamic interaction of branches and can only approximate the
many urban tree species that have several main stems and
substantial branches. In particular, the branches need to be
considered as dynamic coupled cantilevers and not simply as
lumped masses (Kerzenmacher and Gardiner, 1998).

More recently, a number of authors have undertaken static
analyses of tree behavior under an applied load. Niklas (1992)
summarizes these, the history of plant biomechanics more
generally, and describes how basic principles of structural
engineering theory can be applied to the study of plant forms.
In many studies of trees and wind, simplifying assumptions are
often made; however, in reality the response of trees to wind
loading is complex. Storm winds are never constant, with gusts
constantly changing in both speed and direction, and trees
respond with a complex oscillating motion of the leaves,
branches, and trunk, all of which move in different directions
as the canopy sways. Field measurements of trees swaying
have been studied by a number of authors such as Sugden
(1962), Mayhead (1973), Mayer (1987), Holbo et al. (1980),
Blackburn et al. (1988), Milne (1991), Peltola et al. (1993),
Gardiner (1995), Baker (1997), Hassinen et al. (1998), Flesch
and Wilson (1999), Kerzenmacher and Gardiner (1998), Spatz
and Bruechert (2000), Rudnicki et al. (2001), Moore (2002),
Sellier and Fourcard (2005), and Moore and Maguire (2005).

All these studies have used one of two main methods to
measure sway. The first method induces sway in still air
conditions by pulling then releasing the tree with a rope and
measuring the resulting (short duration) sway motion—the so-
called “pluck test.” This is a useful test to measure some
vibration parameters and to test models against field data for
validation. The second method measures tree sway under real
wind conditions. There is a fundamental difference between
these two methods in the way energy is transferred to the tree.
The rope method pulls at a single point, and energy is first
stored in the bent trunk then suddenly released as the trunk
returns to the rest position. This never happens in nature. For
real trees, wind pushes on the broad tree canopy, and energy is
transferred in a pulsating, dynamic manner over long periods of
time.

A single forest tree (P. sylvestris), height 11.1 m, under
actual wind conditions was monitored by Hassinen et al. (1998)
in Finland, using a prism-based system. The tree sway
movement was extremely complicated and quite different from
the pull and release sway motion. Spectral analysis (fast
Fourier transforms) was used to determine the tree’s frequency
response and indicated a preferred peak at 0.2 Hz with a second
peak at 1.85 Hz, almost certainly indicating a second mode of
vibration. However, the graphs of the stem displacement
spectra were not smooth, indicating many other frequencies
were present. These may be due to oscillation of the branches,
but no comment was made on the influence of branches on the
tree sway.

Baker (1997) measured sway motion on 62 urban trees using
laser beams targeted on the trunk of the tree below the canopy.
Tree height varied from 4.7 to 19.5 m. The tree sway data
indicated three distinct types of spectra corresponding to three
different geometries of tree and were designated types I, II, and
II. Type I spectra had low frequency peaks between 0.3-0.6
Hz in summer and 0.5-1.5 Hz in winter. Type II had no
significant natural frequency for either summer or winter
conditions. Type III was similar to type I but with a
significantly lower natural frequency range for similar diameter
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trees. The three different tree geometries were type I, normal
geometry of limes with main branches coming from the trunk
at angles around 20-30 degrees to the vertical, Type II being
the “bushy” type of tree with a well-developed crown and
Type III having steeply inclined main branches at angles of less
than 10 degrees to the vertical. Significantly, for any one tree
size, there is a fairly wide spread of values that Baker
suggested might reflect the different nature of the root systems.
It may be the dynamic interaction of the branches broadening
the range of natural frequencies that may also explain the
spread of data. Pruning a canopy and branch removal affects
the wind load on a tree, but how this affects stability is not fully
understood. Systematic pruning does not greatly affect the
damping ratio until around half the silhouette area of the crown
is removed (Mayhead et al., 1975). In a review of previous
studies on tree sway, Moore and Maguire (2004) described the
effect of branch removal on sway frequency. Removal of
branches in the top of the crown appeared to have the greatest
effect, with up to 80% of the crown mass needing to be
removed before an increase in the natural frequency is
noticeable. Moore and Maguire (2005) showed that changes
in natural frequency with crown removal did not appear to be
due to changes in damping ratio, but rather to changes in mass
distribution of the trees. They further suggested that
representing the crown as a series of lumped masses as they
did in their model might not be appropriate and that further
work is required to model the branches of a tree as individual
damped harmonic oscillators coupled to the main stem.

A dynamic structural analysis is usually more complex than
a static analysis and care must be taken not to make
assumptions that oversimplify the analysis or important
transient forces may be missed. The dynamic interaction of
branches is critical in understanding the dynamic response of
the tree in winds, but studies have been limited due to the
complexity involved. The importance of branches can be
summarized in the statement, “a tree without branches is not a
tree” (Shigo, 1986, p. 208). Each branch is a mass that sways
in the wind and dynamically interacts with other branches and
the trunk in a complex way. This interaction between the
components of the crown can prevent the generation of natural
harmonic sway frequencies and minimize extreme dynamic
loads that would potentially cause mechanical failure.

MATERIALS AND METHODS

A new dynamic structural model for a tree is presented (Fig. 3), and data
from actual trees (Table 1) has been collected to test the model. Trees were
selected to represent different architectural types to study how wind loading
varied between pole-like trees and those with a complex canopy of many
branches. The model consists of dynamic masses that separately represent the
trunk, main branches, and subbranches. Each structural member is considered
as an individual dynamic oscillating mass (m), attached via a spring (k) and a
damper (c) to its base. The trunk is attached at its base to the root—soil system
and values for its mass, spring constant, and damping can be put into the model.
The main branches are attached to the trunk (1st order branch), and subsequent
branches (2nd order, etc.) attach in turn to their supporting branch. Each branch
and subbranch can be assigned its own value for mass, spring constant, and
damping.

The significant difference of this model is that branches are considered as
dynamic oscillating masses, which interact with the trunk and dynamically
modifies the overall sway motion. The model can describe tree shapes of
different architecture and allows for different levels of complexity to be studied.
The model (Fig. 3b) can be drawn to resemble the structural elements of a tree
(Fig. 3a) and in the extreme could be adapted to include all branches and foliage.



October 2006]

mass
1a

mass

mass
1c

W
-

mass

i L o e o e

-
o

main trunk  branches
(@ (b)
Fig. 3. Dynamic structural model of a tree, with trunk and branches

represented as dynamic masses attached to each other. Numbering system:
1 represents a st order branch attached to the trunk, 2 represents a 2nd
order branch attached to a 1st order branch, and so on. Letters a, b, ¢, and d
represent different branches of the same order (¢, damping factor; &, spring
constant; »1, mass).

The example shown in Fig. 3 represents an approximation of a tree, with a
central columnar trunk and four main branches attached (shown as la, 1b, Ic,
and 1d). These main branches are considered as Ist order branches and given
the number 1. Second order branches can be represented on the model and even
3rd, 4th, and 5th order branches can be added if necessary. The smaller
branches will have less effect due to their smaller mass but collectively can be
important to the dynamic performance of the tree because of their contribution
to (aerodynamic) damping. A simplified version of this model was presented by
James (2003).

Elements of the model—There are three elements of the dynamic model.
(1) Mass (m)—each oscillating mass can be separately considered, i.e., the
trunk, main branches, subbranches, and so on. (2) Spring constant (k)—a
property of the material (wood) that can vary with age and position on a tree
(related to Young’s modulus). (3) Damping factor (¢)—a complex quantity
consisting of aerodynamic damping (energy dissipation by movement through
the air) and viscoelastic damping (energy dissipation from internal factors such
as root/soil movement and internal wood energy dissipation).

Effect of branches on dynamic sway of trees—A simple unbranched
structure such as a pole or the tree model in Fig. 2a will have a regular period of
oscillation and a defined natural frequency. If dynamic forces are applied to the
structure at this natural frequency, large sway amplitudes occur, which are
shown as a peak in the frequency response graph in Fig. 4a. This is known as
the resonant frequency and causes harmonic motion that is potentially
dangerous in structures because large sway motions result in large internal

TaBLE 1. Trees species and dimensions used in field measurement of
dynamic wind loads.

Diameter

Species Location Height (m) dbh (m)
Araucaria cunninghamii Burnley, Melbourne 22.0 0.79
Araucaria cunninghamii Burnley, Melbourne 19.0 0.94
Araucaria cunninghamii Burnley, Melbourne 23.5 0.87
Cupressus sempervirens Burnley, Melbourne 17.0 0.23
Eucalyptus grandis Burnley, Melbourne 19.3 0.52
Washingtonia robusta Burnley, Melbourne 18.1 0.44
Eucalyptus teretecornus Sale, Victoria 14.0 0.84
Eucalyptus teretecornus Sale, Victoria 14.0 0.88
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Fig. 4. The effect of mass damping on dynamic sway motion of trunk.
(a) No mass damping and large peak, (b) one branch (mass damper) with
two small peaks, (c) many mass dampers showing the no peak amplitude.

forces and energy transfers and can cause failure. Some of the most spectacular
cautionary examples in structural engineering have been bridges that resonated
at frequencies created by wind gusts or vortices.

Trees are not like poles because they have many branches attaching to the
trunk, and resonance has not been reported. The branches sway separately to
the trunk and greatly modify the sway amplitude of the trunk. The swaying
mass can be called a mass damper because it reduces, or dampens, the sway of
the structure. Mass damping is a feature of this dynamic model and occurs
when an oscillating branch sways on an oscillating trunk. The mass damper (or
the branch) has its own mass, spring constant, and damping factor. The
dynamic effect of a mass damper (the branch) on the amplitude of oscillation of
the trunk is dramatic, provided the branch is big enough to have a resonant
frequency similar to that of the trunk. The effect of the mass damper is to cause
a strong dynamic interaction between the trunk mass (7) and the branch mass
(m1). The previous large amplitude of the trunk oscillation now becomes
smaller at two frequencies, one sightly below and one slightly above the
original frequency. This split mode results in a greatly reduced amplitude of
sway. The oscillating energy of the structure partly transfers into the mass
damper, which can dissipate the energy through the damper d;. The dramatic
decrease in amplitude of these two “split modes™ is shown in Fig. 4b, (Den
Hartog, 1956). If many mass dampers occurred on a structure, such as a tree
with many branches, the expected sway amplitudes would be further reduced to
a flat curve similar to the curve of Fig. 4c.

A concept, called multiple tuned mass dampers, has been investigated in
earthquake engineering literature (Abe and Fujino, 1994) and is effective in
minimizing the sway motion of structures oscillating due to earthquakes. Most
trees have a complex structure with many branches (Ist order, 2nd, 3rd, etc.),
all of which dynamically interact as mass dampers. The Ist order branches are
themselves mass damped by 2nd order branches. This is equivalent to adding a
mass damper to the first mass damper and will smooth out the sway of the first
branch. Smaller branches also affect the 2nd order branch and these smaller
branches are in turn branched until a network of branches is created. The
overall effect minimizes the dynamic sway of the tree in winds by creating a
broad range of frequencies (Fig. 4c) and prevents the main structure of the tree
trunk from developing large and potentially dangerous harmonic sway motions.

The idea of a broad range of natural frequencies being generated by the
interaction of the limbs with the trunk was supported by data of Moore (2002),
who investigated the effect of removing branches from Douglas fir trees. Branch
damping seemed effective until at least 80% of the crown mass was removed.
When only 20% of branches remained, sway amplitudes began to increase
noticeably. This indicated the important influence of side limbs and that only a
few branches are needed to make a significant change in the sway motion of a
tree trunk. Moore and Maguire (2005) reported further work supporting this idea
and suggested that the effect of crown removal on increasing natural frequency
is due to mass removal rather than changes in damping.

Field measurement of wind forces on trees—Data were collected from
actual trees to test this new conceptual model. New instruments were designed
and constructed to measure the sway motion of trees in the wind. The strain
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(b) spectrum

Sway motion of Washingtonia robusta (wind speed average 12 m-s~!) showing (a) looping sway motion (5 minute period) and (b) spectrum

(from fast Fourier transformation, 30 minutes) showing sway frequency with single peak at 0.28 Hz. Note: Vertical scale is indicative only and depends on

algorithm used.

meters were 500 mm long and accurate to 1 pm giving a strain resolution of 2 X
107°. As the tree bends in the wind, the outer fibers stretch on the windward
side and compress on the leeward side. This small fiber movement can be
measured by the strain meters and logged to a computer. Two meters were
attached to the trunk, one to measure movement in the north—south direction,
and the second located to measure the movement in the east—west direction, so
a complete record of sway motion is obtained in all directions. Because wind
direction is variable, two sensors oriented in this way are required to monitor
the full motion of the tree. Sensors were monitored at a frequency of 20 Hz
during windstorm events to ensure that higher frequency oscillations were
recorded. The movement can be presented on an XY (EW-NS) graph to show
the full complex motion of the tree sway (Fig. 5a). Similar graphs of tree
movement have been presented by Gardiner (1995) and Moore and Maguire
(2005) but at lower sampling frequencies so the full complexity of the two
dimensional motion is not always apparent.

Eight trees were monitored over 12 months, and the results of wind storm
events were recorded to a computer at 20 Hz. Software triggered the recording
of strain in two directions (NS and EW), wind speed, wind direction,
temperature, and humidity so that storm events were automatically recorded.
The trees were located in Victoria, Australia, and details of tree species and
dimensions are given in Table 1.

Each tree was calibrated using a static pull test so that wind loading on the
tree could be determined from the sensor readings. Calibration was performed
by applying a series of known bending moments to the tree, through a rope
attached midway up the stem, and measuring the resulting strain. A
calibration graph was produced for each tree that enabled the sensor readings
to be converted into the wind load acting on the tree. Young’s modulus was
also determined during the static pull tests by measuring the cross-sectional
area of the trunk at the sensor attachment point and calculating the moment of
inertia as described in Timoshenko (1955) and Niklas (1992). Preliminary
work using this method shows values of Young’s modulus within the range of
living trees (2.37—4.44 GN -m™2) similar to those reported by Morgan and
Cannell (1987), Milne and Blackburn (1989), Niklas (1992), Mencuccini et
al. (1997), Bruchert and Gardiner (2000), Peltola et al. (2000), and Silins et
al. (2000).

Hundreds of hours of data have been recorded, and a selection of the
extreme events is summarized in this paper. Wind loads were determined from
the tree calibration data. A spectral analysis was used to analyze the sway
motion and identify any dominant natural frequency using a fast Fourier
transformation method.

The sensors were calibrated in a laboratory to determine their dimensional
accuracy and frequency response. Each sensor was attached to a vibrating arm
and vibrated under a known frequency. The vibration response was linear up to
12 Hz, and the sampling was standardized to 20 Hz so that the expected
frequencies of tree sway (up to 2 Hz) were within the limits of the sensors.

RESULTS

The most pole-like tree studied is the palm (Washingtonia
robusta) that has no branches. The Italian cypress (Cupressus
sempervirens) was the next most slender tree with branches
closely aligned to the trunk. Trees with a central trunk structure
and many branches were represented by three similar hoop
pines (Araucaria cunninghamii), and finally trees with many
branches and no central trunk were represented by the
eucalypts (Eucalyptus grandis and E. teretecornus).

The sway of motion of W. robusta, is shown in Fig. 5. There
is pronounced looping and back-and-forth motion past a zero
point. The palm has a very flexible response to the wind, and
significant sideways movement occurs during the looping sway
motion. A fast Fourier transformation (FFT) analysis shows a
clearly defined peak (Fig. 5b) that indicates the palm sways
with a natural frequency of 0.28 Hz. There are no branches to
dynamically interact with the main trunk and damp oscillations,
but the canopy of fronds provide some damping of the sway
motion, even though they have relatively small mass compared
to the trunk.

The Italian cypress (Cupressus sempervirens) is a tree of very
narrow upright architecture with a shape resembling a single
central column. An Italian cypress of height of 17.0 m and
diameter at breast height (dbh) of 0.23 m was monitored during
medium winds. The motion was again complex (Fig. 6a), and the
FFT analysis (Fig. 6b) revealed two distinct peaks that indicated
two modes of sway: a primary mode at 0.26 Hz and a secondary
mode at 0.66 Hz. This tree has a flexible response to wind loading
and bends in the wind to survive. The secondary sway mode is
quite visible under wind loading and appears to be unusual in
trees. It is likely to be a mechanism for reducing failure in
windstorms. Hassinen et al. (1998) reported a similar complex
sway on an 11.1 m Scots pine (Pinus sylvestris) with a primary
sway frequency of 0.2 Hz and a secondary peak at 1.85 Hz.

Three hoop pines (Araucaria cunninghamii) of similar age
and approximately 20 m high were monitored over several
months, and a sample of data from a windstorm is shown in
Fig. 7. The sway motion is mainly in the direction of the wind
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Fig. 6.  Sway motion of Cupressus sempervirens (wind speed average 11 m-s~!) showing (a) complex sway motion and (b) spectrum showing sway

frequency with two peaks at 0.26 Hz and 0.66 Hz (2nd mode of sway).

with some looping and sideways movement occurring. The tree
never sways back past its zero or rest point, i.e., back into the
wind. The more the wind blows, the more the tree bends and
sways away from the wind. The spectral analysis shows a range
of natural frequencies but there was a distinct peak for each
tree. The FFT spectra for the three trees had peaks at 0.29 Hz,
0.30 Hz, and 0.40 Hz, and no secondary peaks occurred. The
peak indicates that the main central trunk is the dominant mass
oscillating at its natural frequency, and the branches, although
smaller in mass, are sufficient to dampen and detune the trunk
sway motion. The FFT peak is much smaller and wider for the
hoop pine than for the palm and is consistent with the dynamic
damping effect of the branches. Side limbs of this species have
a small mass compared to the mass of the main trunk but still
contribute significant mass damping.

Trees with many branches and relatively small trunk mass
were represented by a flooded gum (Fucalyptus grandis) and

two red gums (E. teretecornus). These trees were monitored for
3 months, and a sample of the sway motion of the E.
teretecornus during winds of 17 m-s~! is shown in Fig. 8. This
tree was 14.0 m high, had dbh of 0.84 m with a spreading
canopy of many branches and no central trunk. The sway
motion is similar in all three trees and is always down wind
with a complex pattern. The spectral analysis showed a broad
peak at 0.32 Hz, with many other closely spaced sway
frequencies present. This is consistent with the dynamic
response of a tree with many large side branches, that prevent
any large oscillations with dangerous harmonic sways.

DISCUSSION

Dynamic tree sway in winds appears to be greatly influenced
by the dynamic sway of the branches. As the proportion of
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(b) spectrum

Sway motion of Araucaria cunninghamii (wind speed average 12 m-s~!) showing (a) complex sway motion of tree trunk (down wind only

from zero rest point) and (b) spectrum showing sway frequency with single peak at 0.29 Hz.
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Frequency

(b) spectrum

Sway motion of Eucalyptus teretecornus (wind speed average 17 m-s~!) showing (a) complex sway motion of tree trunk (down wind only

from zero rest point) and (b) spectrum showing sway frequency with broad, single peak at 0.32 Hz.

branch mass to trunk mass increases, the natural frequency of
the trunk becomes less dominant. The branches act to dampen
or detune the whole structure. This supports the conceptual
model presented and indicates that species of trees, with
different canopy architecture, may need to be treated
differently. How branches, and by implication, branch removal
affects trees will need further study. This could influence
pruning methods and tree removal techniques so that the mass
of branch removal becomes an important consideration, as well
as sail area and canopy shape.

The mechanical stability of a tree is its ability to withstand
the wind forces that occur throughout its life. Larger trees in
exposed areas must endure the largest forces. In many areas,
unusual windstorms can generate higher than normal wind
speeds, causing failure in trees that would otherwise have
survived. The mechanics of failure are influenced by the
interaction of tree size and shape, wind speeds, and topography
(Stathers et al., 1994).

The wind forces on tree canopies create an overturning
moment about the base that is expressed in units of kilonewton
meters (KN-m). A scale of overturning moments and wind
speeds from Cullen (2002) is shown in Fig. 9 to assist
interpretation of these numbers.

Calibration tests using ropes have applied static overturning
loads up to 60 kN - m, which is approximately equal to pulling
on a rope with a force of one tonne (1000 kg or 1 ton = 2240
Ib) attached at a point 6 m above the base. This is a large value.

Measurements made with the strain meter sensors on trees
described earlier, in real wind storms have so far yielded wind
loads up to 230 kN-m on 23 m high trees in winds of 22
m-s~! (approx. 50 mph).

Tree failure begins to occur at wind speeds of approximately
25 m-s~! (60 mph) and above (Cullen, 2002; Spatz, 2000). In
extreme hurricane events with wind gusts up to 70 m-s~! (150
mph), leaves are stripped from trees and major failure occurs.
Tree failure occurred under static pull tests at 300—400 kN - m
in tests by Moore (2000), who pulled several hundred mature
trees in New Zealand. Some trees broke at the trunk, and some
pulled over as the root plate failed in the soil.

These values appear to be upper limits of actual field

measurements although other factors such as size, root
architecture, and soil type need to be considered. A failure
zone is drawn on the scale in Fig. 9a to indicate this limit.
Above this failure zone, some calculated values have been
presented. Brudi (2002) used a computer-simulated load on a
23 m tree to calculate an overturning moment of 507 kN - m.

The highest published value is 1219 kN -m for a 25 m high
tree that was assumed to have a wind force of 127 kN acting on

overturning

moment kN-m
(a) Tree stability, overturning moments
Moore 2000 Wind cod
i trees fail i Ind code
Ststlﬁ Medium Brudi (Australia)
u A 2002 Mattheck
| wind | | 560
kN-m 1 1 ]' L ] L |
0 60 180 300 400 | 507 600 1219
measured values Failure calculated values
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(b) Critical wind speeds (different scales)
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Fig. 9. Tree stability and overturning moments (units kN - m). (a) Val-
ues from studies, (b) critical wind speeds.
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a canopy at 9.6 m height (Mattheck and Bethge, 2000). This
calculation was an estimate based on a theoretical analysis of a
large tree and the wind forces needed to break the outer fibers
of the trunk.

Understanding energy transfer is the key to understanding
the complex dynamic response of the tree and its branches in
winds. Trees have evolved to grow many branches in a
complex three-dimensional architecture that benefits them
biologically and physically. The structural advantage is
minimization of sway motion and stresses, because of the
branch masses dynamically interacting with the main trunk
mass. The tree constantly responds to the loads it experiences
with two mechanisms, by either growing or shedding limbs.
Dynamic balance may be achieved by growth responses, which
are very slow, and by suddenly shedding when the wind load is
too great for the strength of a branch or limb. In light to
medium winds, small outer twigs may be shed so that each
branch maintains its detuned structure. In strong winds and
storms, large branches or even the main trunk will break, as the
tree attempts to survive the extreme conditions.

As a survival strategy, the less energy transferred from the
wind to the tree, the better the tree’s chance of survival. A
larger canopy will catch more wind, and the aerodynamic drag
will increase drag forces on the tree. Dynamic mass damping
tends to reduce the energy transfer and minimize the
occurrence of harmonic or resonant sway frequencies and so
detune the structure. The detuning process is a survival strategy
that minimizes the transfer of wind energy to the trunk and root
system and so results in greater stability.

The initial source of energy is a mass of rapidly moving air
(the wind) that applies dynamic loads to the canopy of the tree
and causes all the branches, subbranches, and the leaves to
move, often with great rapidity. Viscous forces between the air
and leaf interface can transfer significant amounts of energy.
Vogel (1996) describes storm-resisting features of the design of
trees and discusses how structures in nature use flexible
survival strategies, whereas human structures and materials are
more rigid. Because the energy can neither be created nor
destroyed (1st law of thermodynamics), the complex dynamics
and interaction of the tree with the wind needs further study to
understand the dynamic behavior of tree structures.

LITERATURE CITED

ABE, M., anD Y. Funno. 1994. Dynamic characterization of multiple tuned
mass dampers and some design formulas. Earthquake Engineering
and Structural Dynamics 23: 813-836.

BAkERr, C. J. 1995. The development of a theoretical model for the wind
throw of plants. Journal of Theoretical Biology 175: 355-372.
Baker, C. J. 1997. Measurements of the natural frequencies of trees.

Journal of Experimental Botany 48: 1125-1132.

BrackBurN, P., J. A. PErTY, AND K. F. MILLER. 1988. An assessment of the
static and dynamic factors involved in windthrow. Forestry 61: 29—
43.

BrucHerT, F., AND B. A. GarpINER. 2000. Wind exposure effects on the
mechanical properties of Sitka spruce (Picea sitchensis). In H.-C.
Spatz and T. Speck, Proceedings of 3rd Plant Biomechanics
Conference, 403-412, Freiberg, Germany. Georg Thieme Verlag,
Stuttgart, Germany.

Brupi, E. 2002. Trees and statics: an introduction. Arborist News: 11: 28—
33.

CuLLEN, S. 2002. Trees and wind: wind scales and speeds. Journal of
Arboriculture 28: 237-242.

DEeN HARTOG, J. P. 1956. Mechanical vibrations. McGraw-Hill, New York,
New York, USA.

JAMES ET AL.—MECHANICAL STABILITY OF TREES UNDER DYNAMIC LOADS

ICC Docket No. 11-0588
ComEd Ex. 16.04

1529

FLesch, T. K., anD J. D. WiLsoN. 1999. Wind and remnant tree sway in
forest cutblocks. II. Relating measured tree sway to wind statistics.
Agricultural and Forest Meteorology 93: 243-258.

GaLiLel G. 1638. Dialogues concerning two new sciences. Translation by
H. Crew and A. de Salvio. 1954. Dover Publications, Mineola, New
York, USA.

GARDINER, B. A. 1995. The interactions of wind and tree movement in
forest canopies. /n M. P. Coutts and J. Grace [eds.], Wind and trees,
41-59. Cambridge University Press, Cambridge, UK.

Gurrarp, D. G. E., axp P. Castera. 1995. Experimental analysis and
mechanical modelling of wind-induced tree sways. /n M. P. Coutts
and J. Grace [eds.], Wind and trees, 182—194. Cambridge University
Press, Cambridge, UK.

HassiNen, A., M. LEMETTINEN, H. PeLTOLA, D. KELLOMAKI, AND B. A.
GARDINER. 1998. A prism-based system for monitoring the swaying of
trees under wind loading. Agricultural & Forest Meteorology 90:
187-194.

Heppen, R. L., T. S. FREDERICKSEN, AND S. A. WiLLIAMS. 1995. Modeling
the effect of crown shedding and streamlining on the survival of
loblollypine exposed to acute wind. Canadian Journal of Forest
Research 25: 704-712.

Horso, H. R., T. C. CoLBETrT, AND P. J. HorTON. 1980. Aeromechanical
behaviour of selected Douglas-fir. Agricultural Meteorology 21: 81—
91.

Jacoss, M. R. 1936. The effect of wind on trees. Australian Forestry 1:
25-32.

James, K. R. 2003. Dynamic loading of trees. Journal of Arboriculture 29:
165-171.

KERZENMACHER, T., AND B. A. GARDINER. 1998. A mathematical model to
describe the dynamic response of a spruce tree to the wind. Trees 12:
385-394.

MartTHECK, C., AND K. BETHGE. 2000. Simple mathematical approaches to
tree biomechanics. Arboricultural Journal 24: 307-326.

MAYER, H. 1987. Wind induced tree sways. Trees 1: 195-206.

MavHEAD, G. J. 1973. Sway periods of forest trees. Scottish Forestry 27:
19-23.

MAaYHEAD, G. J., B. H. GARDINER, AND D. W. DURRANT. 1975. A report on
the physical properties of conifers in relation to plantation stability.
Forest Commission Research and Development Division, Roslin,
Midlothian, UK.

MEencucciNg, M., J. GRACE, AND M. FioravanTi. 1997. Biomechanical and
hydraulic determinants of tree structure in Scots pine: anatomical
characteristics. Tree Physiology 17: 105-113.

Mung, R. 1991. Dynamics of swaying of Picea sitchensis. Tree
Physiology 9: 383-399.

MILNE, R., AND P. BLACKBURN. 1989. The elasticity and vertical distribution
of stress within stems of Picea sitchensis. Tree Physiology 5: 195—
205.

Moorek, J. R. 2000. Differences in maximum resistive bending moments of
Pinus radiata trees grown on a range of soil types. Forest Ecology
and Management 135: 63-71.

Mooreg, J. R. 2002. Mechanical behaviour of coniferous trees subjected to
wind loading. Ph.D. dissertation, Oregon State University, Oregon,
USA.

Moorg, J. R., anp D. A. Macure. 2004. Natural sway frequencies and
damping ratios of trees: concepts, review, and synthesis of previous
studies. Trees 18: 195-203.

Mooreg, J. R., AND D. A. MaGUIRE. 2005. Natural sway frequencies and
damping ratios of trees: influence of crown structure. Trees 19: 363—
373.

MoraaN, J., AND M. G. R. CANNELL. 1987. Young’s modulus of sections of
living branches and tree trunks. Tree Physiology 3: 355-364.

Nikras, K. J. 1992. Plant biomechanics. An engineering approach to plant
form and function. University of Chicago Press, Chicago, Illinois,
USA.

Nikras, K. J., anp H.-C. Spatz. 2000. Wind-induced stresses in cherry
trees: evidence against the hypothesis of constant stress levels. Trees
14: 230-237.

PeLtoLa, H., S. KeELLoMAKI, A. HASSINEN, M. LEMETTINEN, AND J. AHO.



1530

1993. Swaying of trees as caused by wind: analysis of field
measurements. Silva Fennica 27: 113-126.

PeLtoLa, H., S. KeLLomaki, A. HASSINEN, AND M. GRANANDER. 2000.
Mechanical stability of Scots pine, Norway spruce and birch: an
analysis of tree-pulling experiments in Finland. Forest Ecology and
Management 135: 143—-153.

Rupnicki, M., U. Siins, V. J. LIEFrerD, AND G. Josi. 2001. Measure of
simultaneous tree sways and estimation of crown interactions among
a group of trees. Trees 15: 83-90.

SaunDERrsoN, S. E. T., A. H. ENGLAND, AND C. J. BAKER. 1999. A dynamic
model of the behaviour of Sitka spruce in high winds. Journal of
Theoretical Biology 200: 249-259.

SEEGER, R. J. 1966. Galileo Galilei, his life and works. Pergamon Press,
New York, USA.

SELLIER, D., anp T. Fourcaup. 2005. A mechanical analysis of the
relationship between free oscillations of Pinus pinaster Ait. saplings
and their aerial architecture. Journal of Experimental Botany 56:
1563-1573.

SHiGo, A. 1986. A new tree biology. Shigo and Tree Associates, Durham,
New Hampshire, USA.

AMERICAN JOURNAL OF BOTANY

ICC Docket No. 11-0588
ComEd Ex. 16.04

[Vol. 93

SiLins, U., V. J. Lierrers, AND L. Bach. 2000. The effect of temperature on
mechanical properties of standing lodgepole pine trees. Trees 14:
424-428.

Spatz, H.-C. 2000. Greenhill’s formula for the critical Euler buckling
length revisited. Proceedings of 3rd Plant Biomechanics Conference,
403-412, Freiberg, Germany. Georg Thieme Verlag, Stuttgart,
Germany.

Sratz, H.-C., anp F. BRUECHERT. 2000. Basic biomechanics of self-
supporting plants: wind loads and gravitational loads on a Norway
spruce tree. Forest Ecology and Management 135: 33—44.

StaTHERS, R. J., T. P. ROLLERSON, AND S. J. MiTcHELL. 1994. Windthrow
handbook for British Columbia forests. B.C. Ministry of Forests,
Victoria, British Columbia, Canada.

SUGDEN, M. J. 1962. Tree sway period: a possible new parameter for crown
classification and stand competition. Forestry Chronicle 38: 336-344.

TmvosHENKO, S. 1955. Strength of materials. Van Nostrand, New York,
New York, USA.

VoceL, S. 1996. Blowing in the wind: storm-resisting features of the
design of trees. Journal of Arboriculture 22: 92-98.





