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The behavior of coniferous trees subjected to wind loading was investigated

through a series of experiments and also through simulation modeling. Previous

studies that measured the natural oscillation frequencies and damping ratios were

reviewed and equations were developed for predicting the natural frequency of a

tree from the ratio of diameter at breast height to total tree height squared (i.e.,

DBHJH2). Experiments were performed on nine plantation-grown Douglas-fir

(Pseudotsuga menziesii Mirb. Franco) trees to quantify the effects of crown

removal on natural frequency and damping ratio. Results showed that pruning

increased natural frequency; however at least 80% of the crown mass needed to be

removed before this increase was noticeable. This effect was consistent across all

trees and a single equation was developed that enabled the natural frequency of a

tree of given size and pruning intensity to be predicted.



The dynamic behavior of three Douglas-fir trees was modeled with the

finite element method (FEM). Bole and branch geometry were measured in detail

for each tree, enabling the first order branches from each tree to be represented as

individual cantilever beams attached to the bole. Predicted natural frequencies of

the three trees were in close agreement with observed values, and both natural

frequencies and damping ratios were very sensitive to branch modulus of elasticity.

Damped free vibration tests were conducted on two instrumented Douglas-

fir trees by displacing the bole and measuring the oscillations of the bole and

selected branches. Results showed that branch oscillation frequency was similar to

the natural frequency of the tree, but different from the natural frequency of the

individual branches themselves. In this situation the branches behaved as forced

damped harmonic oscillators with the forcing frequency equal to the natural

frequency of the whole tree. Measurement of the oscillations of selected branches

during strong winds indicated that branches primarily oscillated at frequencies

below their natural frequency. Some higher frequency oscillations were observed,

however these may be noise in the data. Results did not appear to support the

theory that branch natural frequencies are similar to the first harmonic of whole tree

natural frequency.
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THE MECHANICAL BEHAVIOR OF CONIFEROUS TREES SUBJECTED TO
WiND LOADING

CHAPTER 1

GENERAL INTRODUCTION



1.1 EFFECTS OF WIND ON FORESTS

Wind is an important factor affecting both individual trees and entire forests

in many temperate and tropical regions of the world. In some circumstances

damage caused by wind can be seen as creative opportunity to promote ecological

succession and structural diversity (Quine and Gardiner, 1991), however the effects

of wind damage on forests are generally viewed in a negative light. Damage to

forests can be exacerbated by the insects and pathogens which colonize the fallen

trees. For example, Ruth and Yoder (1953) noted that in the Oregon Coast Range,

USA, an additional 12.3% of green timber was killed by the Douglas-fir bark beetle

during the summer following a wind damage event in 1951. Partial defoliation of

trees which survive a ston-n can also reduce growth rates, and the woody debris

resulting from wind damage can increase the risk of fire.

In addition to its damaging effects, wind also has an influence on stem form

(Larson, 1963; King and Loucks, 1978; Telewski, 1995), it can affect the water

balance of a forest (increased wind speeds generally result in increased evaporation

rates) and it is responsible for the transport of water vapor, pollen, seeds and CO2

(Bull and Reynolds, 1968; Grace, 1977; Jones 1992). Wind damage in the form of

uprooting is responsible for soil mixing; it is the most obvious form of

floralturbatjon (Schaetzl et al. 1989).

2
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Observations of wind damage in forests have been made ever since forests

began to be managed. Documented examples of storm damage to trees in Wales

date back as early as 1236 (Linnard, 1982 cited in Quine, 1991). In the Saxony

region of Germany, forest management techniques to guard against the damaging

effects of wind have been practiced since the early 1800s (Jacobs 1936). In Britain,

major wind damage events have occurred in 1953, 1968, 1976, 1987 and 1990

(Quine 1988; 1991). These storms combined have resulted in damage to

approximately 9.6 million m3 of timber, with greater volumes damaged in less

intense but more frequent storms (Atterson, 1980). Wind damage has also occurred

in many other European countries, for example storms in 1972 and 1973 caused

damage to 19 million m3 of timber in Germany, while a storm in 1982 resulted in

12 million m3 of damaged trees in the Massif Central region of France. Storms in

Denmark in 1967 and 1981 caused damage to 2.3 million m3 and 3 million m3 of

timber, respectively, and in the Czech Republic, more than 50% of the total timber

yield between the years 1981 to 1990 had to be cut down due to injuries, mostly

wind or snow damage (Slodicak, 1995).

Damage has also been reported in Japan, Australia (Cremer et al., 1977;

Cremer 1984) and New Zealand. In New Zealand, major storms have occurred in

1945, 1964, 1968, 1975, 1982 and 1988 and have resulted in over 50, 000 hectares

of damage (Somerville et al., 1989; Somerville, 1995).
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In North America, the risk of wind damage may not be the constraint on

silviculture that it is in Europe, however Mergen (1954) noted that losses due to

wind damage and agents other than fire account for 2.5% of the annual drain on the

timber resource of the United States. In British Columbia, Canada, wind damage is

estimated to amount to 4% of the annual allowable cut (Mitchell, 1995). A number

of major events have occurred, including Hurricane Hugo which destroyed 1.8

million ha of pine and hardwood forests in South Carolina in 1989 (Sheffield and

Thompson, 1992), while Hurricane Andrew which hit Lousiana in 1991 caused an

immediate impact on forest resources, estimated at $38.6 million (Leininger et al.,

1997). Hurricanes have also caused damage to forests in the Northeastern United

States (Everham, 1995, Foster and Boose, 1995). In the Pacific Northwest, a storm

in 1951 damaged 3.7 billion BF (24.6 million m3) in the Oregon Coast Range (Ruth

and Yoder, 1953), while the Columbus Day storm in November 1962 caused

damage to an estimated 13.5 million m3 of timber (2.638 BBF).

1.2 MODELING THE DAMAGING EFFECTS OF WIND

In response to this damage, a number of authors have developed

classification schemes to address the risk of wind damage (Quine, 1995). A number

of systems have been developed which combine some or all of the factors affecting

the risk of damage. Many of these systems are qualitative and attempt to allocate
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rankings to sites, soil types and silvicultural treatments to produce an overall index

of risk (e.g., Stathers et al., 1994; Mitchell, 1995; 1998; Lekes and Dandul, 2000).

One of the most comprehensive risk assessment systems is the British Windthrow

Hazard Classification (Miller, 1985).

More quantitative assessments of risk, and the investigation of the effects of

both individual tree characteristics and stand structure on this risk, can be achieved

using mechanistic models that attempt to model the processes causing wind

damage. These models calculate the minimum wind speed required to produce an

applied bending moment of equal magnitude to the maximum resistive bending

moment that can be provided by the tree. This latter term defines the maximum

resistance of the roots-soil plate to uprooting or the stem to breaking. In recent

years a number of mechanistic models have been developed (e.g., Smith et al.,

1987; Blackburn et al., 1988; Peltola and Kellomaki, 1993; Baker, 1995; Moore

and Somerville, 1998; Gardiner and Quine, 2000; Gardiner et al., 2000).

Although understanding the static behavior of trees provides a good basis

for understanding their overall behavior, it is a simplification of reality. Based on

actual measurements made during a storm, Oliver and Mayhead (1974) found that

theoretical wind speeds required to damage trees were higher than those actually

recorded. They suggested that this discrepancy was because of the deterioration of

root anchorage strength due to tree vibration. However, the vibration or dynamic

behavior of trees does not simply act to reduce the strength of the root anchorage.
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The response of a tree depends on the frequency of wind loading as well as the

magnitude. In situations where the frequency of wind gusts is close to the natural

frequency of the tree, dynamic effects are likely to increase the bending of stems

and hence the load on the root system (Mime, 1991).

While few of the mechanistic models described previously incorporate the

dynamic response of trees to wind loading, considerable research has been

conducted in this area. Several researchers (Holbo et al., 1980; Mayer, 1987;

Gardiner, 1994; 1995; Flesch and Wilson, 1999) have related the movement of a

tree stem to the turbulent component of the wind acting on it. In each case, the

authors developed a mechanical transfer function to relate the input wind speed to

the tree displacement. Other authors (Kerzenmacher and Gardiner, 1998; Flesch

and Wilson, 1999) have used structural dynamics theory to predict the response of

trees to applied wind loading, generally with satisfactory results.

In all of these studies there has been little or no emphasis on the behavior of

tree crowns under an applied wind load, nor indeed the influence of crown structure

on the dynamic properties of trees (i.e., natural frequency and damping). This is not

only important for understanding the effects that pruning treatments may have on

the behavior of trees in strong winds, but treating branches as masses lumped

together rather than as separate cantilevers coupled to the stem of the tree has been

identified by Kerzenmacher and Gardiner (1997) as a weakness of their model of

the dynamic behavior of trees. The interaction between the vibration modes of
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different elements of a tree may be an important adaptation to efficiently take

energy absorbed from the wind and convert it into turbulent energy shed as vortices

from branch tips (Scannell 1984; Gardiner 1995). The overall aim of the work

described in this dissertation is to better understand the effects of crown structure

on the dynamic behavior of trees. The strategy for accomplishing this goal involved

collection of data on the dynamic properties of trees and branches and the

development of models of tree behavior that represent the branches as coupled

cantilever beams.

This dissertation is presented in the form of five manuscripts (Chapters 2-6)

that provide self-contained summaries of particular aspects of the overall study.

When combined, they examine crown structure at increasingly finer scales from

whole crowns to individual branches. Chapter 2 defines the two commonly

measured dynamic properties of trees; natural frequency and damping ratio,

describes various techniques for their measurement, and provides a synthesis of the

results from previous studies. The next chapter (Chapter 3) investigates the

relationship between tree size and natural frequency for Douglas-fir (Pseudotsuga

menziesii Mirb. Franco) trees and also the effect of progressive removal of the

crown on natural frequency and damping ratio. The natural frequencies and

damping ratios of branches are investigated in Chapter 4. This information is used

to test the aeroelastic similarity theory of Scannell (1984) and to construct models

that simulate the dynamic behavior of trees with their branches explicitly
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represented (Chapter 5). Data on the response of branches to actual wind loading is

required to validate and refine these models. Chapter 6 describes an experiment

examining the suitability of strain gauge transducers for measuring the response of

branches to actual wind loading and presents some preliminary findings.
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NATURAL SWAY FREQUENCIES AND DAMPING RATIOS OF TREES: I.
CONCEPTS, REVIEW AND SYNTHESIS OF PREVIOUS STUDIES
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2.1 ABSTRACT

This chapter reviewed a number of previous studies that measured the

natural frequencies and damping ratios of coniferous forest trees. Analysis of

natural frequency measurements from 602 trees belonging to eight different

species, showed that natural frequency was strongly linearly related to the ratio of

diameter at breast height to total tree height squared (i.e., DBHIH2). After

accounting for their size, pines (Pinus spp.) were found to have a significantly

lower natural frequency than both spruces (Picea spp.) and Douglas-fir

(Pseudotsuga spp.). Natural sway frequencies of debranched trees were

significantly higher than those of the same trees with the branches intact, and the

difference increased with an increasing ratio of DBHJH2. Damping mechanisms

were discussed and methods for measuring damping ratio were presented. Analysis

of available data suggested that internal damping ratios were typically less than

0.05 and were not related to tree diameter. External damping was mainly due to

aerodynamic drag on the foliage and contact between the crowns of adjacent trees.

Damping due to crown contact has been suggested by a previous author to be a

function of both the distance to and the size of adjacent trees. Therefore, it may be

possible to model it as a function of stand density index (SDI), a common forestry

measure that incorporates both of these variables. Analysis of data from previous

wind-tunnel studies indicated that damping due to aerodynamic drag was a

14
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nonlinear function of velocity and that the damping ratio could be predicted from a

knowledge of crown frontal area and the foliage drag coefficient.

2.2 INTRODUCTION

Damage from wind storms is a problem in forests in many parts of the

world (Quine and Gardiner, 1991; Everham, 1995). In response to this damage a

number of authors have developed classification schemes to address the risk of

wind damage (Quine, 1995). Many of these schemes have a strong empirical basis

and provide only a qualitative assessment of risk (i.e., low, medium, high etc.).

However, more quantitative assessments of risk, and the investigation of the effects

of both individual tree characteristics and stand structure on this risk, can be

achieved using mechanistic models which attempt to model the processes that

cause wind damage. A major component of these mechanistic models is a sub-

model which predicts the response of a tree to a particular wind load. The simplest

models treat the applied wind load acting on a tree as a static force (i.e., invariant

with respect to time) and use engineering beam theory to determine the deflection

from the vertical, the maximum bending moment at the base of the tree, as well as

the vertical distribution of stresses within the tree. Although understanding the

static behavior of trees provides a good basis for understanding their overall

behavior, it is a simplification of reality. Trees are dynamic systems and their
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behavior varies with time. The response of a tree is frequency dependent with the

tree responding most to wind gusts at frequencies close to its resonant frequency

and its harmonics (Gardiner, 1992). In these situations the dynamic effects are

likely to increase the bending of stems and hence the load on the root system

(Mime, 1991).

There are two approaches to quantifying the response of a tree to a given

fluctuating wind force. The first requires both the wind force and tree response

spectra to be measured and a mechanical transfer function developed to relate the

two (e.g. Holbo et al., 1980; Mayer, 1987). Alternatively, if we have information

on the dynamic properties (i.e., natural frequency and damping) of trees then it is

possible to characterize their response to any known applied force by employing a

mechanical model (e.g. Baker, 1995; Kerzenmacher and Gardiner, 1998; Flesch

and Wilson, 1999). This latter approach allows the effects of manipulating various

tree and stand characteristics to be investigated. However, information on natural

frequencies and damping ratios of trees is sparse and is often contained in

unpublished reports. This paper summarizes available information on these

properties, reviews studies that have attempted to predict them from certain tree

characteristics, and draws comparisons between species.



2.3 NATURAL FREQUENCY

Periodic motions can be described by a few basic characteristics, the most

important of which are amplitude (y); period (T) and frequency (J). For simple

harmonic motion, amplitude is defined as the maximum displacement from the rest

position. Period is the time required to complete one cycle of motion (Figure 2.1).

Frequency is the inverse of period, i.e., the number of repetitive cycles which occur

during a unit time:

f=1/T

[2.1]

The natural frequencies of a tree are the frequencies it will inherently

oscillate at under free vibration, and at which resonance will occur if it is excited at

one or more of these frequencies. These different natural frequencies are associated

with the various modes of vibration that can occur in the tree. The mode of

vibration is determined by the number of half sine waves that occur in the vibrating

body, and higher modes are characterized by higher natural frequencies. The first

natural frequency normally dominates the response of a tree and most studies have

focused on determining this property.
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Figure 2.1. Typical amplitude-time relationship for damped free vibration.

2.3.1 Previous Studies

Estimates of natural frequency have been obtained from studies where trees

are forced to sway with an attached rope and then released and allowed to adopt

their natural frequency (i.e., damped free vibration). One of the earliest known

studies was conducted by Sugden (1962) who used a stopwatch to measure the

natural periods of 826 red (Pinus resinosa Ait.) and white pine (Pinus strobes L.)

trees growing in four plantations and one native stand at the Petawawa Forest
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Experiment Station, Ontario, Canada (Table 2.1). During the 1960's, the British

Forestry Commission used the same method to measure the sway periods of 143

plantation-grown trees from five different species: Sitka spruce (Picea sitchensis

Bong Can), Douglas-fir (Pseudotsuga menziesii Mirb. Franco), Norway spruce

(Picea abies L.), Lodgepole pine (Pinus contorta Dougi. ex Loud.) and Corsican

pine (Pinus nigra Arnold). These data were presented and analyzed by Mayhead

(1973a). A further study was performed by the British Forestry Commission in the

1970's (Mayhead et al., 1975). This time the sway periods were calculated from

displacement measurements made using a chart recorder. More recent studies

(Mime, 1991; Gardiner, 1992; Roodbaraky et al., 1994; Flesch and Wilson, 1999)

have used portable dataloggers to record the output from tree displacement sensors.

These sensors ranged from rotary or linear potentiometers connected to the tree by

thin wires (Milne, 1991; Gardiner, 1992; Roodbaraky, 1994), to bi-axial tilt sensors

(Flesch and Wilson, 1999), through to prism based systems (Hassinen et al., 1998).

Accelerometers have also been used to measure the motion of trees (White

et al., 1976; Peltola et al., 1993). However, the initial position of the tree must be

estimated, and any error is then compounded during the two stages of integration

required to obtain displacement. This leads to an accumulating error in calculated

displacement, also know as "zero drift" (White et al., 1976; Peltola et al., 1993;

Hassinen et al., 1998). The natural frequency of trees has also been determined by

measuring the power spectrum of tree velocity using a Laser Doppler



20

Interferometer (Baker, 1997). This method has been used to measure the natural

frequency of building structures and provides results that are consistent with those

obtained from free sway tests.

Table 2.1. Summary of raw data from studies to determine tree natural frequency.
Mean values are presented along with standard deviations () and ranges { }.

M73 = Mayhead (1973a); MGD75 = Mayhead et al. (1975); M91 = Mime (1991); 092 = Gardiner
(1992); GBDW97 = Gardiner et al. (1997); FW99 = Flesch and Wilson (1999); S62 = Sugden
(1962); M3 = Moore (Chapter 3).

Genus / Species n DBH (cm) Height (m) Stem mass (kg) 1 (Hz) Author
Spruce (Picea spp.)
Sitka spruce 79 22.2 (3.2) 16.0 (2.2) 364.4 (125.5) 0.39 (0.08) M73

(16.3, 30.0) (9.1, 18.9) (132.3, 701.5) (0.27,0.71)
Sitka spruce 69 17.6(3.4) 12.4 (3.3) 0.58 (0.25) MGD75

(7.2,26.5) (6.0,17.5) (0.30, 1.39)
Sitka spruce 6 14.5 (3.0) 14.2 (0.9) 123.1 (53.4) 0.35 (0.06) M91

(10.6, 18.3) (13.0, 15.5) (61.5, 190.8) (0.25, 0.40)
Sitka spruce 10 16.7(2.5) 15.1 (1.2) 167.3 (56.1) 0.33 (0.05) G92

(13.0,20.6) (13.4, 17.1) (74.8, 256.8) (0.26,0.43)
Sitka spruce 11 17.6(3.1) 11.5(0.7) 113.4(28.2) 0.57 (0.12) GBDW9

(14.2, 22.6) (10.4,12.7) (82.0, 167.0) (0.39, 0.74) 7
Norway spruce 8 21.1 (2.2) 15.3 (0.6) 323.0 (70.6) 0.39 (0.03) M73

(17.0, 23.4) (14.6, 16.5) (233.5, 431.5) {0.34, 0.43)
White spruce 6 21.0(4.7) 13.8(1.9) 0.40 (0.07) FW99

(17.0, 30.0) (12.1, 17.2) (0.32, 0.49)
Pine (Pinus spp.)
Corsican pine 40 19.6(3.2) 12.8(1.6) 245.5 (121.6) 0.45 (0.10) M73

(14.5, 27.4) (9.5, 15.9} (122.4, 610.2) (0.32,0.83)
Corsican pine 17 21.0 (5.3) 14.2 (2.3) 0.35 (0.04) MGD75

(13.5, 28.0) (11.5, 17.7) (0.29,0.42)
Lodgepole pine 8 20.7(2.3) 11.4(1.0) 274.9 (70.4) 0.56 (0.09) M73

(17.8, 24.4) (9.8, 12.5) (180.0, 347.4) (0.44,0.65)
Lodgepole pine 32 20.5 (3.7) 14.8 (1.8) 0.41 (0.07) MGD75

(15.5, 30.0) {11.5, 18.5} (0.24, 0.60)
Scots pine 16 24.0(3.2) 16.1 (1.3) 0.35 (0.04) MGD75

(19.5, 29.5) (13.3, 18.5) (0.29, 0.42)
Red pine 284 16.7(4.6) 13.6(1.2) 0.32 (0.08) S62

(6.9, 27.8) (7.9, 15.8) (0.16. 0.56)
Douglas-fir
Douglas-fir 8 25.9(3.1) 17.8(1.2) 612.5 (146.9) 0.33 (0.04) M73

(21.8, 29.2) (16.5, 19.5} (390.0, 799.0) (0.30, 0.40)
Douglas-fir 9 28.9(7.4) 16.8 (2.1) 0.48 (0.10) M3

(19.2,38.1) (14.3,20.0) (0.35, 0.66)



2.3.2 Models to Predict Natural Frequency

In many cases the aim of mechanistic wind damage models is to predict the

risk of damage to trees of different dimensions. Therefore, information on the

natural frequency of trees with these dimensions is required. Because of the effort

required to measure natural frequency (as possibly evidenced by the scarcity of

data), it is desirable to be able to predict the natural frequency of a tree from

measurements of certain basic dimensions (e.g., height, diameter at breast height).

The same authors who collected data on natural frequencies usually also

attempted to model these frequencies as a function of tree size. Sugden (1962)

introduced an equation for predicting the period (T) of a weightless beam fixed at

one end, with mass (M) concentrated on it at a distance (L) from the fixed end. This

equation was incorrectly printed in the 1962 paper and should have read:

T=b0/AñJ [2.2]

While he found that this equation was appropriate for predicting the sway

period of a bamboo rod with a weight attached to it, Sudgen (1962) noted that a tree

could not be considered as a weightless beam because it had its mass distributed

along its length. However, he did point out that, in general, tree sway period

decreased as diameter increased (height and branch weight remaining constant) and

increased as height increased (all else remaining constant).
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Later, Mayhead (1973a) fitted a number of models to the data collected

during the 1960's by the British Forestry Commission. He found that sway period

was best predicted by the following equation:

T = 0.86 + 0.74
HMH
DBH2

where, DBH = diameter at breast height (cm), and H = total tree height (m).

Mayhead (1973a) also noted the poor performance of the equation introduced by

Sugden (1962). Unfortunately, this comment was based on the incorrect version of

the equation. Refitting the correct version of the equation to Mayhead' s data

revealed that it accounted for 34.8% of the variation in T, rather than the 26.2%

indicated by Mayhead (1973a). Equation [2.3] also contains tree mass (M) in the

independent variable. This quantity is not normally measured in practice by

foresters, but is predicted as a function of DBH2H. Substituting M oc DBH2H into

Eq. [2.3] and simplifying gives:

T=b0+b1 H2

DBH
[2.4]

where, b0 and b1 are model parameters. This equation is very similar to the

approximate theoretical relationship developed using the Rayleigh method by

Gardiner (1992). The Rayleigh method is based on the principle of conservation of



23

energy; i.e., the energy in a freely vibrating system must remain constant if no

damping forces act to absorb it (Clough and Penzien, 1993). By equating the

maximum kinetic energy which occurs as the tree sways through the rest position to

the change in gravitational potential energy which occurs between the rest

condition and the limit of displacement, Gardiner (1992) showed that:

T = b0

dLJ.

H2

p

where dL is basal diameter, E is Young's modulus of elasticity and p is wood

density. If the ratio of Young's modulus to density is approximately constant and

basal diameter is proportional to DBH, then Eq. [2.5] can be simplified to:

DBHT=b0 ITI orf=b1
H2

A plot of natural frequency versus DBH/H2 for all data described in Table 2.1 is

shown in Figure 2.2. Because of a concentration of data points at values of DBHJH2

less than 0.20 and some suggestion of non-homogenous variance, weighted least

squares (WLS) regression was used to fit the model to the data. Fumival's Index of

Fit (Fumival, 1961) was used to assess model fit. The best model fit was obtained

when the data were weighted by (DBHIH2 ) with the resulting equation being:

[2.5]

[2.6]



f 0076631219DBH
H2

(0.008 1) (0.0853)

where, standard enors of the parameters are given in parentheses. This model was

found to satisfy the assumptions of linear regression.
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Figure 2.2. Relationship between natural frequency and DBITIH2 for all data listed
in Table 2.1. The equation for the line passing through the data is given by Eq.
[2.7].



2.3.3 Species Differences

Species differences were investigated by grouping trees according to genus

(i.e., pines, spruces and Douglas-fir). Indicator variables were created for pines and

Douglas-fir such that:

1 if genus = Pinus

0 otherwise

1 if genus = Pseudotsuga
d 0 otherwise

DBHf Ø094834317DBH
0.7765I

H2 H2

(0.0068) (0.0725) (0.0459)

[2.8a]

[2.8b]

The model was refitted with spruce as the base genus and separate slopes and

intercepts for pines and Douglas-fir, i.e.,

DBH DBH DBH
f = b0 +b1I +b2Id +b3

H2 H2
+b5Id

H2
[2.9]

where, b0. . . .b5 are model parameters. After accounting for DBHIH2, natural

frequencies of pine were significantly lower than those of spruce and Douglas-fir

(p<O.001). The intercept terms for pine and Douglas-fir, and the slope term for

Douglas-fir were not significantly different from those for spruce (i.e., b1, b2 and b4

= 0; p = 0.344). The refitted model with parameter estimates and associated

standard errors is given by equation [2.10]:

[2.10]
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While he did not test for differences in natural frequency between species,

Mayhead (1973) suggested that if they did exist then they might be due to

differences in factors such as branch form and flexibility, length of canopy and

form factor. Sugden (1962) also noted that the heavier the crown of a tree, or the

higher its center of mass, the lower the natural frequency. Therefore, for a given

DBHJH2, pines could be expected to have higher centers of mass or heavier crowns,

or both. Additionally, in reducing Eq. [2.5] to Eq. [2.6], it was assumed that the

ratio of E/p was constant. This assumption may not hold across species. Data

from the USDA Wood Handbook (Forest Products Laboratory, 1999) indicates that

the ratio of E/p for green timber is approximately 15% greater for Douglas-fir,

Grand fir and Sitka spruce than for Lodgepole pine and Red pine.

2.3.4 Effect of Branch Removal

Mime (1991) and Gardiner (1992) found that sway periods of trees are

greater after its branches are removed. A plot of their data, collected from 16 Sitka

spruce trees, along with those from 6 red pine (Sugden, 1962) and 9 Douglas-fir

trees (Chapter 3) is shown in Figure 2.3. The difference in natural frequency

between the branchless bole and the whole tree increases with increasing DBHIH2

as does the ratio of these two frequencies (Figure 2.4).
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For unpruned trees, a larger value of DBHIH2 implies a greater crown

length and crown mass. This would act to attenuate the slope of the relationship

between whole-tree natural frequency and DBHIH2. For those trees where data

existed, significant linear relationships were found between branch mass and

DBHIH2 (Figure 2.5). The increase in branch mass with increasing DBHJH2 was

much greater for the red pine trees measured by Sugden (1962) than for the Sitka

spruce trees measured by Milne (1991) and Gardiner (1992). Data collected by

Sugden (1962) came from a single stand where the relative variation in height was

small compared to that in DBH. Damping due to aerodynamic drag on the foliage is

proportional to velocity (see Section 2.4 on Damping), therefore trees with higher

ratios of DBHJH2 would be expected to have greater damping ratios because they

oscillate at higher natural frequencies.
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Figure 2.3. Comparison of natural frequency between the stem only and the whole
tree for 16 Sitka spruce, 6 red pine and 9 Douglas-fir trees.
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Figure 2.4. Ratio of stem-only (i.e., all branches removed) natural frequency to
whole-tree natural frequency for 16 Sitka spruce, 6 red pine and 9 Douglas-fir trees.
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2.3.5 Effect of Snow Loading

During the British Forestry Commission's aeromechanical experiments at

Rivox Forest in the 1980's, natural frequency measurements were made on two

Sitka spruce trees (H 9.25 m) when 1-2 cm of snow were present in the crowns.

A comparison of the results with those when no snow was present revealed an

approximate 30% reduction in natural frequency. From Equation [2.3] it is apparent

that the additional mass of the snow will result in a reduction in natural frequency,

however no information was available which quantified the actual mass of snow

that accumulated in the crowns of the Rivox trees.
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Figure 2.5. Relationship between branch mass (kg) and DBH/H2 for red pine and
Sitka spruce trees.



2.4 DAMPING

The dynamic motion of a tree is attenuated by damping which acts to

dissipate energy. This damping arises from a number of sources which Hoag et al.

(1971) grouped into internal and external. Internal damping is due to the friction of

the root-soil connection and the internal friction of the wood (Mayhead et al., 1975;

Blackburn et al., 1988; Gardiner 1989; Milne 1992; Wood, 1995). External

damping is due to the aerodynamic drag of the crown and also to collisions

between crowns of neighboring trees.

It is not usually possible to determine the amount of damping by using

physical considerations because the basic energy-loss mechanisms are seldom fully

understood (dough and Penzien, 1993). However, it is common practice to assume

that damping is proportional to velocity (i.e., viscous damping) as this leads to a

convenient form of the equations of motion. Assuming viscous damping, the total

damping force (Fd) acting on a tree is given by:

Fd (t) c)1(t) = 4mnf5'(t) [2.111

where, c is the damping coefficient (kg s m1),f is the tree natural frequency (Hz),

m is the mass (kg), is the equivalent viscous damping ratio, and 5'(t) is the tree

velocity at time t (m 1) The equivalent viscous damping ratio can be determined

by experimental methods (dough and Penzien, 1993).
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2.4.1 Measurement

A number of methods exist for calculating the viscous damping ratio of a

tree. The most commonly used and simplest is the free vibration decay method.

Using this method the damping ratio (i.e., the proportion of critical damping) can

be determined from the ratio of two peak displacements y, and measured

over m cycles. From the equations of motion for damped free vibration, it can be

shown that the ratio of these two successive peaks is given by:

7

yn = exp
2mit

[2.12]
Yn+m

Taking the natural logarithms of both sides yields an expression for the logarithmic

decrement of damping (8):

81n 2miz
[2.13]

Y+m

For low values of damping (i.e., 4approx <0.2), this equation can be solved for to

give:

approx
Yn - Yn+m [2.14]
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Because of the simplifications made in solving Eq. [2.13], Eq. [2.14]

consistently overpredicts damping ratio, with the overprediction greatest for larger

damping ratios. Fortunately, this overprediction occurs in a systematic manner and

a conection factor can be applied. By solving Eq. [2.13] iteratively and comparing

the results to Eq. [2.14] an equation for correcting the results from Eq. [2.14] was

developed.

= approx
exp(_1.336(pp0)O7175)

[2.15]

A major advantage of the free vibration method is the minimal

instrumentation requirements. If damping is truly of the linear viscous form, any set

of nz consecutive cycles will yield the same damping ratio. However, for many

structures the damping ratio is often found to be amplitude dependent, with the

damping ratio decreasing with decreasing amplitude of free vibration response

(Clough and Penzien, 1993). For trees, Wood (1995) argued that the free vibration

method does yield a constant value of the damping ratio.

Damping ratios can also be determined from methods that investigate the

response of the tree to harmonic inputs of different frequencies. One of the most

convenient of these is the half-power (band-width) method, whereby the damping

ratio is determined from the frequencies at which the response amplitude is reduced

to the level i/.J times its peak value (dough and Penzien, 1993). These methods

have not been used in previous studies on tree damping, but equipment developed
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by O'Sullivan and Ritchie (1992) and Rodgers et al. (1995) could be used to excite

the trees at different frequencies.

2.4.2 Previous Studies

Many of the authors who measured the natural frequencies of trees also

measured the viscous damping ratios. In one of the earliest studies, Loo (1975)

measured the damping ratios of 18 Monterrey pine (Pinus radiata D. Don) trees in

New Zealand (Table 2.2). He investigated the effect of systematic pruning of the

tree on the damping ratio but these data were not presented. Mayhead et al. (1975)

also investigated the effect of systematic pruning and found that around half the

silhouette area of the crown had to be removed before the damping ratio was

greatly affected. Removal of the last (uppermost) section of the crown had the

largest effect on damping. Their experiments with adding a mass, equivalent to that

of the crown, to the top of a branchiess bole also demonstrated that damping was

due to the aerodynamic drag of the canopy rather that its mass. Mime (1991)

measured the damping ratios on six Sitka spruce trees and found that, for the tree

size and stand density conditions he worked in, crown clashing with neighboring

trees and aerodynamic drag on foliage accounted for 50 and 40 percent of total

damping, respectively. Internal damping accounted for the remaining 10 percent.



34

The amount of damping due to crown clashing depended on the distance to

neighbors, as well as on the sizes of the chosen tree and its neighbors.

Table 2.2. Summary of raw data from studies to determine the damping ratios of
whole trees. Mean values are presented along with standard deviations ( ) and
ranges { }.

MGD75 = Mayhead etal. (1975); BPM88 = Blackburn et al. (1988); M91 = Mime (1991); G92 =
Gardiner (1992); GBDW97 Gardiner et al. (1997); FW99 = Flesch and Wilson (1999); L75 = Loo
(1975); M3 = Moore (Chapter 3).

Genus / Species n DBH (cm) Height (m) Stem mass
(kg)

Author

Spruce (Picea
spp.)
Sitka spruce 56 17.9 (3.2) 12.1 (3.3) 0.093 (0.023) MGD75

(13.0,26.5) (7.1, 17.5) (0.065,0.140)
Sitka spruce 3 18.6 (3.8) 13.2 (0.5) 167.3 (66.9) 0.044(0.015) BPM88

(14:3,21.4) (12.7, 13.6) (92.0,220.0) (0.027, 0.056)
Sitka spruce 6 14.5 (3.0) 14.2 (0.9) 123.1 (53.4) 0.123 (0.03 3) M9 I

(10.6, 18.3} (13.0, 15.5) (61.5, 190.8) (0.099, 0.189)
Sitka spruce 10 16.7 (2.5) 15.1 (1.2) 167.3 (56.1) 0.068 (0.012) G92

(13.0, 20.6) (13.4, 17.1) (74.8, 256.8} (0.047, 0.076)
Sitka spruce 11 17.6(3.1) 11.5(0.7) 113.4 (28.2) 0.122 (0.054) GBDW97

(14.2, 22.6) (10.4,12.7) (82.0, 167.0) (0.060, 0.250)
White spruce 6 21.0(4.7) 13.8(1.9) 0.115 (0.037) FW99

(17.0, 30.0) (12.1,17.2) (0.072, 0.162)
Pine (Pinus spp.)
Monterey pine 18 24.0 (3.9) 10.9 (1.7) 0.060(0.011) L75

(17.6, 28.6) (7.8, 13.2) (0.038, 0.075)
Lodgepole pine 32 20.5 (3.7) 14.8 (1.8) 0.065 (0.014) MGD75

(15.5, 30.0) (11.5, 18.5} (0.042,0.099)
Scots pine 16 24.0 (3.2) 16.1 (1.3) 0.060(0.007) MGD75

(19.5, 29.5) (13.3, 18.5) (0.047, 0.071)
Douglas-fir
Douglas-fir 9 28.9 (7.4) 16.8 (2.1) 0.154(0.061) M3

(19.2, 38.1) (14.3, 20.0) (0.052, 0.227)



2.4.3 Modeling

Few if any studies have attempted to model damping due to the lack of

understanding of the energy-loss mechanisms in trees. Milne (1991) found that for

6 Sitka spruce trees, internal damping was inversely related to stem diameter

(Figure 2.6). This linear relationship appeared to hold when additional Sitka spruce

data were included (r2 = 0.40, p = 0.011) but not when data from tests on de-

branched Douglas-fir trees were included (p 0.489).
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Figure 2.6. Relationship between damping ratio and DBH for (a) Sitka spruce, and
(b) Sitka spruce and Douglas-fir.
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Much work was done by the British Forestry Commission in the 1960's and

1970's to determine the aerodynamic drag of different species (Raymer, 1962;

Mayhead, 1973b; Mayhead et al., 1975). Using data from wind-tunnel tests on full-

scale trees (DBH = 10 - 15 cm, Height = 6 - 8 m), these authors computed drag

coefficients for the species tested. From the same data it was possible to calculate

the aerodynamic drag force acting on the trees which is the same as the total

aerodynamic damping force FDE and is given by:

FDE CEU [2.16]

where, CE is the external damping coefficient (N s m1)", U is wind velocity and n

is the power of wind velocity (Hoag et al., 1971). It should be noted here that for

n 1, the assumption of viscous damping is violated. Using the data from

Mayhead (1973b) relationships of the form given in Eq. [2.16] were developed

between the drag force and wind speed for a range of species. Values of CE and n

were estimated for each species using non-linear least squares regression and are

presented in Table 2.3.



[2.17]

Table 2.3. Mean estimates of the external damping coefficient (CE) and the power
of wind velocity (n). Standard errors of the means are given in parentheses.

* Only one tree was tested so standard errors could not be calculated.

The values of CE for Sitka spruce were similar to the viscous damping coefficients

obtained by Gardiner et al. (1997). However, the values of n were different from 1

for all species, indicating that aerodynamic damping was not a linear function of

velocity. In fact, theory indicates that the aerodynamic damping should be

proportional to the square of velocity (i.e., n = 2) and given by:

FD
2
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Species CE

(N s m')'"
n

Sitka spruce 18.330 1.416
(1.405) (0.107)

Corsican pine 15.978 1.383
(1.480) (0.150)

Lodgepole pine 24.17 1 1.297

()
Scots pine 15.75 1 1.377

(0.978) (0.198)
Douglas-fir 23.467 1.247

(1.293) (0.103)
Western hemlock 13.065 1.253

(0.578) (0.122)
Grand fir 24.624 1.247
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where, CD is a non-dimensional drag coefficient, A is the projected crown frontal

area, and p is the mass density of air (1.226 kg m3). Raymer (1962), Mayhead

(1973b) and Mayhead et al. (1975) all dealt with this anomaly by decreasing the

drag coefficient as velocity increased. However, Hoag et al. (1971) suggest that

drag coefficient should not vary with velocity, but that crown frontal area should

decrease at the 2-n power of velocity. Caution must be used when making this

assumption, otherwise the crown frontal area will approach infinity as the velocity

approaches zero. Instead, it is possible that the frontal area remains at its original

value until some critical velocity is reached, after which the area decreases with

further increases in velocity (Hoag et al., 1971). If it assumed that this critical

velocity is 4 m s (i.e., the lowest wind speed at which drag force measurements

were made by Mayhead et al., 1975), then Eq. [2.17] can be solved for CD.

Substituting this value back into Eq. [2.17] along with measured values of FD and

U, allows us to solve for A as a function of U. More specifically, the crown frontal

area (Ac) at a particular wind speed is given by:

A =b0A.U' [2.18]

where, A0 is the crown frontal area at U m s, and b0 and b1 are model

parameters. The parameters b0 and b1 were estimated for each of the 18 trees in

Mayhead (1973b) and the species means and standard errors are presented in Table
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2.4. Estimates of the drag coefficient at U m s1 for each species are also

presented.

Table 2.4. Estimates of parameters b0 and b1 in Eq. [2.18] and drag coefficient at
U m s'. Values are species means with the standard errors given in

(-) (-) (-)

* Only one tree was tested so standard errors could not be calculated.

The relative magnitudes of the drag coefficients presented in Table 2.4 were

similar to those of the "wind speed independent" values calculated by Mayhead

(1973b). A measure of the ability of the canopy to "streamline" in the wind is given

by the value of b1. Given the small sample size and lack of repeat measurements for

Lodgepole pine and Grand fir, differences in b1 between species were not tested

parentheses.

Species b1 CD
Sitka spruce 2.239 -0.587 1.3 19

(0.192) (0.106) (0.263)
Corsican pine 2.365 -0.617 1.153

(0.270) (0.151) (0.297)
Lodgepole pine 2.649 -0.707 1.145

(.)* (.) ()
Scots pine 2.296 -0.580 0.899

(0.418) (0.227) (0.215)
Douglas-fir 2.845 -0.757 1.000

(0.208) (0.105) (0.221)
Western hemlock 2.8 17 -0.75 1 0.653

(0.239) (0.116) (0.128)
Grand fir 2.840 -0.754 1.708
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for. However, species with more flexible canopies such as Douglas-fir and Western

hemlock appeared to have lower (i.e., more negative) values of b1 compared to

species with stiffer canopies such as Sitka spruce. Across all species, the average

reduction in effective crown frontal area was 46% and 65% at wind speeds of 10

and 20 m respectively.

By combining Eqs [2.16], [2.17], and [2.18] the external damping

coefficient (CE) can be calculated as a function of b0, A0, CD and p using Eq.

[2.19]:

PCDAObO
CE-

2
[2.19]

The other major component of external damping is contact between crowns

of adjacent trees. Several authors (Milne, 1991; Gardiner, 1992; Gardiner et al.,

1997) have measured the damping ratios of trees both when the crown of the test

tree was in contact with those of its neighbors, and when crown contact was

prevented. Milne (1991) used a neighbor interference parameter, defined as the

average ratio of D1 /i where D and 1 are the diameter of, and distance to neighbor

i, to account for the effect of neighboring trees. Measurements of damping ratios

would need to be made on trees of different sizes growing under a wider range of

stand densities to confirm Milne's (1991) assumption. Another possible indicator of

the degree of crown contact is stand density index (SD I). This is a common
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measure of site occupancy in the western United States and is defined as (Reineke,

1933):

SD! = TPH
(QMD"

1.605

25.4 j
[2.20]

where, TPH is trees per hectare, and QMD is quadratic mean diameter (cm). SD!

accounts for both the size of and the average area occupied by trees within a stand.

A comparison of Eq. [2.20] with the neighbor interference parameter used by Mime

(1991) reveals that the two are quite similar, particularly if SDI is calculated for the

region of the stand occupied by the tree of interest and its neighbors.

2.5 CONCLUSIONS

Based on a review and analysis of previous studies that have measured tree

sway frequencies and damping ratios, the following conclusions were drawn.

Reliable estimates of the natural frequency of whole trees could be obtained

from a knowledge of height and DBH, information that is commonly

available in stand record tables.

For a given tree size, pines had lower natural frequencies than both spruces

and Douglas-fir. Some variation in species is driven either or both of two
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factors: 1) differences in crown weight for a given DBH and H; and 2)

differences in the ratio of Young's modulus of elasticity to wood density.

The natural frequency of trees with their branches removed was higher than

for those with branches, the difference increasing with increasing DBHJH2.

This increase is possibly due to proportionally larger crown mass in trees

with a larger ratio of DBH/H2 as well as increased aerodynamic damping

because of a higher velocity of oscillation.

Internal damping ratios were generally less than 0.05 and did not appear to

be related to tree size.

External damping was mainly due to crowns of adjacent trees clashing

together and aerodynamic drag on the foliage. The latter was a nonlinear

function of velocity and could be predicted from knowledge of crown

frontal area and foliage drag coefficient for a tree of a particular species.

2.6 ACKNOWLEDGEMENTS

This review was made possible through funding from the Department of

Forest Resources at Oregon State University. The author would also like to thank

Mr Martin Sugden for allowing his data to be used, and Mr Bruce Nicoll for his

assistance in obtaining the data from the British Forestry Commission's tree pulling

program.



2.7 REFERENCES

Baker, C.J., 1995. The development of a theoretical model for the windthrow of
plants. Journal of Theoretical Biology, 1995(175): 355-375.

Baker, C.J., 1997. Measurement of the natural frequencies of trees. Journal of
Experimental Botany, 48(310): 1125-1132.

Blackburn, P., Miller, K.F. and Petty, J.A., 1988. An assessment of the static and
dynamic factors involved in windthrow. Forestry, 61: 29-43.

Bodig, J. and, B. A. 1993. Mechanics of Wood and Wood Composites. Krieger
Publishing Company, Florida. 712 pp.

Clough, R.W. and Penzien, J., 1993. Dynamics of Structures. McGraw Hill Inc.,
New York, 738 pp.

Everham, E.M., 1995. A comparison of methods for quantifying catastrophic wind
damage to forests. In: M.P. Coutts and J. Grace (Editors), Wind and Trees.
Cambridge University Press, pp. 340-357.

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

Furnival, G.M., 1961. An index for comparing equations used in constructing
volume tables. Forest Science, 7(4): 337-341.

Gardiner, B.A., 1992. Mathematical modelling of the static and dynamic
characteristics of plantation trees. In: J. Franke and A. Roeder (Editors),
Mathematical modelling of forest ecosystems. Sauerlander's Verlag, Frankfurt
am Main, pp. 40-6 1.

43



44

Gardiner, B.A., Stacey, G.R., Beicher, R.E. and Wood, C.J., 1997. Field and wind
tunnel assessments and the implications of respacing and thinning for tree
stability. Forestry, 70(3): 233-252.

Hassinen, A., Lemettinen, M., Peltola, H., Kellomaki, S. and Gardiner, B., 1998. A
prism-based system for monitoring the swaying of trees under wind loading.
Agricultural and Forest Meteorology, 90: 187-194.

Hoag, D.L., Fridley, R.B. and Hutchinson, J.R., 1971. Experimental measurement
of internal and external damping properties of tree limbs. Transactions of the
ASAE: 20-28.

Holbo, H.R., Corbett, T.C. and Horton, P.J., 1980. Aeromechanical behaviour of
selected Douglas-fir. Agricultural Meteorology, 21: 81-91.

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

Loo, S.P., 1975. Aerodynamic characteristics of a flexible structure (tree). M.E.
Thesis, University of Canterbury, Chnstchurch, 208 pp.

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

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

Mayhead, G.J., 1973b. Some drag coefficients for British forest trees derived from
wind tunnel studies. Agricultural Meteorology, 12: 123-130.

Mayhead, G.J., Gardiner, J.B.H. and Durrant, D.W., 1975. A report on the physical
properties of conifers in relation to plantation stability, Unpublished report of
the Forestry Commission Research and Development Branch, Edinburgh.



45

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

O'Sullivan, M.F. and Ritchie, R.M., 1992. An apparatus to apply dynamic loads to
forest trees. Journal of Agricultural Engineering Research, 51: 153-156.

Peltola, H., Kellomaki, S., Hassinen, A., Lemittinen, M. and Aho, J., 1993.
Swaying of trees as caused by wind: analysis of field measurements. Silva
Fennica, 27(2): 113-126.

Quine, C.P., 1995. Assessing the risk of wind damage to forests: practices and
pitfalls. In: M.P. Coutts and J. Grace (Editors), Wind and Trees. Cambridge
University Press, pp. 379-403.

Quine, C.P. and Gardiner, B.A., 1991. Storm damage to forests: a major abiotic
threat with global occurrence. Proceedings of the Tenth World Forestry
Conference, Paris, September, 1991, Paris, pp. 339-345.

Raymer, W.G., 1962. Wind resistance of conifers, National Physical Laboratory,
Aerodynamics Division, Middlesex, U.K.

Reineke, J.L., 1933. Perfecting a stand density index for even-aged forests. Journal
of Agricultural Research, 46: 627-63 8.

Rodgers, M., Casey, A., McMenamin, C. and Hendrick, E., 1995. An experimental
investigation of the effects of dynamic loading on coniferous trees planted on
wet mineral soils. In: M.P. Coutts and J. Grace (Editors), Wind and Trees.
Cambridge University Press, pp. 204-219.

Roodbaraky, H.J., Baker, C.J., Dawson, A.R. and Wright, C.J., 1994. Experimental
observations of the aerodynamic characteristics of urban trees. Journal of Wind
Engineering and Industrial Aerodynamics, 52: 17 1-184.



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

White, R.G., White, M.F. and Mayhead, G.J., 1976. Measurement of the motion of
trees in two dimensions. 86, University of Southampton, Institute of Sound and
Vibration Research.

Wood, C.J., 1995. Understanding wind forces on trees. In: M.P. Coutts and J.
Grace (Editors), Wind and Trees. Cambridge University Press, pp. 133-164.

46



CHAPTER 3

NATURAL SWAY FREQUENCWS AND DAMPING RATIOS OF TREES: II.
INFLUENCE OF CROWN STRUCTURE

John R. Moore
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3.1 ABSTRACT

Natural frequency and damping ratio were measured for nine plantation-

grown Douglas-fir (Pseudotsuga menziesii Mirb. Franco) trees from the Oregon

Coast Range under different levels of crown removal. Natural frequency of trees, in

both their unpruned and completely de-branched states, was linearly related to ratio

of diameter at breast height to total tree height squared (i.e., DBHJH2). Pruning

resulted in an increase in natural frequency; however, at least 80% of the crown

mass needed to be removed before this increase was noticeable. A single equation

was developed that enabled the natural frequency of a tree of given size and

pruning intensity to be predicted. Damping ratios of unpruned trees varied

considerably from 8% to almost critical (i.e., damping ratio is 100% and the tree

will not oscillate), while those for completely de-branched trees ranged from 1% to

8%. Two different trends in damping ratio were observed during pruning. Some

trees exhibited an increase in damping ratio with initial crown removal, followed

by a sharp decrease when the uppermost portion of the crown was removed. Others

showed little or no change in damping ratio followed by a sharp reduction upon

removal of the uppermost portion of the crown. Damping was mainly due to

aerodynamic drag, and preventing interference with neighboring trees had little

effect. Theoretical analysis using the finite element method indicated that changes

in natural frequency as a result of pruning are not due to changes in damping ratio,

but rather changes in mass distribution. This analysis also suggested that treating

48
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branches as lumped masses rather than individual cantilevers attached to the main

stem may not be appropriate.

3.2 INTRODUCTION

Tree natural frequency and damping have been measured by several

previous authors in order to better understand and quantify the response of trees to

wind loading. In Chapter 2 previous studies on tree sway and damping were

reviewed and available data analyzed. Data from these studies showed that natural

sway frequency was linearly related to the ratio of DBHIH2. Sugden (1962), Milne

(1991) and Gardiner (1992) also compared the relative natural frequencies and

damping ratios between branched and completely de-branched trees. All three

authors found that natural frequencies increased when the entire crown was

removed. The latter two authors also found that damping ratios decreased when the

crown was removed. However, pruning usually involves removal of branches from

the lowest region of the crown, rather than removal of the entire crown. Therefore,

to understand its effect on the dynamic behavior of trees, information is required on

the natural frequency and damping ratios at different levels of crown removal.

Very little information has been published on the influence of crown

structure on tree natural frequency and damping ratios. Some experimental work

was performed by Mayhead et al. (1975) who investigated the effect of systematic
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de-branching on the damping ratios of four Sitka spruce trees (Picea sitchensis

Bong. Carr.). They found removal of the lower regions of the crown had little effect

on the damping ratio; the largest change occurring with the removal of the

uppermost part of the crown. Guitard and Castera (1995) used a theoretical

approach to model the effect of crown removal on the natural frequency of a

maritime pine tree (Pinus pinaster Ait.). They found that the relative natural

frequency of the tree (i.e., normalized by the natural frequency of the fully

branched tree) was proportional to the relative mass of the crown removed raised to

the third power. Their analysis assumed the tree was undamped and that the crown

consisted of a series of discrete masses added to the mass of the main stem.

Therefore, changes in natural frequency were entirely the result of changes in the

mass distribution of the tree. Values of damping ratios measured for Sitka spruce

by Mime (1991) and Gardiner (1992) have generally been small (< 0.150) and

therefore the assumption of no damping appeared appropriate.

Given the scarcity of empirical data describing the effects of crown removal

on natural frequency and damping ratio, a study was conducted on plantation-

grown Douglas-fir (Pseudotsuga menziesii Mirb. Franco) trees to examine these

effects. The results were then compared to those obtained using a theoretical

approach similar to that used by Guitard and Castera (1995).



3.3 METHODS

The study was carried out in a Douglas-fir plantation located on Norton

Ridge (elevation 340 m), approximately 50 km west of Corvallis, Oregon (44°30'

N). The stand was planted in 1979 at a density of 920 stems/ha. Nine trees were

selected for the de-branching study using stratified random sampling. Based on the

diameter distribution of well-formed trees, 3 strata were chosen: 17-21 cm, 27-3 1

cm and 37-4 1 cm, with three trees randomly selected in each of these strata.

Characteristics of the nine trees selected for the de-branching study are summarized

in Table 3.1.

Table 3.1. Description of trees selected for the de-branching study

51

Tree
Number

Height
(m)

DBH
(cm)

DBH/Height2 Height to
Green
Crown Base
(m)

Branch
Basal
Area (cm2)

3 17.40 36.7 0.121 3.82 1364
4 14.98 21.6 0.096 3.47 571
5 15.38 37.3 0.158 5.57 768
6 14.33 20.8 0.101 5.23 375
7 18.15 30.8 0.094 4.75 926
8 19.76 28.2 0.072 5.97 843
9 15.75 19.2 0.077 5.86 300
10 15.72 27.5 0.111 7.05 642
11 20.00 38.1 0.095 6.06 1313
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For each selected tree, every branch with diameter> 2 cm was measured for

the basal diameter (nearest 0.1 cm; measured approximately one branch diameter

away from the point of attachment to the bole ), angle of origin (degrees from

vertical), azimuth (degrees) and height of attachment (nearest 0.01 m). Branches

were tagged for future reference. The height to the base of the live crown was

measured, with crown based defined using the "three-quarter" rule (i.e., the whorl

with live branches in at least 3 of the 4 quadrants around the bole). Diameter

outside bark (DOB) was measured at 0.5 m intervals up the stem. For safety

reasons, upper stem branches and stem diameters were not measured in the field

but were estimated using appropriate models. The distance and direction to

neighboring trees and their breast height diameters were also recorded.

3.3.1 Effect of De-branching on Natural Frequency.

Tree movement was recorded by attaching a pair of strain transducers to the

stem of each selected tree at a height of 1 m above ground level. Transducers were

attached at right-angles to each other with one transducer attached to the north side

of the tree (to record motion in the N-S plane) and the other attached to the east

side (to record motion in the E-W plane). Ropes were attached to the tree at a

height of 10 m; one rope was laid out along the N-S plane and the other along the

E-W plane. Each tree was made to oscillate by pulling on the rope 2-3 times. The
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rope was then released and the tree allowed to oscillate under conditions of free

vibration. The motion of the tree was recorded by measuring the strain in the outer

fibers using the strain transducers in a full bridge arrangement (with 11

balancing resistors) connected to a CR21X datalogger (Campbell Scientific Inc.,

Logan, UT). Strain gauges were excited using a 5000 mY input voltage from the

datalogger and their output was measured as a differential voltage with a full-scale

range of ±50 mV. Sampling frequency for this arrangement was 2.5 Hz and

measurements were output to a PC in real time. Five sways were performed in each

of the N-S and E-W planes. Hand winches were then used to pull the neighboring

trees back (i.e., minimize crown contact) and five further sways were performed in

each orthogonal plane. Approximately one-third (by length) of the green crown was

pruned off and the above process repeated. Two further crown pruning treatments

were carried out with the final sway measurements conducted on a branchless bole.

Pruned branches were transported back to the laboratory for intensive

measurement. The total length and the angle from the base to the tip were

measured. Each branch was then divided into 25 cm concentric bands radiating

from the base of the branch (Kershaw and Maguire, 1996), and branch segments

from each band were placed in a bag and oven-dried for 48 hours at 60°C. Dried

branch sections were weighed after separation into three fractions: (1) primary

branch, (2) higher order branches, and (3) needles. One branch per crown third was

selected (with probability proportional to basal area), divided into 25 cm bands in
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the field and frozen so that relationships for converting oven-dried mass to green-

mass could be developed. The specific needle area (projected needle area per unit

mass) was calculated for a sample of these frozen needles using an LI-3 100 area

meter (Li-Cor, Lincoln, NE).

The natural frequency of each tree was calculated using spectral analysis.

Measurements of tree strain made in the time domain were converted to the

frequency domain and the power spectral density (PSD) computed. The peak in

PSD corresponds to the natural frequency of the tree. Regression analysis was used

to test whether natural frequency was linearly related to the ratio of DBHJHeight2.

Changes in natural frequency were also normalized to test whether the relative

change was consistently related to the proportion of crown removed across all tree

sizes. The normalized natural frequency (fiwrin) for the jth tree under the ith level

of crown removal was calculated as follows:

freq13 - min(freq)
fiionn1

= max(freq1)min(freq)
i=1...4;j=1...9 [3.1]

This scheme produces normalized values ranging between 0 and 1. Regression

analysis was performed to relate changes in normalized natural frequency to the

proportion of crown mass removed.
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The finite element method (FEM) was used to predict the change in natural

frequency of each tree due to a change in its mass distribution only (i.e., damping

was not considered). In the absence of damping, the equation of motion that must

be solved for the tree is (dough and Penzien, 1993):

[M}3}+ [KJ{y} = {o} [3.2]

where, [MI and [K] are the global mass and stiffness matrices for the tree, and y

is the displacement of the tree with respect to time.

The standard solution for y(t) is given by the harmonic equation in time

{y(t)}= {5}e'°' [3.3]

where 5' represents the deformed shape of the tree, w is the natural circular

frequency of the tree (w = 27zf) and i2 = 1. Substituting Eq. [3.3] and its second

derivative with respect to time into Eq. [3.2] and collecting terms yields

e([K]_w2[M]j}= {o} [3.4]

For a nontrivial solution to Eq. [3.4], we must have

[KI_o2[MI ={o} [3.5]

The solution of this eigenvalue problem will yield the natural frequencies of the
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In order to better represent their non-uniform cross section, each tree was

divided into 0.5-rn beam elements. The mass and stiffness matrices of these

individual elements were calculated from diameter measurements made along the

stem. Global mass and stiffness matrices were then assembled from these element

mass and stiffness matrices (Logan, 1993). Because of the large dimension of these

matrices, the natural frequencies of the trees were calculated using the ANSYS

finite element software package (ANSYS Inc., Canonsburg, PA, USA). For each

tree, the natural frequency was predicted using the mass and stiffness distributions

for the completely pruned tree. The stiffness was then adjusted by manipulating the

modulus of elasticity (E) until the predicted and measured natural frequencies were

in agreement. The measured crown mass distributions under the different pruning

treatments were then included and the resulting change in natural frequency

calculated.

3.3.2 Effect of De-branching on Damping.

The damping ratio () was calculated from information of the maximum

strain amplitudes (y, and Yn+m) that occur m cycles apart, using the following

equation:



appro
Yn - Yn+m

2flZ9Z))

The systematic over-prediction that occurs when using Eq. [3.6] was corrected by

multiplying the approximate damping ratio obtained by a correction factor, i.e.,

= approx . exp( 1.336(approx )
7175) [3.7]

Possible relationships between the change in damping ratio and the

proportion of crown mass removed were investigated. The effect of crown removal

on aerodynamic damping was investigated by comparing the relative damping ratio

to the relative aerodynamic drag force acting on the tree. The latter was predicted

by dividing the tree into O.5-m long vertical sections, and for each section

calculating the product of leaf area (LA) and the square of the velocity of the tree

(U). All sections were then summed together to yield an estimate of the relative

aerodynamic drag force, i.e.,

FD =LAU2 [3.8]

The velocity of each section of the tree was calculated from the product of

natural frequency and the distance each section travels during an oscillation cycle.

This distance was determined from the vertical displacement profile. Therefore,

U12 =(fx1) [3.9]
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where, f is the natural frequency (Hz) and x, is the displacement at the midpoint of

section i. The displacement was calculated for each tree using the finite element

method described in the previous section.

3.4 RESULTS AND DISCUSSION

3.4.1 Crown Mass and its Vertical Distribution

Strong relationships were found between the green masses of primary

branches (PBGM), higher order branches (HOGM), and needles (NGM) and their

respective oven-dry masses (PBDM, HODM, and NDM; Table 3.2). Simple linear

regression models were developed for higher order branches and needles (Eq.

[3.11] and Eq.[3.12}), while a polynomial regression model was developed for

primary branches (Eq. [3.10]). The latter model form was concave downward

allowing for the lower moisture content that is found in larger diameter branches

due to the presence of heartwood. Because of non-constant variance, the three

models were weighted by PBDM', HODM' and NDM', respectively. Weighted

models were compared to unweighted models using Akaike's Information

Criterion. In all cases, the weighted models were preferred to the unweighted

models. On average, green weights were approximately twice the dry weights.
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The time taken to process all of the pruned branches resulted in significant

needle loss on some branches. Because branches were grouped and stored by the

section of the crown from which they were removed, the total needle mass for each

crown section could be accurately determined. A regression equation was also

developed to predict the needle mass of branches that did not lose more than 10

percent of their needle mass. This equation was applied to the remaining branches

and the results scaled so that the sum of needle masses for all branches within a

crown section was equal to the total for that section.

The total mass of crown varied widely between the 9 trees. Larger trees

such as Trees 3 and 11 had total crown masses in excess of 200 kg, while smaller

trees such as Trees 6 and 9 had crown masses of approximately 50 kg (Table 3.3).

There was also considerable variation in the vertical distribution of crown mass.

Trees 3 and 11 had very similar total crown masses, however Figure 3.1 shows that

the distribution of this mass is quite different. Tree 3 has much more of its mass in

the lower region of the crown than Tree 11.
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Figure 3.1. Vertical distribution of total crown mass for the 9 trees studied. Trees
are grouped according to their original sampling strata.



Table 3.2. Parameter estimates and associated weighted regression statistics for the relationships between the green masses of
primary branches (PBGM), higher order branches (HOGM), and needles (NGM) and their respective oven-dry masses (PBDM,
HODM, and NDM). All masses are in kg.

Equation Parameter
estimates

[3.10] PBGM b0 + b1PBDM + b2PBDM2 b0 = 0.2449
b1 = 2.2389
b2=-0.0039

[3.11] 110GM = b0 + b1HODM b0 = 0.1554
b1=1.9379

[3.12] NGM = b0 + b1NDM b0 = 0.1668
b1=2.1238

Standard
errors

t-value Pr(>tl) R2 Weighted
MSE

0.063 1 3.883 1 0.0001 0.994 0.842
0.0167 134.0603 <0.0001
0.0002 -22.7033 <0.0001
0.0873 1.7805 0.0761 0.985 1.038
0.0143 135.1216 <0.0001
0.0972 1.7161 0.0873 0.995 0.507
0.0090 236.3306 <0.0001



3.4.2 Effect of De-branching on Natural Frequency.

Time-series plots of measured strain in the direction of tree sway for Tree 9

are shown in Figures 3.2(a)-(d). This tree is similar in size to those swayed by

Mime (1991), Gardiner (1992) and Gardiner et al. (1997) and the time histories

shown in Figs. 3.2(a) and 3.2(d) are very similar to those shown by Mime (1991).

The sway diagrams reveal both an increase in natural frequency and a reduction in

damping with the removal of the crown.
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Table 3.3. Total green crown mass (kg) for the 9 trees measured in the de-
branching study.

Tree Primary branch
mass (kg)

Higher order
branch mass (kg)

Needle mass
(kg)

Total mass
(kg)

3 119.5 60.9 53.5 233.9
4 45.0 28.9 36.5 110.4
5 63.7 26.2 49.4 139.3
6 31.8 7.5 14.9 54.2
7 85.9 34.0 55.4 175.3
8 82.0 32.5 58.4 172.9
9 20.8 11.4 17.4 49.6
10 54.8 22.1 35.1 112.0
11 141.7 38.8 69.4 249.9
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0 10 20 30 40 0 10 20 30 40

Time (s) Time(s)

Figure 3.2. Time series of Tree 9 outer fiber strain measured at 1 m in the same
direction as the initial displacement. (a) With full crown and in contact with
neighbors, (b) with approximately the bottom one-third of the crown removed, (c)
with approximately the bottom two thirds of the crown removed, and (d) with the
entire crown removed.

These results were not typical of all trees. Some trees showed an apparent

beat frequency when all the crown was removed (Figure 3.3). The observed beat

frequency in Fig. 3(d) does not indicate the presence of a second natural frequency,

but appears to be the result of systematic movement in the out-of-plane direction

(Fig. 3.3(c)). These movements are restricted when the crown is present (Fig.

Time (s) Time (s)
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3.3(a)) and the damping is relatively large. When damping is reduced, the effects of

eccentricities in the bole on tree behavior may become more pronounced. Trees are

also not perfectly anchored in the ground (i.e., the stiffness of the root soil

connection is not infinite) and differences in stiffness in the circumferential

direction as a result of the positioning of structural roots may have contributed to

this observed behavior. The finite element method described in Chapter 5 could

potentially be used to model some of these effects.

In virtually all cases, time history plots of in-plane tree strain indicated

behavior consistent with that of a damped harmonic oscillator. The resulting power

spectral density (PSD) plots contained a single peak corresponding to the natural

frequency of each tree (e.g., Figure 3.4). These frequencies ranged from 0.37 Hz up

to 0.63 Hz for trees whose branches were in contact with those of their neighbors

(Table 3.4). Reducing the interference with the branches of neighboring trees

generally made little or no difference to the natural frequency, with the exceptions

of Tree 11 and perhaps Tree 9 in the North-South direction. When all the branches

were removed from the trees, the natural frequencies increased and the damping

ratios decreased from their whole tree values. No consistent difference was found

between the natural frequencies observed when the tree were swayed in the North-

South direction and those observed when the trees were swayed in the East-West

direction.
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Figure 3.3. Comparison of measured strain for Tree 3. Time histories of the in-
plane strains are shown for both the (b) full crown and (d) no crown cases.
Corresponding plan views of the in-plane and out-of-plane strains are shown for the
(a) full crown and (c) no crown cases.



(b)

Figure 3.4. Example of measured outer fiber strain in both the (a) time domain and
frequency domain.

Table 3.4. Measured natural sway frequencies (Hz) of nine Douglas-fir trees. Each
tree was swayed in the North-South and East-West directions and with its branches
in contact with those of its neighbors, the neighbors held back and with all of its
branches removed. Values presented are the mean of five sway tests.

FroqZe,cy (HZ)
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Tree North-South East-West
Branch
contact

No
contact

No
branches

Branch
contact

No
contact

No
branches

3 0.63 0.70 1.25 0.59 0.61 1.24
4 0.47 0.46 0.78 0.47 0.48 0.83
5 0.59 0.58 1.40 0.59 0.60 1.40
6 0.51 0.51 0.88 0.47 0.49 0.89
7 0.45 0.44 0.82 0.46 0.45 0.83
8 0.39 0.38 0.71 0.37 0.36 0.66
9 0.38 0.32 0.62 0.40 0.39 0.64
10 0.55 0.57 0.98 0.51 0.54 0.97
11 0.58 0.40 0.83 0.51 0.41 0.86
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The averages of the natural sway frequencies in the east-west and north-

south directions were strongly related to D/H2 (Figure 3.5). It is also apparent that

the difference between full-crown and no-crown natural frequencies increases with

increasing DBHJH2. A linear model was fitted to these data using an indicator

variable for the presence or absence of crown, i.e.,

freq = b0 +b1I +b2DBH/H2 +b3IDBH/H2 [3.13]

where, I
O if full crown present

and b0, b1, b2 and b3 are model parameters.
I if no crown present

Table 3.5. Estimates of model parameters for the relationship between natural
frequency and DBITJH2 (see Eq. [3.5]).

Estimates of the model parameters along with their standard errors are given

in Table 3.5. Both b1 and b3 were significantly different from zero, indicating that

the removal of crown changes both the slope and intercept terms in the relationship

between natural frequency and DBHJH2. For unpruned trees, a larger value of

DBHJH2 implies a greater crown relative length and hence relative crown mass.

Model
parameter

Value Standard error t-value Pr(>ItI)

b0 0.2183 0.0847 2.5780 0.0219
b1 -0.278 8 0.1197 -2.3287 0.0354
b2 2.6944 0.8012 3.3629 0.0046
b3 6.8497 1. 133 1 6.0450 <0.0001
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This would act to attenuate the slope of the relationship between whole-tree natural

frequency and DBHJH2 and could explain the increase in the ratio of the stem-only

to whole-tree natural frequencies with increasing DBHIH2. Additionally, trees with

a larger value of DBH/H2 oscillate faster. If it is assumed that aerodynamic

damping is proportional to the square of velocity, then trees that oscillate at a

higher natural frequency will also be subjected to greater aerodynamic damping.

The difference between the full-crown and no-crown natural frequencies is not only

the result of a change in mass but also a change in damping.

(C)

0

q0

.4

A

0 Full crown
A No crown

Figure 3.5. Natural sway frequencies of nine Douglas-fir trees under conditions of
full crown and no crown present.
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The relationship between normalized natural frequency and the proportion

of total crown mass removed (PCR) was very similar for all trees (Figure 3.6). In

all cases, approximately 80 percent of crown mass had to be removed before a

difference in natural frequency was observed. This indicates that conventional

pruning will have little effect on the natural frequency of a tree unless the vast

majority of crown mass is removed. In addition, the relative wind speed in this

region of the crown is low as is the relative leaf area so the contribution to the total

applied bending moment acting on the tree will be relatively small. Therefore it

appears unlikely that typical levels of crown removal will change the behavior of

trees subjected to wind loading. The effect of other pruning strategies such as spiral

pruning and crown shearing still requires investigation.
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Figure 3.6. Relationship between normalized natural frequency and the proportion
of crown mass removed for nine Douglas-fir trees. The solid line corresponds to an
exponential model fitted to the data.

An exponential model with the following form was fitted to the normalized

natural frequency data using nonlinear least squares:

fizorm =1a0 exp(_a1PCRa2) [3.14]

where a0, a1 and a2 are model parameters. Estimates of these parameters are given

in Table 3.6.
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Table 3.6. Estimates of the model parameters for the relationship between
normalized natural frequency and the proportion of crown mass removed (see Eq.
[3.14]).

Model
parameter
a0

a1

a2

Value

0.9727
3.5946

18.9387

Standard error t-value Pr(>Jt)

0.0090
0.3954
1.1320

-3.0333
9.0917

16.7297
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<0.000 1
<0.0001
<0.0001

Equations [3.1], [3.13] and [3.14] were combined and solved to develop an

equation for predicting the natural frequency of a tree of given size (DIH2) and with

a given proportion of the mass of its crown removed. For a tree of given D/H2, the

minimum natural frequency min(freq) is given by Eq. [3.13] with I = 0, while

the maximum max(freq) is given by Eq. [3.13] with 4 = 1. Making these

substitutions and solving for freq,3 gives:

freq3 = b0 + b2 DBH / 2
+ [i - a0 exp( a1 PCRC2 )j. (b + b3 DBH / H2)

[3.15]

a0 = 0.9727

a1 = 3.5946

a2 = 18.9387

b0 = 0.2183

b1 =-0.2788

= 2.6944

b3 = 6.8497
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This equation was applied to the 36 natural frequency measurements made

on the nine Douglas-fir trees in this study and good agreement was found between

the predicted and observed values of natural frequency.

0.0 02 0.4 0.6

Proportion of Crown Mass Removed

I I -I

0.0 0.2 0.4 0.6 0.8 1,0

Proportion of Crown Mass Removed

Figure 3.7. Comparison of the observed effect of de-branching on the normalized
natural frequency for (a) Tree 6 and (b) Tree 9 with that predicted using ANSYS.
Frequencies were normalized by their completely de-branched values.
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The finite element model simulation of the effect of mass removal revealed

a similar relationship between the proportion of crown mass removed and the

normalized natural frequency to that shown in Figure 3.6. When completely de-

branched, the simulated and observed natural frequencies coincided. However, for

eight of the nine trees, the modeled natural frequency of the unpruned tree was

greater than the observed natural frequency (Figure 3.7). In the one remaining case

(Tree 9) the modeled and observed natural frequencies were in agreement at each

level of crown removal. The finite element analysis ignored the effects of damping

and also represented the crown as a series of masses added to the main stem of the

tree. In reality, the branches behave as separate damped harmonic oscillators

coupled to the main stem of the tree. These two simplifications could account for

the discrepancies between the modeled and observed natural frequencies. Tree 9

had the smallest crown mass of all measured trees (49.6 kg) and much of this mass

was contained in small branches (20 of 129 branches had a basal diameter> 2 cm;

55 of 129 were less than 1 m long). Therefore, the lumped mass approximation

may be reasonable in this case. The effect of de-branching on the damping ratios of

the nine study trees is discussed in the following section. Chapter 4 provides a more

detailed investigation of the effect of treating the crown as a series of discrete

masses.



3.4.3 Effect of Dc-branching on Damping

Damping ratios varied widely for the unpruned trees. Trees 3, 6 and 10 were

almost critically damped (i.e., 1 or 100%) and returned to their rest position

within one or two free vibration cycles, while trees 7, 8 and 9 were relatively

lightly damped (Table 3.7). For all trees, damping was less than 10% of critical

when all the crown was removed; in many cases it was less than 5%. Milne (1991)

found that the damping ratio of Sitka spruce trees decreased by approximately 50%

when the branches from the neighboring trees were held back. With the exceptions

of trees 10 (in the E-W direction) and 11, the same effect was not observed in this

study. The stand used in Mime's study had a density of approximately 3800 trees

ha' (i.e., approximately four times the density of the stand in this study) and

therefore the degree of interference between neighboring trees may have been

greater. The approximate stand density indices (Reineke, 1933) were 1540 and

1030 for Milne's study site and the Oregon site, respectively. These numbers

indicate the equivalent number of 25.4 cm trees per hectare in each stand and reveal

that the Oregon study site has a considerably lower density.
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Table 3.7. Measured damping ratios of nine Douglas-fir trees. Each tree was
swayed in the North-South and East-West directions and with its branches in
contact with those of its neighbors, the neighbors held back and with all of its
branches removed. Values presented are the mean of five sway tests and missing
values indicate trees where damping was close to critical and not calculated.

Normalized damping ratios (calculated using the approach described in Eq.

[3.1]) followed two different patterns during crown removal (Figure 3.8). Trees 4, 5

and 7 exhibited an initial increase in the damping ratio with crown removal,

followed by a large decrease when the uppermost portion of the crown was

removed (Figure 3.8(a)). With trees 6, 8, 9 and 11, the damping ratio remained

approximately constant when the lower region of the crown was removed and then

decreased rapidly when the uppermost region was removed (Figure 3.8(b)). For

trees 6, 8 and 11 at least 80% of the crown mass needed to be removed before

damping ratio decreased substantially. With tree 9, a substantial decrease was

observed when 60% of the crown was removed. This relationship was similar to

Tree North-South East-West
Branch
contact

No No
contact branches

Branch
contact

No No
contact branches

3 - - 0.0554 - - 0.0287
4 0.1008 0.0912 0.0577 0.1595 0.1188 0.0730
5 0.1306 0.1283 0.0236 0.1013 0.1111 0.0290
6 0.2461 0.2308 0.0796 0.2570 0.2417 0.0745
7 0.0645 0.0651 0.0102 0.1640 0.0871 0.0132
8 0.0434 0.047 1 0.0113 0.0445 0.0500 0.0095
9 0.0858 0.0691 0.0346 0.0703 0.0849 0.0413
10 - - 0.0264 0.1647 0.0778 0.0238
11 0.1224 0.0757 0.0117 0.1614 0.0768 0.0241
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that found by Mayhead et al. (1975). Trees 3 and 10 were very heavily damped in

their unpruned state and damping ratios were not calculated. Therefore, the

remaining values could not be normalized.

Normalized aerodynamic damping force (FD from Eq. [3.8]) remained

approximately constant when less than 80% of the crown mass was removed. When

the final 20% of the crown was removed, a rapid decrease was observed (Figure

3.9). The invariance of the aerodynamic damping force with the removal of the

lower branches is due to the relatively low leaf area in this region of the crown

coupled with the relatively small deflection, and hence velocity, of this section of

the stem. In general, the normalized aerodynamic damping force followed the same

trend with the proportion of crown removed as was observed with the normalized

damping ratio. The increase in normalized damping ratio of trees 4, 5 and 7 when

the lower portion of the crown was removed was not mirrored in the normalized

damping force (c.f. Figures 3.8(a) and 3.9(a)). However, it still appears that

damping of trees is mostly due to aerodynamic drag of the foliage.

Because the aerodynamic damping force was calculated as the product of

leaf area and the square of velocity of the tree, it was constrained to have a value of

zero when the tree was completely de-branched. In actuality, there is still a small

aerodynamic drag force due to the frontal area of the main stem. However, the

majority of damping of the de-branched stem is due to the friction of the root-soil
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connection and the internal friction of the wood (Mayhead et al., 1975; Blackburn

et al., 1988; Gardiner 1989; Mime 1992; Wood, 1995).

The natural frequencies predicted by solving the eigenvalue problem in Eq.

[3.5] ignore damping. The undamped natural frequency of a tree is related to the

damped natural frequency (fd) through the following equation:

0

E

0

E

z

fd

Proporbon of Crown Mass Removed

(a)

[3.16]
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Figure 3.8. Relationship between normalized damping ratio and the proportion of
crown mass removed. Two distinct patterns were observed: (a) an initial increase in
damping ratio with initial crown removal followed by a substantial decrease, and
(b) little change in damping ratio with initial crown removal followed by a large
decrease.

For damping ratios of 0.1, 0.15 and 0.2, the undamped natural frequencies would

be 0.5, 1.1 and 2.1% greater, respectively, than in the damped case. This is not

sufficient to explain the difference between the calculated natural frequencies and

the measured natural frequencies of the unpruned trees. In this case, the calculated

natural frequencies are 14 - 40% greater than the measured natural frequencies

(excluding tree 9). The discrepancy could therefore be the result of treating the

branches as a series of masses lumped to the stem, rather than as individual damped

harmonic oscillators coupled to the main stem. This assumption needs to be

examined further.
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Figure 3.9. Relationship between normalized aerodynamic damping force and the
proportion of crown mass removed.
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3.5 CONCLUSIONS

The natural frequency and damping ratios of plantation-grown Douglas-fir

were altered by pruning. Natural frequency increased when crown wass removed,

although at least 80% of the crown mass had to be removed before any noticeable

difference occurred. The relationship between natural frequency and crown mass

removed was remarkably similar across all nine trees studied and could be

represented by a single relationship. Natural frequency of un-pruned and

completely de-branched trees was related to DBHJH2. By combining these two

relationships, the natural frequency of a tree of given size and level of crown

removal can be predicted.

Damping ratio decreases when crown is removed and follows a pattern

similar to natural frequency, apparently due to changes in aerodynamic drag acting

on the crown. Changes in natural frequency with the removal of crown do not

appear to be due to a change in damping ratio, but rather to changes in the mass

distribution of the trees. Discrepancies between observed natural frequencies and

those predicted using the finite element method suggest that representing the crown

as a series of lumped masses may not be appropriate. Further work is required to

model the branches of a tree as individual damped harmonic oscillators coupled to

the main stem.
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The results obtained in this study should provide useful inputs to dynamic

models for predicting the risk of wind damage to stands of trees of different sizes

grown under different silvicultural regimes. However, they do indicate that

conventional pruning (leaving approximately 50% of the live crown) has little

effect on either damping ratio or natural frequency.
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CHAPTER 4

NATURAL SWAY FREQUENCIES AND DAMPING RATIOS OF BRANCHES

John R. Moore
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4.1 ABSTRACT

Measurements of natural frequency and damping ratio were made on a

sample of 21 branches taken from two Douglas-fir (Pseudotsuga rnenziesii Mirb.

Franco) trees growing in the Oregon Coast Range. Branches were selected from

different locations within the crowns of the trees, pruned off and clamped to a steel

beam in their original orientation. Natural frequencies under horizontal and vertical

swaying ranged from 0.58 Hz to 2.35 Hz and were related to the ratio of branch

basal diameter to the square of total length. Branches from the lower region of the

crown had higher natural frequencies as a result of their lower moisture content and

higher modulus of elasticity. Damping was mainly due to aerodynamic drag of the

foliage, and damping ratios ranged from 3.5% up to 8.7%. The component of

damping due to collisions between branches was not measured in this study.

Predicted branch natural frequencies were not found to be uniformly greater than

whole tree natural frequencies, but instead spanned a range that included the whole

tree natural frequency. When the two trees were swayed in the field, their branches

did not oscillate at their own natural frequencies, but at the natural frequency of the

whole tree. This behavior is consistent with that of a structure subjected to damped

forced vibration. Further research is required to understand the relationship

between wind-induced branch oscillations and whole tree oscillations. Information

collected in this study will be useful in constructing models to address this

question.

85



4.2 INTRODUCTION

Models to predict the risk of wind damage have been developed in response

to the threat posed by wind to forests in many regions of the world. The most

sophisticated of these models aim to simulate the dynamic response of trees

subjected to fluctuating wind loads (Holbo et al. 1980; Gardiner, 1992; Baker,

1995; Kerzenmacher and Gardiner, 1997; Flesch and Wilson, 1999, Saunderson et

al., 1999; England et al., 2000). Kerzenmacher and Gardiner (1997) found that,

while their model of tree response to wind loading gave a good representation of

the behavior of the top of the tree at frequencies at and below the resonant

frequency, it was not as good at representing the behavior of the bottom of the stem

and frequencies above the natural frequency. They attributed this to simplifications

introduced by lumping the branches together with the stem rather than treating

them as separate cantilevers attached to the main stem.

The interaction between the vibration modes of different elements of a tree

may be an important adaptation to efficiently absorb energy from the wind and

convert it into turbulent energy shed as vortices from branch tips (Scannell 1984;

Gardiner 1995). This interaction may help to explain the observation made by

Sugden (1962), who noted that the branches on most of the red pine (Pinus

resinosa Ait.) trees he swayed vibrated at the same frequency as the bole, whereas

on the few trees whose motion decayed rapidly, the branches vibrated at a different
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natural frequency than the bole. In Chapter 2, the natural frequencies of nine

Douglas-fir (Pseudotsuga menziesii Mirb. Franco) trees were calculated from data

on their mass and stiffness. These calculated natural frequencies were greater than

measured natural frequencies, suggesting the disadvantage of treating the branches

as lumped masses.

In order to treat branches as individual cantilevers coupled to the main stem

of a tree, information is required on their natural frequencies and damping ratios. It

also involves understanding the coupling between branch movement and bole

movement, and in particular, the relationship between branch natural frequency and

bole natural frequency. Unfortunately, the only known dataset containing

measurements of branch natural frequency for coniferous trees was assembled by

Scannell (1984) for several branches from Sitka spruce (Picea sitchensis Bong.

Cam). More information is required to develop a better understanding of

interactions between branch and bole responses to wind. This paper presents the

results of field and laboratory experiments to generate data describing the natural

frequencies and damping ratios of branches from plantation-grown Douglas-fir

trees.



4.3 METHODS

The study was carried out in the same Douglas-fir plantation as the de-

branching study described in Chapter 2. The stand was located approximately 50

km west of Corvallis, Oregon (44°30' N) and was planted in 1979 to a density of

920 stems/ha.

4.3.1 Measurement of Branch Natural Frequencies and Damping Ratios

Two trees were selected for study with DBH, height and green crown base

of 25.5 cm, 14.3 m and 3.6 m, respectively, for the first tree and 27.7 cm, 16.0 m

and 3.8 m, respectively, for the second tree. On each tree, the basal diameter (cm),

angle of origin (degrees from vertical), azimuth (degrees) and height of attachment

(m) of every branch > 2 cm in diameter was measured. Branches were tagged for

future reference. Crown base was defined as the whorl with live branches in at least

3 of the 4 quadrants around the bole. Diameter outside bark (DOB) was measured

at 0 m, 0.15 m, 0.5 m, 1 m, 1.3 m, 1.5 m and at 0.5 m intervals along the bole above

this point. The total length of crown containing measured branches was divided

into thirds by length, then branches from each third were randomly selected with

probability proportional to basal area for the installation of strain transducers

(Table 4.1). Four branches were selected in the middle and upper thirds and three in

the bottom third. For each branch, one transducer was mounted on the top of the
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branch and the other was mounted on the side. Transducers were mounted as close

as possible to the base (i.e., proximal end) of the branch.

Output from the strain gauge transducers was recorded using a CR23X

datalogger (Campbell Scientific Inc., Logan, UT). Because the datalogger only had

12 differential input channels, it was not possible to measure all transducers at the

same time. Instead, four transducers (two on each tree) were measured

simultaneously. This was achieved by connecting all transducer pairs from each

tree to a multiplexer board (Model AM32, Campbell Scientific, Logan, UT).

Transducers were excited with an external 5000 mV power source and their output

measured in a half-bridge arrangement (11 K balancing resistors). Strain

measurements were made differentially at a frequency of 5 Hz and a full-scale

range of ±50 mV was used. Each tree was made to oscillate by pulling on a rope

attached at a height of 10 m. Trees were swayed in both the N-S and E-W

directions and every transducer pair was measured for 1 minute in each of these

directions.



Table 4.1. Characteristics of branches selected for natural frequency and damping ratio measurement. Branch diameter was
measured at approximately one branch diameter from the point of attachment to the bole.

Branch
Tree 1

Height to Branch
(m)

Diameter Orientation
(cm) (deg)

Branch
Tree 2

Height to branch
(m)

Diameter Orientation
(cm) (deg)

1-2 3.81 4.0 350 2-11 4.53 2.6 220
1-3 3.73 3.3 100 2-21 5.02 4.4 210

1-14 5.14 3.2 60 2-35 6.58 2.7 340
1-16 6.15 2.8 150 2-42 6.97 4.4 10
1-20 6.13 2.6 330 2-43 7.81 3.0 60
1-21 6.92 2.5 140 2-49 7.75 3.7 200
1-26 7.1 2.6 340 2-51 7.96 4.0 270
1-31 7.86 3.1 280 2-63 10.19 3.2 130
1-34 8.3 2.5 50 2-66 10.16 3.7 300
1-36 8.29 2.2 10 2-67 9.95 2.8 310
1-41 8.95 2.8 230 2-68 9.96 3.0 40
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The instrumented branches were later pruned off the tree and transported to

the laboratory for further sway tests. The first 3-5 cm of each branch was clamped

to a steel I-beam, with its in situ angle of origin on the tree preserved. Each branch

was swayed 5 times in the both the up-an- down and side-to-side directions. The

strain at the base of the branch was recorded at 10 Hz using a CR23X datalogger.

The diameter at the point of clamping and the total length of each branch were

recorded. After the swaying experiment, the tested branches were dried at 60°C for

48 hours then weighed. The natural frequency of each branch was calculated using

spectral analysis (see Chapter 3). Damping ratio () was calculated from

information of the maximum strain amplitudes (y,, and Yn+m) that occur m cycles

apart, using the following equation:

Yn - Yn+m [4.1]

The systematic overprediction that occurs when using this equation was corrected

using Eq. [3.7]. The relationships between natural frequency and various branch

characteristics including diameter (D), length (L), and the mass of wood and

needles were investigated with regression analysis (Draper and Smith, 1998)



4.3.2 Calculation of Branch Wood Density and Modulus of Elasticity

Values of fresh density (p; mass of wood at field moisture content per unit

volume) and modulus of elasticity (E) were also calculated for each branch.

Because of the time that elapsed between conducting the free vibration tests and

subsequent measurement of branch mass, the fresh density of branch wood was

calculated using data from the 27 green sampled branches described in Chapter 3.

The volume of each branch segment was calculated from measurements of

midpoint diameter by assuming that its shaped conformed to a cylinder. Ordinary

least squares regression was used to fit a linear model (without an intercept) to the

relationship between fresh mass (kg) and branch segment volume (m3). The slope

of this relationship provided an estimate of fresh density.

The modulus of elasticity (L) was determined for each branch by predicting

its natural frequency using the approach described in Section 3.2.1, and then

adjusting E until the predicted and observed natural frequencies were in agreement.
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4.4 RESULTS AND DISCUSSION

4.4.1 Laboratory Measurement of Natural Frequency and Damping

The free vibration tests conducted in the laboratory indicated that the

dynamic behavior of branches was generally consistent with that of a damped

harmonic oscillator (Figure 4.1). Computed power spectra contained a single peak

corresponding to the natural frequency of the branch. Some departures from this

behavior were observed for branches from the lower third of the canopy. In

particular, branch 20 from tree 1 (Table 4.1) did not exhibit the uniformly decaying

sinusoidal response shown in Figure 4.1(a), but the more erratic response shown in

Figure 4.2.

Mean natural frequencies ranged from 0.5 13 Hz to 2.352 Hz (Table 4.2).

Branch 36 from tree 1 was damaged during another part of the experiment and no

natural frequency measurements could be made. Natural frequencies measured

when the branch was swayed in the vertical direction were consistently higher than

those measured in the horizontal direction. This difference is likely the result of the

system used to clamp the branch to the steel beam, which produced greater support

rigidity in the vertical direction.
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Figure 4.1. Example of measured outer fiber strain in both the (a) time domain and
(b) frequency domain. Data are from Tree 2, Branch 63.

Figure 4.2. Time history of measured strain for branch 20 from tree 1.
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In contrast to the result for whole trees (Chapter 3), considerable variation

was observed in the relationship between branch natural frequency and the ratio of

diameter to the square of total length (Figure 4.3). Branches in the lower region of

the canopy have different mechanical characteristics (i.e., lower moisture content

and higher modulus of elasticity) than those from the upper region. To account for

these differences, the ratio of oven-dry needle mass to total oven-dry woody mass

(MR) was included as an explanatory variable in the analysis:

freq = b0 +b1 D/L2 +b1MR +b3 D/L2 xMR [4.2]

I -I -I I I-

0.0 0.1 0.2 0.3 0.4 0.5 0.6

D/L2

Figure 4.3. Natural sway frequencies of 20 Douglas-fir branches. Mass ratio (MR)
is the ratio of needle mass to total woody mass. The solid line corresponds to MR =
0.05, and the dashed line to MR = 0.5.
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Estimates of the model parameters along with standard errors are given in

Table 4.3. While neither b2 nor b3 were significantly different from zero at

a = 0.05, both of these terms containing MR could not be simultaneously dropped

from the model (p 0.004). For the same ratio of D/L2, branches with a higher

value of MR have a lower natural frequency (r2 = 0.672). This is illustrated in

Figure 4.3 where branches with MR 0.1 have been plotted separately.

Table 4.2. Measured natural sway frequencies (Hz) of Douglas-fir branches. Each
branch was swayed in the up-and-down (U-D) and side-to-side (S-S) directions.
Values presented are the mean of five sway tests.

A comparison of branch natural frequency and whole tree natural frequency

indicated that, for a given value of D/L2 (DBHIH2 for whole trees), whole trees

Branch
Tree 1

U-D S-S
(Hz) (Hz)

Mean
(Hz)

Branch
Tree 2

U-D S-S
(Hz) (Hz)

Mean
(Hz)

1-2 1.632 1.711 1.671 2-11 1.159 1.126 1.142
1-3 1.941 1.816 1.878 2-21 0.695 0.662 0.679
1-14 0.757 0.757 0.757 2-35 0.546 0.497 0.522
1-16 0.987 0.943 0.965 2-42 0.580 0.563 0.571
1-20 2.401 2.302 2.352 2-43 0.546 0.480 0.513
1-21 0.586 0.563 0.575 2-49 0.613 0.580 0.596
1-26 0.613 0.580 0.596 2-51 0.642 0.596 0.619
1-31 0.679 0.666 0.672 2-63 0.662 0.646 0.654
1-34 0.629 0.580 0.604 2-66 0.765 0.745 0.755
1-36 - - - 2-67 0.745 0.729 0.737
1-41 0.844 0.798 0.821 2-68 0.646 0.613 0.629
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have a greater natural frequency (Figure 4.4). At first this may appear to be counter

to the energy transfer scheme proposed by Scannell (1984), whereby the increasing

natural frequencies encountered when moving from the whole tree scale down to

the branch, shoot and twig scales acts to dissipate energy.

I I

0.0 0.1 02 0.3

DIL2 or DBI-VH2

Figure 4.4. Comparison of whole tree natural frequency and branch natural
frequency at the same level of D/L2 or DBHIFT2. Mass ratio (MR) of branches is
assumed to be 0.5.

For all nine trees studied in the de-branching study described in Chapter 3,

D/L2 values for branches were greater than the DBH/H2 value of the whole tree.

Examples for two of the nine trees are presented in Figures 4.5(a) and (b). Because
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of their orientation, branches have to resist applied bending forces due to their self

weight, which may account for why they are shorter than the bole of a tree of the

same diameter. The predicted natural frequencies of the branches of the same nine

trees appeared to be distributed around the natural frequency of the whole tree

(Figures 4.5(c) and (d)). While some of the branches oscillate at the same natural

frequency as the whole tree, the oscillation of others at higher frequencies allows

energy absorbed by the tree to be dissipated as vortices from branch tips (Gardiner,

1995). This prevents resonant oscillations of the entire tree from developing.

Table 4.3. Estimates of the model parameters for the relationship between natural
frequency and DIL2 and MR (Eq. [4.2]).

Damping ratios for the branches were all less than 10% (Table 4.4). Values

could not be obtained for all branches due to the erratic behavior encountered in

some cases (e.g. Figure 4.2). In general, branch damping ratios were less than the

whole tree damping ratios found Chapter 3. However, in practice these values

could be expected to be greater due to collisions with other branches. The effect of

Model parameter Value Standard error t-value Pr(>Itl)
-0.1747 0.4543 -0.3846 0.7056

b1 4.4 14 1 1.2780 3.4538 0.0033
b2 0.8303 1.3 142 0.6318 0. 53 64
b3 -6.1518 3.7939 -1.6215 0.1244
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such collisions was observed with branch 16 from tree 1. During swaying, this

branch made slight contact with the laboratory floor, which increased its damping

ratio to 0.2054. (As a result, this data point was omitted from all analyses).

C,,.0o a
dC
z

a -.

0-
00
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0.2
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a01z
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Natural Frequency (Hz)

Figure 4.5. Distributions of DJL2 for branches with basal diameter greater than 2
cm from (a) tree 3, and (b) tree 8. Natural frequencies were predicted using Eq.
[4.21 and are shown in (c) and (d), respectively. The dotted vertical lines represent
the corresponding values for the whole trees.
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Damping ratios were usually less when the branches were swayed in the

side-to-side direction than in the up-and-down direction. If damping is assumed to

be largely due to aerodynamic drag, then the projected area of foliage is greater in

the up-and-down direction than in the side-to-side direction. Aerodynamic drag

would also likely explain the existence of a positive relationship between the

damping ratio and the ratio of needle mass to woody mass (Figure 4.6; r2 = 0.226,

p = 0.055).

Table 4.4. Measured damping ratios of Douglas-fir branches. Each branch was
swayed in the up-and-down (U-D) and side-to-side (S-S) directions. Values
presented are the mean of five sway tests.

Tree 1 Tree 2
Branch U-D S-S Mean Branch U-D S-S Mean
1-2 - 2-11 0.0329 0.0360 0.0345
1-3 - - 2-21 0.0670 0.0521 0.0596
1-14 0.0695 0.0605 0.0650 2-35 0.0432 0.0507 0.0470
1-16 - - - 2-42 0.0514 0.0582 0.0548
1-20 - - - 2-43 0.0698 0.0548 0.0623
1-21 0.0628 0.0561 0.0595 2-49 0.0578 0.0512 0.0545
1-26 0.0716 0.0585 0.0651 2-51 0.0696 0.0454 0.0575
1-31 0.0519 0.0499 0.0509 2-63 0.0502 0.0421 0.0462
1-34 0.0804 0.0694 0.0749 2-66 0.0583 0.0384 0.0484
1-36 - - - 2-67 0.0442 0.0332 0.0387
1-41 0.085 1 0.0887 0.0869 2-68 0.0496 0.0384 0.0440
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0.0 0.2 0.4 0.6 0.8

Ratio of Needle Mass to Woody Mass

Figure 4.6. Relationship between damping ratio and the ratio of branch needle
mass to woody mass. The solid line shows an ordinary least squares regression
fitted to the data.

4.4.2 Field Measurement of the Coupling of Tree and Branch Movement

The natural frequencies of the two trees were 0.60 and 0.55 Hz, respectively

(Table 4.5). During swaying, the branches did not oscillate at their own natural

frequencies, but instead were forced to oscillate at, or close to, the natural

frequency of the whole tree (Figure 4.7). This agrees with the observations made by

Sugden (1962) and is to be expected given that the branches are no longer

subjected to damped free vibration, but damped forced vibration. In this case, the

equation of motion for the branch is given by (dough and Penzien, 1993):



2dy d
m +c-1+ky=Fsinct

dt2 dt

where rn, c, and k are the mass, damping constant and stiffness of the tree, and the

right-hand-side represents a sinusoidal force with magnitude F0 and frequency

The steady-state solution for branch displacement (y) as a function of time (t) is:

1 F0
y(t) = sin(t - b)

.J(1_fl2)2+(2fl)2 k

where /9= (i.e., the ratio of the excitation frequency to the natural circular

frequency w) and is the damping ratio. Equation [4.4] shows that the branches

will oscillate at the excitation frequency while their displacement amplitude

will depend on /9 and . The first part of Eq. [4.4] is often referred to as the

mechanical transfer function:

JH(w)I=
1

./(1fl2)2 +(2efl)2

The physical interpretation of this function is that it is the ratio of the dynamic and

static responses of the system to a given force. It is also often referred to as the

dynamic magnification factor (DMF). A plot of this function versus flis given in

Figure 4.8.

[4.4]

[4.5]
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0

Oscillation Frequency in Field (Hz)

Figure 4.7. Relationship between branch oscillation frequency measured in the
field and the natural frequency measured in the laboratory. The solid line indicates
a 1:1 relationship.

The displacement amplitude will be greatest when the natural frequency and the

excitation frequency coincide (i.e., /1= 1). This could explain the small response

obtained from the branches in the lower part of the stem, as branches in this region

had natural frequencies considerably greater than that of the whole tree. The

relative displacement of the stem is much less in this region, and this will also

contribute to the result.
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Table 4.5. Natural frequencies of the two study trees.

104

Wind forces act on needles, twigs and branches of a tree. This causes the

branches to displace and also results in a bending moment at the base of the branch.

Each branch then provides an input to the bole with a certain magnitude and

frequency (Figure 4.9). The response of the stem to each of these inputs can be

calculated using the approach described in Eq. [4.3]. The response of the bole will

be greatest when the branches are oscillating at a frequency that is at or near to that

of the whole tree. If the system is assumed to be linear, the response of the bole will

be the superposition of the individual responses (Newland, 1993):

y(t) = y1 (t) + y2 (t) + +y(t) [4.6]

The passage of short, high speed gusts induces vibration in the twigs, shoots

and to some extent the branches of a tree (Scannell, 1984), but because their natural

frequencies of oscillation are, in many cases, different than that of the whole tree,

the response of the whole tree is small. This agrees with the observation of Scannell

(1984) who noted that the motion of whole trees was generally unaffected by this

type of gust. Longer duration gusts cause a quasi-static displacement of the whole

tree, followed by a period of damped free vibration once the gust has passed. In this

1 0.56 0.63 0.60
2 0.53 0.58 0.55

Tree Natural Frequency (Hz)
N-S Direction E-W Direction Mean
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situation, the tree would be expected to behave in a similar manner to that observed

in the tree swaying study.

0

0

0
C0)

E -
0
E
C>'a

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Figure 4.8. Variation of dynamic magnification factor with frequency ratio (/3)
and damping ratio (i).

4.3.3 Calculated Values of Fresh Wood Density and Modulus of Elasticity

A linear relationship was observed between the volume (VOL) of branch

segments and their fresh mass (Figure 4.10). This was somewhat unexpected given

that larger diameter branch segments generally contain more heartwood which has

a lower moisture content. Therefore, the slope of the relationship was expected to

attenuate with increasing volume. Increasing variation in fresh mass was observed
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with increasing volume, and this was corrected for by weighting the linear

regression model by various powers of VOL. Models were compared using

Akaike's Information Criterion. The best fit was found when the model was

weighted by V0L125, which resulted in a density estimate of 1161 kg m3 (standard

error = 9.75 kg m3).

x2(t)

x3(t)

X4(t)

.x6(t)

;(t)

>

>

>

., y, (t)

Figure 4.9. Conceptual model showing the relationship between the excitation x(t)
and response y(t) of a tree. Each x(t) corresponds to the excitation of an individual
branch and the corresponding y(t) is the response of the bole.
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Branch
Tree 1

E (GPa) Branch
Tree 2

E(GPa)
1-2 9.57 2-11 3.49
1-3 7.80 2-21 4.11
1-14 3.60 2-35 8.05
1-16 3.32 2-42 4.58
1-20 5.10 2-43 2.64
1-21 3.96 2-49 6.47
1-26 3.31 2-51 5.35
1-31 5.17 2-63 7.79
1-34 3.34 2-66 7.37
1-36 2-67 2.43
1-41 3.54 2-68 3.91

0.00000 0.00010 0.00015

Volume (m3)

Figure 4.10. Relationship between volume (m3) and fresh mass (kg) for 0.25-rn
segments from 27 green branches. The solid line was fitted using weighted least
squares regression, and the resulting fresh density was estimated as 1161 kg m3.

Table 4.6. Estimated values of E (GPa) from dynamic tests. In all cases wood
density was 1161 kgm3.
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Estimated values for E ranged between 2.43 GPa and 9.57 GPa (Table 4.6).

These values are generally lower than those for green Douglas-fir timber (Bodig

and Jayne, 1993; Forest Products Laboratory, 1999). A similar result was also

found by Cannell and Morgan (1987) who suggested that this was partly due to

branch diameter measurements being made over bark. Branches 1-2 and 1-3 which

were located near the crown base and had almost no live foliage present on them

(23.3 and 0.0 g, respectively) had the highest values of E for any of the measured

branches on tree 1. These branches were expected to have a lower moisture content

than those higher in the crown, which, based on the results of Cannell and Morgan

(1987), would lead to higher E values. Spatz and Bruechert (2000) found that the

structural modulus of elasticity of Norway spruce (Picea abies (L.) Karst) branches

decreased with increasing height of attachment to the bole. Unfortunately, this

result did not appear to hold true for tree 2, where branches 2-35, 2-63 and 2-66

had the highest E values. Based on the results shown in Figure 4.10, green wood

density was assumed to be constant for all branches. This may not have been the

case for the branches studied in the sway tests. From Eq. [2.5] it can be seen, that

for a branch with given geometry, the natural frequency is proportional to .JE/p.

Therefore, incorrect values of green density will result in incorrect values of E, but

branches will still oscillate at their correct natural frequencies.

The results obtained in this study will provide necessary information for

constructing the dynamic tree models that can be used to answer many of the
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questions arising about how trees and their constituent components respond to the

wind (Chapter 5). One of the first steps in constructing such models will be to

determine whether the predicted natural frequencies agree with those observed in

the field.

4.5 CONCLUSIONS

Free vibration tests found that Douglas-fir branches behave as damped

harmonic oscillators, with well defined natural frequencies and damping ratios.

Natural frequency could be predicted from D/L2 and MR (the ratio of needle mass

to total woody mass). Branches in the lower region of the canopy had higher

natural frequencies due to their lower moisture content and higher modulus of

elasticity. Damping ratios for all branches were less than 10%; however, damping

due to branch clashing was not considered. Aerodynamic drag on the foliage

appeared to be the main source of damping, as evidenced by the positive

relationship between MR and damping ratio and the higher damping ratios

observed when branches were swayed in the up-and-down direction.

During whole tree swaying, branches are subjected to damped forced

vibration and oscillate at the natural frequency of the whole tree, rather than at their

own natural frequencies. Additional work is required to understand the response of

the tree stem when the branches are subjected to an applied wind force.
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CHAPTER 5

SIMULATING TREE BEHAVIOR IN STRONG WINDS USING THE FINITE
ELEMENT METHOD

John R. Moore
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5.1 ABSTRACT

The finite element method (FEM) of structural analysis is described and

used to model the dynamic behavior of three Douglas-fir (Pseudotsuga nienziesii

Mirb. (Franco)) trees subjected to wind loading. Detailed measurements of the bole

and branch geometry were made for each tree, which enabled the first order

branches from each tree to be represented as individual cantilever beams attached

to the bole. Three different values for branch modulus of elasticity (E) were

assumed; 4 GPa, 5 GPa and 6 GPa. For two trees with relatively large crown

masses (175 kg and 250 kg, respectively), significantly improved estimates of

natural frequency were obtained when the branches were modeled as separate

cantilever beams, rather than as a series of masses lumped to the mass of the bole.

Closest agreement was found when branch E was 4 GPa. Oscillation of the

individual branches also contributed to the damping of the tree with the level of

contribution increasing as branch elasticity decreased. When branch E was 4 GPa,

the phase difference between the oscillation of the bole and some branches was

almost 180°.

A series of forces were then applied separately to the bole and branches of

each tree and the mechanical transfer function determined for each loading case.

These transfer functions were similar to the theoretical transfer function for a

damped harmonic oscillator, but did show a smaller tree response at higher

loadings frequencies, particularly when branch E was 4 GPa. Further work is
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required to obtain more information on branch structural properties, particularly

modulus of elasticity, as they appear to be important in defining overall tree

behavior under wind loading.

5.2 INTRODUCTION

Previous models to describe the dynamic behavior of trees subjected to

wind loading have treated the crown as a series of discrete masses lumped to the

central mass of the bole (Guitard and Castera, 1995; Kerzenmacher and Gardiner,

1998; Flesch and Wilson, 1999). This has been done because analytical solutions to

the equations of motions for a tree with all of its branches represented as coupled

damped harmonic oscillators are difficult to obtain. However, it is possible that the

oscillation of branches will influence the dynamic behavior of trees to greater

degree than can be explained simply by their additional mass. The simultaneous

behavior of tree stems and branches under wind loading can be investigated using

the finite element method (FEM). This is a numerical method for solving problems

of engineering and mathematical physics (Logan, 1993). Instead of solving

ordinary or partial differential equations, which, because of the complicated

geometry, is usually not possible, the finite element formulation results in a system

of simultaneous algebraic equations for solution. Numerical methods are then used

to solve these equations.
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Finite element analysis has previously been applied to the study of plant

mechanics by a small number of authors. Fourcaud and Lac (1996) used the finite

element method to simulate the mechanical behavior of maritime pine (Pinus

pinaster Ait.) trees. The finite element method has also been used by Mattheck

(1998) to demonstrate that tree form is governed to a large extent by the constant

stress hypothesis. However, studies describing the application of the finite element

method to modeling the behavior of trees subjected to wind loading are rare. The

only known study was performed by Gaffrey et al. (2001) who investigated the

stresses in a single 64-year-old Douglas-fir (Pseudotsuga menziesii Mirb. (Franco))

tree. Their analysis incorporated detailed measurements of bole and branch

geometry as well as mechanical wood properties, but only considered the case of a

static wind force.

In this chapter, the finite element method for calculating displacements of a

tree subjected to either static or dynamic loading is described. The method is then

applied to model the behavior of selected Douglas-fir trees subjected to a several

static and dynamic loading scenarios.



5.3 METHODS

5.3.1 Overview of the finite element method

The bole and branches of trees are characterized by the fact that their

longitudinal dimension is much greater than their transverse dimension (i.e., their

length is much greater than their diameter). Therefore, as a first approximation it

was assumed that the structure of the tree could be represented as a series of beams.

To model the tree structure using the finite element method, it was first divided into

an equivalent system of smaller bodies or units (finite elements; Figure 5.1)

interconnected at points common to two or more elements (nodal points or nodes).

The displacement parameters (translational and rotational) at each node are termed

the degrees of freedom of the element and become the degrees of freedom of any

finite element model of which it is a part. For each element, a stiffness matrix is

defined such that:

{j}={1 ja} [5.1]

where {J21 relates local-coordinate (,5) nodal displacements I} to local forces

{fr}.
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Figure 5.1. Subdivision of the branches and stem of a tree in the region near a
branch whorl into finite elements.

The stiffness matrix for an elastic beam (i.e., one that does not undergo

permanent deformation under applied loads) can be derived using the principle of

minimum total potential. Specific details of this method are well beyond the scope

of this paper, but can be found in any introductory text on the finite element

method (e.g., Astley, 1992; Logan, 1993). Briefly, the principle of minimum total

potential states that:

Of all the displacement states that satisfy the given boundary conditions of a

structure, those that satisfy the equations of equilibrium make the total energy

stationary with respect to small variations of displacement. If the stationary value is

a minimum, the equilibrium is stable.



119

Total potential energy H is calculated as the sum of the internal strain energy U

and the potential of the applied forces V. i.e.,

H=U+V [5.2]

Because trees are three-dimensional structures and are subjected to body

forces (i.e., those due to the self-weight of the tree), the strain energy term in Eq.

[5.2] has four distinct components:

U =U. +U, +Ua +U [5.3]

where U. and U are the strain energy due to bending in the x-z and x-y planes,

Ua is the strain energy due to axial compression/tension, and U is the strain

energy due to torsion (Figure 5.2). The stiffness matrix for the composite element is

obtained by assembling the stiffness matrices from each of the four contributions.

The result is a 12 x 12 matrix that is in a local coordinate system aligned with the

centroidal axis of the element. To obtain a global version of the same matrix, the

element must be rotated in three-dimensional space. This is achieved using a

transformation matrix {T] which is a 12x 12 matrix that defines the relationship

between the global and local degrees of freedom. The element stiffness matrix in

global coordinates [k] is given by:

{k] = {T1' [kIT] [5.4]
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For a structure comprising a series of elements, the structure stiffness matrix {K}

relates global coordinate (x, y, z) nodal displacements {d} to global nodal forces

{Q} for the whole structure, and is assembled from the element stiffness matrices

via the direct stiffness method:

[KI=[k]

The nodal displacements are then determined by imposing boundary conditions and

solving the following system of equations simultaneously:

{Q}= {K]{i} [5.6]

Figure 5.2. Nodal degrees of freedom (in local coordinates) for a three dimensional
beam element. u, v, and w represent nodal displacements in the x, y, and z
directions, and O, O, and 6 represent nodal rotations.
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Because this approach is based on the principle of minimum total energy as

an alternative to a full statement of static equilibrium, it can only accommodate

static loads (or loads which vary significantly only over a timescale that is large

compared to the period of the lowest natural frequency of the structure). Previous

studies (e.g. Holbo et a!, 1980; Mayer, 1987; Kerzenmacher and Gardiner, 1998;

Flesch and Wilson, 1999) show that the frequency of many of the wind gusts acting

on trees is close to or greater than the natural frequencies of these trees. Therefore,

a static model is insufficient to fully describe the response of trees to wind loading

and a dynamic model must be used.

The finite element method can be applied to the dynamic case using

d'Alembert's principle, which states that a mass subjected to an acceleration will

develop an inertial force proportional to its acceleration and opposing it. The static

approach described in the previous section can therefore be modified to include

dynamic effects by incorporating distributed body forces proportional to the

instantaneous acceleration. The assembled finite element equations are now:

{Q(t)}+{f, (t)}= {KJ{d(t)} [5.7]

where {f1 (t)} is the vector of equivalent inertial forces. It should also be noted that,

in the dynamic case, the nodal degrees of freedom are no longer constants but vary

with time (t). The inertial force vector for the whole tree is given by

{f, } = [M ]{i}, where {a} is a vector of nodal accelerations. The mass matrix of



122

the entire tree [MI is assembled from the element mass matrices in the same

manner as for the stiffness matrix [K]. The dynamic stiffness relationship for the

entire tree therefore becomes:

[M]{a}+ {Kd}= {Q(t)} [5.8]

Viscous damping forces can be included, in which case Eq. [5.8] becomes:

[M}{d}+ fc]{a}+ [ic]{d}= {Q(t)} [5.9]

where [c] is a constant damping matrix. This matrix is not generally assembled

from element contributions, because the physics of the damping mechanism is

generally not understood at an element level. In the case of the tree viscous

damping ratios have been estimated for the bole and branches of a tree using free

vibration tests.

The expression given by Eq. [5.9] must now be solved subject to initial

conditions:

{d(o)}={d0} and {a(0)}={v0} [5.10]

where d0 and v0 are nodal displacements and velocities at time t = 0. For a tree

with n degrees of freedom, Eq [5.9] represents a system of n coupled equations that

must be solved simultaneously. The solution of these equations will not be

discussed here. Interested readers should refer to texts on structural dynamics (e.g.,
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Clough and Penzien, 1993) or the finite element method (e.g., Astley, 1992) for

more details.

5.3.2 Construction of Tree Models

Three of the trees studied in Chapter 4 were selected for modeling; one

from each of the three diameter classes. Summary characteristics for each of these

trees are listed in Table 5.1. For branches from the three trees, height of attachment

to the bole (m), angle of emergence (degrees), azimuth (degrees) and basal

diameter (mm) were measured. Branches were pruned off the tree, divided into

0.25 m long sections and information on the mass and diameter of each branch

section was obtained using the method described in Chapter 3. Bole diameter over

bark (dob) was measured for each tree at 0.15, 0.5, 1.0, 1.3, 1.5 m above the ground

and at 0.5 m intervals above this point.

Table 5.1. Characteristics of the three trees selected for finite element analysis.

Tree dbh (cm) Height DBH/H2 Green Natural Damping
(m) crown frequency ratio

mass(kg) (Hz)
7 30.8 18.15 0.093 175.3 0.44 0.076
9 19.2 15.75 0.077 49.6 0.38 0.077
11 38.1 20.00 0.095 249.9 0.40 0.076
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Because of the large number of degrees of freedom involved, no attempt

was made to explicitly develop the mass, damping and stiffness matrices and the

nodal force vector described in Section 5.2.1. Instead, finite element models of the

three selected trees were constructed using the ANSYS finite element software

package (ANSYS Inc., Canonsburg, PA, USA). Both the bole and branches of each

tree were modeled using 3-dimensional tapered beam elements (Beam44). This

beam element can have different section properties (i.e., thickness, and second area

moment of inertia) at nodes i and j and also in both the x and z directions Nodal

points for the bole were located at the heights where diameter measurements were

made as well as at each height where a branch attached. Branch nodal points were

located at the point of attachment to the stem, the midpoints of each branch

segment, and at the end of the branch. The coordinates of these branch nodes in

three-dimensional space were calculated using the measurements of angle of

emergence, azimuth and distance from the proximal end. Branch curvature was

ignored. Diameters at the nodal points were either obtained from actual

measurements or predicted using linear interpolation where necessary (e.g., at the

points along the bole where branches attach). The branches and boles of the three

trees were assumed to be circular in cross-section and the second area moment of

inertia (1) calculated at each node from:

I ,rd4

64

where, d is the diameter at the node.

[5.11]



0.0470 + 0.0339MR MR < 0.667
0.073 MR 0.667

This equation was constrained so that damping ratios could not exceed 0.073, as

this was the maximum value found during free vibration tests.

Values for the modulus of elasticity of the boles of the three trees were

taken from Chapter 3 and were 5.76, 6.20, and 5.14 GPa for trees 7, 9, and 11,

respectively. Based on the results of the branch sway tests described in Chapter 4,

three separate models were constructed for each tree with branch E values of 4, 5,

and 6 GPa, respectively. Lower values of E (e.g., 3 GPa) were not used as predicted

[5.12]
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Values of density (p), viscous damping ratio () and modulus of elasticity

(E) were also calculated for each element. The density of fresh bole wood (i.e., the

mass of wood per unit volume found in a living tree) was assumed to be 1000 kg m

while for branch wood it was calculated as 1161 kg m3 (see Section 4.3.3). The

mass of the needles and higher order branches attached to each branch segment was

added to the corresponding first order branch as a uniformly distributed mass. No

attempt was made to explicitly represent these higher order branches. Viscous

damping ratios for the boles of the three selected trees were those obtained during

the free vibration tests described in Chapter 3 and were 0.0117, 0.03 8, and 0.0 179

for trees 7, 9 and 11 respectively. Branches damping ratios were predicted from the

ratio of needle mass to total woody mass for each branch (MR) using the following

equation developed in Chapter 4:
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deflections resulting from the application of static loads appeared unreasonably

large. In all cases, isotropic material properties were assumed and E was also

assumed to be constant along the length of both the bole and branches.

5.3.3 Applied Loading Scenarios

Before any loads were applied to the three model trees, modal analyses (see

Section 3.2.1) were performed to ensure that their dynamic behavior was similar to

that found for the finite element models described in Chapter 3, where the crown

was represented as a series of lumped masses.

For the models with explicit representation of the branches, the method

developed to calculate the total wind force acting on the tree as well as the relative

wind force acting on each branch is illustrated in Figure 5.3. The relative wind

force (Frei) acting on each branch on the tree was calculated from:

Frei = ( u rei
)I.5

LA [5.13]

where, Urei is the relative wind speed acting on the branch and LArei is the relative

leaf area of the branch. The relative wind speed acting on branches from each of the

three trees was calculated from the measured vertical wind profile for the stand

(Figure 5.4 - see Chapter 6). For each tree, the wind profile was normalized by the

wind speed value at the height corresponding to the top of each tree (i.e., zJH=1.0).
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The relative leaf area of each branch was calculated by dividing the actual leaf area

by the maximum value for a branch from the same tree. The choice of 1.5 as an

exponent was based on the analysis of results from wind tunnel tests (Mayhead,

1973; Mayhead et al., 1975) which showed that because of streamlining the

aerodynamic drag force acting on a tree was approximately proportional to wind

speed to the 1.5 power.

Urel1(z)

- (U,,)'Li,

LArel=LA/LAxnax

COF

HC

t('4 x..)
DC

Figure 5.3. Schematic diagram showing the approach used for calculating the wind
force on each branch and the height to the center of applied wind force for the
whole tree. See text for definition of variables.

Within-stand Whole branch Branch segment
wind profile Data data

heght LA angle LA7 dist
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The total relative force acting on each tree was then calculated by summing

the relative forces acting on the individual branches. Branches in the quadrant on

the leeward side of the tree that extends 45 degrees either side of the direction of

the applied force were excluded (Figure 5.5). Informal observation indicates that

these branches receive little loading from the wind due to a combination of

sheltering from windward branches and their relative angle to the incoming wind.

This is also supported by Zhu et al. (2000) who found that wind speed decreases

exponentially with increasing horizontal distance into the crown.

0.0 0.2 0.4 0.6 0.8 1.0

Relative wind speed

Figure 5.4. Vertical profile of mean horizontal wind speed for the stand containing
the three modeled trees. Anemometers were located at 2, 4, 8, and 16 m.

0
(.'J

tn

U) -

0-



Figure 5.5. Schematic representation of a tree crown showing the location relative
to the incident wind of branches excluded from the relative wind force calculations
(hatched area). The angle a was set at 45°.

The relative force on each branch was assumed to act at the centroid of

foliage area. The distance to the centroid (DC) from the proximal end of the branch

was calculated from:

(LA, x dist,)
DC= i=1 [5.14]
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where LA, is the leaf area of the th segment and dist1 is the distance from the

proximal end of the branch. For most branches, the centroid was approximately
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60% of the distance along the branch. The height to the centroid (HG) was also

calculated from information on the branch geometry and location on the tree.

Information on Frei and HG for each branch was then used to calculate the

height to the center of force (COF) for each tree:

(Freij xHC)
COF [5.15]

: Freij

where, HC is the height to the centroid of leaf area for the j branch. The sum of

relative forces acting on the tree was then scaled so that when it was multiplied by

COF it produced a bending moment of 9810 Nm at the base of trees 7 and 9 and

19620 Nm at the base of tree 11. The total applied force and the height to its center

of application for the three trees is given in Table 5.2.

Information on the natural frequency and damping ratios of the three trees,

for the three different branch E values was obtained by applying the force as a

ramped load that reached the maximum applied force 5 seconds after it began to be

applied and then decreased immediately to zero (Figure 5.6). This was intended to

simulate the loading during the damped free vibration tests conduced in Chapter 3.

Two series of tests were conduced: (1) with the ramped forces applied to the

branches, and (2) the total applied force applied as a single point load at the center
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of force. In both cases the response of the tree at 10 m was recorded for 30 s at a

sampling rate of 5 Hz.

0
0

U-

Tree7 = 775 N
Tree9=825N

Treell =1497N

Figure 5.6. Ramped load applied to trees during free vibration tests. The maximum
forces applied to each of the three trees is given.

A 15 minute time series of wind forces was created using data on the

canopy top wind speed collected on 21 January 2001. Wind speed was measured at

5 Hz using a cup anemometer (Met-One, Grants Pass, OR, USA) mounted at 16 m

on a tower located within the stand. During this period the mean canopy top wind

speed was 4.29 m s and the maximum recorded gust was 8.87 m Wind speed

25 300 5 10 2015

Time (s)
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measurements were normalized by the maximum value occurring during the 15

minute recording period. The total force (Ftotai) acting on each tree was then

calculated from the normalized wind speed (U0,) by:

F1 = (Unorni
)15

{5.16]

The total force was then scaled so that a wind speed of 15 m s1 would

produce bending moments of 9810 Nm at the bases of trees 7 and 9, and 19620 N

m at the base of tree 11. As with the damped free vibration case, the 15 mm loading

history was applied to (1) the branches of the three trees, and (2) as a point load

acting at the center of force. In this case the total applied force was apportioned

among the branches using the same approach that was used in the damped free

vibration case. The response of the trees to these different loadings was analyzed

using spectral analysis. Mechanical transfer functions were also calculated to show

the response of the modeled trees to different loading frequencies.

Table 5.2. Total applied force and height of application (HC) required to produce
bending moments of 9810 Nm at the base of trees 7 and 9, and 19620 Nm at the
base of tree 11. The relative height to the center of force (HCIH) is also given.

Tree HC BC/H Total applied
(m) force (N)

7 12.66 0.70 775
9 11.88 0.75 825
11 13.11 0.66 1497



5.4 RESULTS AND DISCUSSION

The structure of the three model trees is shown in Figure 5.7. While the

three trees are not shown on the same scale, differences in branching structure

between them are readily apparent. In particular, the number of branches in the

lower region of the crown differs markedly between trees 9 and 11. Predicted

crown mass was in good agreement with measured values, with the possible

exception of tree 11 where it was 15 kg (6%) lower than the measured value.

5.4.1 Natural Frequency and Damping Ratios

From the modal analyses conducted, it was found that trees 7 and 11 had

lower natural frequencies when their branches were modeled as individual

cantilever beams than when they were represented as lumped masses (Table 5.3).

For these same two trees, natural frequency was very sensitive to branch E. When

the branch modulus of elasticity was 4 GPa, the predicted and observed natural

frequencies for tree 7 were in agreement. At the same value of branch E, the natural

frequency was still higher than the measured value of 0.41 Hz, but the predicted

result was an improvement over that obtained when modeling the crown as a series

of lumped masses. Natural frequency values determined from free vibration tests

were similar to those found from modal analysis, but did not exhibit the same

degree of sensitivity to branch modulus of elasticity.
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For trees 7 and 11, damping ratios increased with decreasing branch

modulus of elasticity. Little change in damping ratio with changing branch E was

observed for tree 9. This tree had only a very small crown mass, compared with

trees 7 and 11 (Table 5.1). When branch E was 4 GPa, damping ratios for all three

trees were greater than the damping ratio of their bole or the maximum damping

ratio of any of the branches (0.073). At this value of E, some branches began to

oscillate out of phase with the bole of the tree. This is shown in Figure 5.8, where

the oscillations of branch 11-18, with azimuth perpendicular to the direction of the

applied force, are plotted at the three different values of modulus of elasticity. As

time increased, the coherence between the three displacements decreased, and after

20 s the 4 GPa and 6 GPa displacements were almost 1800 out of phase. With

decreasing branch E, the phase difference between the branches and the bole also

increased. Mechanical damping due to the oscillation of the individual branches of

damping has been recognized by previous authors (Mayhead et al, 1975; Mime,

1991), but until now has not been quantified. Results from the study reported here

indicate that mechanical damping could be an important component of the overall

damping of tree oscillations, particularly when branch E is low. Spatz and

Bruechert (2000) noted that low E values allow branches to streamline in high

winds, thus reducing their exposed frontal area, but it also appears that low E

values enhance damping of tree oscillations.
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Determining the overall damping ratio of trees from the damping ratios of

their individual branches requires good information on branch modulus of

elasticity. Aside from the contributions of Cannell and Morgan (1987) and Spatz

and Bruechert (2000) there is very little information available in the literature.

Cannell and Morgan (1987) obtained values ranging between 0.7 and 4.6 GPa,

while those measured by Spatz and Bruechert (2000) ranged between 0.5 and 2.5

GPa. At an E value of 4 GPa, predicted damping ratios already exceeded measured

values and using even lower values would presumably increase this over-

prediction. Further study is required to address this issue. In addition, constant

branch E values were used for all branches, whereas Spatz and Bruechert (2000)

found that E decreased with increasing branch height in the crown.



Tree Branch
E (GPa)

Natural Frequency (Hz) Damping
ratio

Modal Damped free Lumped
analysis vibration mass

7 4 0.450 0.500 0.534 0.1013
7 5 0.497 0.508 0.534 0.0708
7 6 0.523 0.5 17 0.534 0.0598

9 4 0.425 0.417 0.393 0.0869
9 5 0.428 0.417 0.393 0.0889
9 6 0.430 0.417 0.393 0.0834

11 4 0.476 0.500 0.546 0.1238
11 5 0.523 0.517 0.546 0.0789
11 6 0.538 0.517 0.546 0.0577
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Table 5.3. Predicted natural frequencies and damping ratios for the three modeled
Douglas-fir trees. Natural frequencies were estimated from modal analyses and
damped free vibration tests. Branches were represented as separate cantilever
beams, having different values of modulus of elasticity (E). Natural frequency
estimated obtained when the branches were represented as a series of lumped
masses are included for comparison.



(a) (b) (c)

Figure 5.7. Finite element models showing the crown structure of (a) tree 7, (b) tree 9, and (c) tree 11.
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Figure 5.8. Displacement of the tip of branch 11-18 under during the damped free
vibration test conducted on tree 11. The modulus of elasticity of all branches was
varied between 4 GPa, 5 GPa and 6 GPa.

5.4.2 Response to Time Series Loading

The predicted deflection of tree 11 at 10 m is shown for a 100 second period

in Figure 5.9. The response of trees 9 and 11 were very similar, and, as expected,

the response of all three trees followed the wind force input.
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Figure 5.9. 100 s time series of the resultant wind force applied to tree 11 and the
corresponding simulated displacement of the tree at 10 m. Forces were applied to
the branches of the tree, which had a modulus of elasticity of 4 GPa.

Power spectra were calculated for the wind force input from 4096 points of

5 Hz data. All spectra were normalized by the natural frequency and signal

variance. The power spectra of wind force had a peak at approximately 0.01 Hz and

was relatively constant up to a frequency of 0.2 Hz, after which spectral density

decreased quite rapidly (Figure 5.10). This indicates that most of the incident

energy in the wind is contained at lower frequencies. Similar power spectra of
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horizontal wind speeds were calculated by Mayer (1987) and Gardiner (1995),

although the spectrum calculated by the latter author contained less energy at the

lower frequencies. In this case, wind speed was measured with a sonic anemometer

rather than the cup anemometer used in this study.

a0
+w-o =

0) =o =
th-

a- -

C,a
w -0

(a) (b)

Figure 5.10. Normalized power spectra of the (a) canopy top wind speed, and (b)
the modeled deflection of tree 11 at 10 mover an 819.2 s time period.

Power spectra of the displacement at 10 m were also calculated for each

tree. At frequencies below the natural frequency of the tree, these spectra had a

similar form to those for the wind force. However, at frequencies close to, and

above, the natural frequency of the tree the two spectra were quite different. There

was a peak in spectral density near the natural frequency of the tree followed by a

=
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very rapid decrease in spectral density above this frequency. The response of the

tree to different frequencies of applied loading is more apparent when the

mechanical transfer function (Hm) is calculated:

SH= [5.17]
yr

where, Sff is the wind force spectrum and is the tree displacement spectrum.

00

EI -=

I 111111 I I I liii I I lii ill I I liii

(a) (b)

Figure 5.11. Mechanical transfer functions for tree 11 obtained by dividing the tree
deflection spectra by the applied force spectra. Forces were applied to (a) the
branches with E = 4 GPa, and (b) the bole with branch E = 6 GPa. The dashed line
represents the theoretical transfer function described by Eq. [5.18].
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The transfer functions are similar to those derived from data on tree

movement and streamwise wind speed or vertical momentum flux (Holbo et al,

1980; Mayer, 1987; Gardiner, 1995). At low applied loading frequencies (<0.1 Hz)

the gain of the trees is near 1.0 (i.e., tree response is similar to that obtained under

the equivalent static load). Near the natural frequency of the tree, the gain is much

higher ( 10), but then declines rapidly at higher frequencies (Figure 5.11). When

the force was applied to the branches, the transfer function declined more rapidly

above the natural frequency, than when the load was applied to the bole of the tree.

Similarly, the transfer function declined more rapidly above tree natural frequency

as the branch modulus of elasticity decreased. The peak gain value was also less at

lower values of branch E due to the increase in damping ratio. At low frequencies

the tree response is similar to that predicted by the theoretical transfer function for a

damped harmonic oscillator (Clough and Penzien, 1993), i.e.,

IHmI =
1

/(1_fl2)2 +(2fl)2
[5.18]

where, fi is the ratio of the excitation frequency to the natural frequency of the

tree, and is the damping ratio. However, above the natural frequency of the tree,

the transfer function when the forces were applied to the branches (Figure 5.9(a)) is

initially greater than that predicted by Eq. [5.18], but then decreases below the

theoretical at frequencies above 1 Hz. This is presumably the result of enhanced

damping at these higher due to the oscillation of the individual branches. When the
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forces were applied to the bole of the tree and branch E was higher (6 GPa), the

transfer function at all frequencies more closely resembled that predicted by Eq.

[5.18].

The transfer function for tree 9, did not decrease as rapidly above the

natural frequency as those for trees 7 and 11 (Figure 5.12). The crown mass of tree

9 was only 50kg, compared with 175 kg and 250 kg for trees 7 and 11,

respectively. Previous results (Chapter 3) suggested that the lumped mass

approximation was more appropriate for tree 9 and this appears to confirmed by the

fact that its mechanical transfer function is very similar to that given by Eq. [5.18].
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Figure 5.12. Mechanical transfer functions for (a) tree 7, (b) tree 9 and (c) tree 11.
In all cases the wind force was applied to the branches of the trees and branch
modulus of elasticity was 4 GPa.
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5.4.3 Suggestions for Further Work

A number of simplifying assumptions were made when constructing the

tree models, and further work is required to improve upon these. Firstly, as has

already been discussed, the mechanical behavior of the modeled trees is very

sensitive to branch modulus of elasticity. More research is required to obtain

information on this parameter including its variation with branch location within a

crown. The results obtained by Spatz and Bruechert (2000) need to be extended to

other species. Secondly, modulus of elasticity of the bole was calculated from

results of the swaying tests performed on the three trees with all their branches

removed. The resulting value for E effectively included elasticity of the bole as

well as the elasticity of the root-soil connection. This approximation is very crude

and could be improved by incorporating the longitudinal decrease in bole E found

by BrUchert et al. (2000) as well as a more mechanistic model of root anchorage

(e.g., Blackwell et al., 1990). Thirdly, eccentricity of the bole needs to be included

as this is probably one of the main reasons explaining the large amount of out-of-

plane movement observed in the swaying tests conducted on completely de-

branched trees.

Additional improvement of the model could occur by including

aerodynamic admittance in the calculation of wind force. Aerodynamic admittance

accounts for the fact that wind gusts have a finite size, and therefore smaller, high

frequency gusts cannot load the entire crown at the same time (Baker, 1995).
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Presently aerodynamic admittance is assumed to be unity for all frequencies, as

suggested by Mayer (1987), whereas the high frequency component of the wind

speed spectrum should be attenuated when calculating the force spectrum

(Davenport, 1967; Baker, 1995).

The forces acting on the trees were also assumed to be a constant function

of canopy top wind speed (i.e., force cc u'5). Within canopy wind speeds were

then determined using a vertical wind speed profile calculated from longer term

averages of wind speed. At low wind speeds Gardiner et al., (1997) found that gusts

are too weak to penetrate into the canopy of dense stands, and consequently trees

growing in such stands exhibit very little response at low wind speeds.

Kerzenmacher and Gardiner (1998) used canopy top wind speeds to estimate the

wind force acting on their model tree, and as a result found that its response at low

wind speeds was overestimated.

5.5 CONCLUSIONS

Structural models of trees constructed using the finite element method offer

additional insight into the mechanics of tree under wind loading, due to their ability

to represent branches as individual cantilever beams rather than as a series of

masses lumped to the main mass of the bole. Preliminary results indicate that

oscillation of the individual branches contributes to the overall damping of the tree;
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its level of contribution increasing as branch elasticity decreases. Therefore, low

branch elasticity not only allows the tree to reduce its frontal area exposed to strong

winds, but may also enhance the damping out of resulting oscillations. Further

work is initially required to obtain better information on the structural properties of

the branches and boles of trees, but it is then hoped that these models can be used

to investigate the effects of crown structure manipulation on the response of trees to

wind loading.
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CHAPTER 6

MOTION OF TREE BRANCHES IN RESPONSE TO STRONG WINDS

John R. Moore
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6.1 ABSTRACT

Wind-induced bending strains were measured for selected branches from

two Douglas-fir (Pseudotsuga ,nenziesii Mirb. Franco) trees growing in the Oregon

Coast Range. Caliper-type strain gauge transducers were installed at the base (i.e.,

proximal end) of 11 branches from each tree, 3 in the bottom third of the crown and

4 in each of the middle and upper thirds. Transducers were monitored between

January and March, 2001 with a system that recorded strains over a 1 minute period

and at a scanning frequency of 5 Hz when the canopy top wind speed exceeded 8

ms1. The magnitude of branch strains increased with increasing height of branch

attachment and was similar in the vertical and horizontal directions. For branches in

the upper crown, the magnitude of branch strain was related to the canopy top wind

speed. Initial investigation of the frequency response indicated that branches were

mainly displaced by large intermittent gusts, and then returned to their rest position

under damped free vibration. There was some indication of higher frequency

responses; however, this may have been random perturbations from other sources.

Recommendations for future studies investigating the response of branches to wind

loading are made.

150



6.2 INTRODUCTION

Because of the threat posed by wind to forests in many parts of the world

(Quine and Gardiner, 1991; Everham, 1995; Mitchell, 1995; Somerville, 1995),

considerable research has been conducted into the mechanics of trees subjected to

wind loading. Early studies (e.g. Petty and Worrell, 1981; Petty and Swain, 1985)

used the Euler-Bernoulli theory for beam bending to investigate the deflection of

tree stems under applied loads. These approaches treated wind as a purely static

force, whereas in reality the interactions between wind force and tree displacement

are more complicated. Trees are dynamic structures, whose response depends on

the frequency of the applied loading as well as its magnitude.

In cases where the frequency of turbulent gusts is close to the natural

oscillation frequency of the tree, damage can occur at wind speeds below those

predicted from static analyses (Oliver and Mayhead, 1974; Blackburn and Petty,

1988). As a result, more recent studies have focused modeling the dynamic

response of trees to wind loading (Mayer, 1987; Milne, 1991; Gardiner, 1992;

Baker, 1995; Peltola, 1995; Kerzenmacher and Gardiner, 1998; Flesch and Wilson,

1999; Saunderson et al., 1999; England et al., 2000). Most of these studies have

used the mechanical transfer function for the one-dimensional sway of a cantilever

beam to determine the response of a tree to fluctuating wind forces. A number of

researchers have also used simultaneous measurements of wind speed and tree

response to derive combined aerodynamic and mechanical transfer functions for
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trees (Holbo et al., 1980; Mayer, 1987; Gardiner, 1992; Gardiner, 1994; Gardiner,

1995; Flesch and Wilson, 1999). While these transfer functions generally indicate a

peak near the natural frequency of the tree, Gardiner (1995) found that trees

respond to the larger intermittent gusts that penetrate into the canopy and that the

periodicity of these gusts is more important than the energy available at resonance.

The ability of trees to act as low-pass filters has also been noted by Flesch and

Wilson (1999).

In all of these studies, oscillations of individual branches of the trees have

largely been ignored. Gardiner (1995) noted that the ability of branches to take

energy absorbed by the tree and re-emit it at higher frequencies acts to short-circuit

the normal energy cascade process. Flesch and Wilson (1999) suggested that the

poorer correspondence between their measured transfer function and the transfer

function for a damped-harmonic oscillator may be partly due to the shaking of

branches, which transmit high frequency motion to the stem. Scannell (1984)

proposed an aeroelastic similarity model for a tree in which there is a highly

organized equivalence of the modes of the various tree elements, e.g., first mode of

a branch has the same natural frequency as the second mode of the whole tree etc.

Unfortunately, very little published information describing the behavior of

branches under wind loading currently exists, which prevents these theories from

being further tested. One reason for this information gap is the difficulty of

obtaining such data. Many traditional instruments for measuring tree sway (e.g.,
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accelerometers, tilt sensors, or rotary potentiometers) are unsuitable for measuring

the oscillations of multiple branches either because of their cost, the difficulty of

attaching them to branches and/or the inability to separate branch movement from

whole tree movement.

Strain gauge displacement transducers (see Appendix 1) offer a potential

solution to some of these problems. They are inexpensive to manufacture, simple to

attach to the base of a branch, and will only produce a signal when there is a

relative displacement between the branch and bole of the tree (i.e., rigid body

motion of the branch will not be recorded). These sensors have been used

previously by Blackburn (1997) to measure strains in the boles of Sitka spruce

(Picea sitchensis Bong. Cam) trees, but have not been used on branches. Therefore,

the three main objectives of this study were:

Determine the usefulness of strain gauge displacement transducers for

measuring the motion of the branches of a tree subjected to wind

loading, and

Investigate the relationship between the magnitude of movement of a

branch and its relative location on a tree, and

Investigate the frequency response of branches.



6.3 METHODS

The study was carried out in a Douglas-fir plantation located within the

Coast Range of Oregon on Norton Ridge (elevation 340 m), approximately 50 km

west of Corvallis (44°30' N). The stand was planted in 1979 at a density of 920

stems/ha, and currently has a relative density index (Curtis, 1982) of approximately

0.15 at a top height of 18.5 m. The climate in this region is characterized by wet

winters and mild temperatures. Strong winds occasionally strike along the Oregon

Coast, usually in advance of winter storms (Oregon Climate Service, pers comm.).

6.3.1 Description of Trees Selected for Strain Measurement

Two trees were selected for study with dbh, height and green crown base of

25.5 cm, 14.3 m and 3.6 m, respectively, for the first tree and 27.7 cm, 16.0 m and

3.8 m, respectively, for the second tree. On each tree, the basal diameter (cm),

angle of origin (degrees from vertical), azimuth (degrees) and height of attachment

(m) of every branch > 2 cm in diameter was measured. Branches were tagged for

future reference. Crown base was defined as the whorl with live branches in at least

3 of the 4 quadrants around the bole. Diameter outside bark (dob) was measured at

0 m, 0.15 m, 0.5 m, 1 m, 1.3 m, 1.5 m and at 0.5 m intervals along the bole above

this point. The total length of crown containing measured branches was divided

into thirds by length, then branches from each third were randomly selected with
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probability proportional to basal area for the installation of strain transducers

(Table 6.1). Four branches were selected in the middle and upper thirds and three in

the bottom third.

Table 6.1. Characteristics of branches selected for strain measurement.

6.3.2 Measurement of Branch Strain

Caliper-type strain gauge transducers (Appendix 1) were used to measure

the surface strains of selected branches. For each selected branch, one transducer

was mounted on the top of the branch and the other was mounted on the side.

Transducers were mounted as close as possible to the base (i.e., proximal end) of

the branch. Strain transducer pairs were also installed on the bole of each tree at

Number
Tree 1

Height Diameter Azimuth
(m) (cm) (deg)

Number
Tree 2

Height Diameter Azimuth
(m) (cm) (deg)

1-2 3.81 4.0 350 2=11 4.53 2.6 220
1-3 3.73 3.3 100 2-21 5.02 4.4 210
1-14 5.14 3.2 60 2-35 6.58 2.7 340
1-16 6.15 2.8 150 2-42 6.97 4.4 10
1-20 6.13 2.6 330 2-43 7.81 3.0 60
1-21 6.92 2.5 140 2-49 7.75 3.7 200
1-26 7.1 2.6 340 2-51 7.96 4.0 270
1-31 7.86 3.1 280 2-63 10.19 3.2 130
1-34 8.3 2.5 50 2-66 10.16 3.7 300
1-36 8.29 2.2 10 2-67 9.95 2.8 310
1-41 8.95 2.8 230 2-68 9.96 3.0 40
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heights of 1, 3, 5, 7 and 9 m. One transducer was mounted on the north side of the

bole and the other on the east side. The transducers on each branch measured strain

along two orthogonal planes intersecting the longitudinal axis of the branch, with

one of the planes intersecting the longitudinal axis of the tree. Strains along the

vertical plane will be referred to as "vertical" and strains along the orthogonal plane

will be referred to as "horizontal". The transducers on the bole measured N-S and

E-W strains.

A CR23X datalogger (Campbell Scientific Inc., Logan, UT) was used to

measure and store the output from the strain gauges. Because the datalogger only

had 12 differential input channels and there were 64 strain transducers, it was not

possible (within the project budget) to measure all strain transducers concurrently.

Instead, four transducers (two on each tree) were measured simultaneously. This

was achieved by connecting all 16 transducer pairs from each tree to a multiplexer

board (AMD32, Campbell Scientific, Logan, UT). Corresponding transducer pairs

from each tree (e.g., both 1 m bole transducers) were connected to the analog input

channel of the datalogger at the same time. Transducers were excited with an

external 5000 mV power source and their output measured in a full-bridge

arrangement (with 11 balancing resistors). Strain measurements were made

differentially at a frequency of 5 Hz and a full-scale range of ±50 mV was used.

Each transducer pair was measured for 1 minute. To conserve both battery power

and storage space, strain measurements were only started when the wind speed at
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16 m above ground was greater than 8 mIs. A maximum of three 16 minute

measurement intervals were allowed in any three hour period. The program used by

the CR23X is listed in Appendix 2.

At the conclusion of the measurement period, the trees were swayed to

determine their natural frequencies and to quantify the response of the branches

when the whole tree was oscillating at its natural frequency. The natural frequency

of each branch was calculated from damped free vibration tests conducted in the

laboratory (results of these tests are presented in Chapter 4).

6.3.3 Characterization of the Wind Climate at the Site

Wind speed and direction were measured at the site using 4 cup

anemometers (Model O1OC, MetOne Instruments mc, Grants Pass, OR) and a wind

direction sensor (Model 020C, MetOne Instruments mc, Grants Pass, OR). Cup

anemometers were mounted on a temporary lattice tower (Model M-18, Glen

Martin Engineering, Boonville, MO) at heights of 2, 4, 8 and 16 m, and the wind

direction sensor was mounted at 16 m. All instruments were mounted on the south

side of the tower as this was the expected prevailing wind direction.

The meteorological instruments were connected to the CR23X datalogger.

Because of their relatively fast response (distance constant = 1.5 m) and low
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starting threshold (0.22 m s1), an attempt was made to use the anemometers to

measure the turbulent nature of the wind. Wind speed was sampled at a frequency

of 5 Hz. The mean, standard deviation and maximum values of wind speed were

calculated for each 1 minute interval. Mean wind direction and its standard

deviation were also calculated over this interval. From these measurements the gust

factor (ratio of the maximum wind speed to the mean wind speed) and the

turbulence intensity (ratio of the standard deviation of wind speed to the mean wind

speed) were calculated. Previous studies have used cup anemometers to measure

wind turbulence (Mime, 1992; Peltola, 1995). In particular, Peltola (1995) used

wind speed data from cup anemometers to develop transfer functions relating the

power spectrum of acceleration for Scots pine (Pinus sylvestris L.) trees to the

power spectrum of horizontal wind speed and obtained adequate results for

frequencies below 1.5 Hz.

6.3.4 Analysis of Collected Data

Data were collected from the two trees between 1 January, 2001 and 31

March, 2001. Strain data collected during a one minute recording period were

normalized by subtracting the modal (i.e., most commonly occurring) value in

order to correct for possible effects of temperature differences between recording

periods.
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The magnitude of branch strain was investigated through the inter-quartile

range (difference between the 75" and 25 percentile) of the distribution of branch

strain during a 1-minute period. This was chosen as a more robust (i.e., resistant to

outliers) measure of the magnitude of branch response than the difference between

minimum and maximum values of strain. Inter-quartile ranges for all branches were

normalized by subtracting the minimum recorded value and dividing by the range

of values. This normalization scheme produced values of the inter-quartile range

between 0 and 1. Graphical analysis was then used to investigate whether trends

existed between the magnitude of branch response and the height of a branch

within a tree, its orientation relative to incident winds, and the magnitude of these

incident winds. For each 1-minute period, the inter-quartile range of vertical

response was compared to that of the horizontal response in order to determine the

predominant direction of branch movement.

The frequency response of the different branches was investigated by spectral

analysis. Power spectra of horizontal wind speed and branch strain in the horizontal

direction were calculated using 2048 points of 5 Hz data collected over a 6.83 mm

period. This length of record was achieved by concatenating data from seven

separate 1-minute measurement periods where incident wind directions were within

± 22.5° of each other.



6.4 RESULTS AND DISCUSSION

6.4.1. Wind Climate at the Site.

The 2000-200 1 winter in western Oregon was particularly mild and

contained few storm events. During January and February, 2001 the predominant

wind directions were east and south-east (Figure 6.1). The proportion of winds

coming from these directions during January and February was 71% and 63%,

respectively. Westerly winds were more common during March, with 33% of

winds coming from this direction. One minute averages of horizontal wind speed at

16 m above ground ranged between 0 m s and 7.4 m s1 (Figure 6.2). Mean values

of these one minute averages were 3.34, 2.67 and 2.64 m s for January, February

and March, respectively. The proportion of one minute average wind speeds greater

than 4 m s was higher in January than in either February or March. The maximum

gust recorded at 16 m during the three month period was 10.43 m s1, however,

some problems were encountered with this anemometer stopping during strong

wind events. This anemometer was tested both before and after the experiment and

no mechanical faults were found. The three other anemometers performed as

expected.
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Figure 6.1. Circular histogram showing the frequency of winds from the eight
cardinal directions for January, February and March. The concentric circles indicate
10% frequency of occurrence intervals up to 50%.
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Figure 6.2. Histograms of the one minute mean wind speed at 16 m for January,
February and March.
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Gust ratios and turbulence intensity increased with increasing height above

ground up to 8 m but were lower at 16 m (Table 6.2). Because of occasional

problems with the anemometer at 16 m, values of these two statistics were only

calculated for 1-minute periods when the maximum gust recorded at this height

was less than 8 m s1. Turbulence intensity was lower in January as a result of

higher mean wind speeds during this month. Average values of wind speed

standard deviations at 2, 4 and 8 m ranged between 0.171 and 0.219 for all three

months, while those at 16 m were 0.753, 0.509 and 0.490 for January, February and

March, respectively.

Vertical profiles of mean horizontal wind speed (Figure 6.3) indicated a

rapid decrease in relative wind speed between 16 m and 10 m, relatively little

variation in wind speed with height between 5 m and 10 m, and an increase in wind

speed in the trunk space. These profiles were similar to those measured by previous

authors (Oliver, 1971; Raynor, 1971; Gardiner, 1994; Green et al., 1995; Peltola,

1995). Differences between the wind profiles for easterly, south-easterly and

westerly wind directions were observed during all three months. The relative wind

speed at 8 m was significantly lower for westerly winds than for easterly winds

(p <0.0001 for all three months). This is probably due to the close proximity of a

tree west of the tower.
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Figure 6.3 Vertical profiles of mean horizontal wind speed for easterly, south-
easterly and westerly wind directions at 16 m. Profiles are shown for (a) January,
(b) February, and (c) March 2001.

6.4.2 Magnitude of Branch Strain

During the monitoring period between January and March 2001, 33 storm

events were recorded. The stand was thinned on 21 February 2001, but because the

predominant wind direction during the period following thinning was westerly,

compared with easterly and south-easterly during the previous two months, the

effects of thinning could not be separated from differences in general wind climate.
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Because of this confounding effect, graphical summaries of the data were presented

rather than more rigorous regression analysis.

Table 6.2. Turbulence intensity and gust ratio statistics at heights of 2, 4, 8 and 16
m for 1-minute periods when the maximum gust recorded at 16 m was less than 8
m

The strain gauge transducers appeared to work quite well and were able to

record the dynamic response of the branches to applied wind loading (Figure 6.4).

Because the strain gauges measure bending strain at the base of the branch, they do

not record a signal when the stem and branches move together in unison (i.e., rigid

body motion). It was not possible to use the gauges to determine the wind force

acting on an individual branch because a component of this force will result in

branch bending, while another component will result in bending of the tree stem.

However, the gauges could be used in the future to determine the degree to which

branches streamline (i.e., reduce crown frontal area) at different wind speeds.

Turbulence Gust
intensity factor

Turbulence Gust
intensity factor

Turbulence Gust
intensity factor

2 0.158 1.26 0.274 1.34 0.3 12 1.43
4 0.192 1.32 0.487 1.42 0.491 1.43
8 0.249 1.57 0.557 1.70 0.594 1.85
16 0.218 1.41 0.195 1.46 0.200 1.46

Height January February March
(m)
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The magnitude of branch movement was generally similar in both the

horizontal and vertical directions (Figure 6.5). Strain in the vertical direction can

result from either horizontal wind forces having a component acting parallel to the

branch axis, or from vertical wind forces, or some combination of the two. Previous

research has found that infrequent strong vertical and horizontal gusts are combined

in "sweeps" which are fast moving downward incursions of air into the canopy

(Finnigan and Brunet, 1995). However, vertical wind speeds were not measured in

this study, and therefore the relative contribution of these two mechanisms for

inducing strain in the vertical direction could not be separated.

Co

Figure 6.4. Comparison of horizontal bending strain for branch 2-63 and the
horizontal wind speed during a 60 second period on March 13, 2001.
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The maximum value of the normalized inter-quartile range of strain

increased with increasing height of branch attachment and was generally similar in

the horizontal and vertical directions (Figure 6.6). Possible exceptions were several

large horizontal strains recorded for branches 1-41 (8.95 m) and 2-68 (9.96 m).

While the maximum value of the normalized inter-quartile range increased with

increasing attachment height, the minimum value remained relatively constant. For

branches in the upper third of the crown of their respective trees, inter-quartile

range was related to the maximum wind speed recorded at 16 m (Figure 6.7). At

winds speeds greater than 8.6 m s1 problems with the anemometer stopping were

encountered and, therefore, the actual maximum wind speed was at least as large as

the recorded value.

Sue-Side Strain (%)

Figure 6.5. Bending strains in the horizontal and vertical directions at the proximal
end of branch 2-63 during a 60 second period in March 2001.
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The observed pattern of inter-quartile range with branch attachment height

appears to follow the vertical wind speed profile for the stand. Within the canopy,

horizontal wind speed increases exponentially with height (Figure 6.3) and the ratio

of foliage mass to woody mass of the instrumented branches increased linearly with

height (see Chapter 4). Therefore the relative wind force acting on the branches will

also increase with increasing height. However, the upper region of the tree stem is

more flexible, and therefore, some of the force acting on the upper branches will

result in rigid body motion of the branch rather than bending. This reduces the

bending stresses at the base of the branch. Modulus of elasticity of branches has

been shown to decrease with increasing height of branch attachment (Spatz and

Bruechert, 2000), and therefore, for the same level of bending stress, branches in

the upper region of the crown would be expected to have a higher surface strain.

The relative horizontal response of branches to winds from different

directions was investigated by dividing the dataset into two classes according to the

absolute relative orientation of branches to the incoming wind; i.e., the difference

between branch azimuth and wind direction on a scale of 0-180°was greater or less

than an angle 0. The angle 0 was varied between 90 and 170°. At 0 = 135°, no

apparent difference in the maximum values of the inter-quartile range of horizontal

or vertical strain was observed. Larger values of 0 could not be used to define the

two classes because of a lack of data points for certain branches.
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Figure 6.6. Normalized inter-quartile ranges of the horizontal and vertical strains
for all branches.

6.4.3 Branch Frequency Response

Power spectra of the strains in the horizontal direction for branches in the

upper crown third of each tree generally had their largest spectral content at low

frequencies with another (often smaller) peak near the natural frequency of the

branch (Figure 6.8). From results obtained by Gardiner (1995) this suggests that the

branches are mainly displaced by large intermittent wind gusts and then return to

their rest position under damped free vibration. In many cases, the spectral content

did not decrease as rapidly at higher frequencies as is the case with whole trees
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(e.g., Mayer, 1987; Gardiner, 1995; Kerzenmacher and Gardiner, 1998). However,

this spectral content at higher frequencies does not appear to support the aeroelastic

similarity theory of Scannell (1984), as it has already been shown in Chapter 4 that

the natural frequencies of branches in the upper region of the crown were similar to

the first mode natural frequency of whole tree, rather than the second mode natural

frequency.

Maximum Wind Speed (mis)

Figure 6.7. Relationship between the normalized inter quartile range of horizontal
strain for branch 2-68 and the maximum horizontal wind speed recorded at 16 m.
Data are divided into winds coming from the easterly and westerly directions.

The observed spectral content at higher frequencies could have either been

due to some small higher frequency oscillations of the branches or noise in the
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signal. The 5000 mV power source used in this study was not as stable as that

provided by the CR23X data logger and this may have resulted in noise in the data.

The data were not low pass filtered to remove high frequency components as it was

unclear whether these components were noise or actual signal. Future studies

should use a more stable voltage source for the strain gauges to ensure that possible

higher frequency branch oscillations can be separated from high frequency noise.

I I

0.001 0.010 0.100 1.000 10.000

Frequency (Hz)

Figure 6.8. Normalized power spectrum of the bending strain in the horizontal
direction for branch 2-63.



6.4.4 Modifications to the System for Future Studies

Based on the results of this preliminary study, a number of modifications

are suggested for future studies investigating the response of tree branches to wind

loading.

Develop a more stable 5000 mV voltage source to provide power to the strain

gauges. This would reduce noise in the data and allow possible higher frequency

components of branch oscillations to be identified.

Record all gauges simultaneously. This would allow the responses of different

branches and sections of the tree stem to be compared under the same canopy top

wind conditions. Measurements should also be made over longer continuous

periods (e.g., 10-15 minutes) to enable the frequency response to be better

quantified. This would require more data logger channels as well as additional data

storage capacity.

Collect data over a longer period of time to achieve the necessary sample sizes to

test hypotheses about the effects of thinning and relative orientation to the

incoming wind on the magnitude of branch strain.

Collect higher frequency wind data using either a three-dimensional propeller or

sonic anemometer. This would enable the vertical momentum flux (u'w') to be

computed which has been shown to be more highly correlated with tree movement

than horizontal wind speed (Gardiner, 1995).
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Measure relationships between applied force, distal end deflection and bending

strain at the proximal end of each of the instrumented branches. This would allow

the degree of branch streamlining at various wind speeds to be calculated.

6.5 CONCLUSIONS

Strain gauge transducers provided a useful means for studying the dynamic

response of branches to applied wind loading. The magnitude of strains measured

at the proximal end of selected branches was found to increase with increasing

height of branch attachment to the tree stem. For a given branch, the magnitude of

measured branch strain was related to the canopy top wind speed. Branch strains

were similar in magnitude in the vertical and horizontal directions. Relative

orientation of a branch to the incident wind had no obvious effect on strain

magnitude, however only limited data were available to examine this.

Initial investigation of the frequency response indicated that branches were

mainly displaced by large intermittent gusts, and then returned to their rest position

under damped free vibration. There was some indication of higher frequency

responses, however this may have been noise in the data. Future studies should use

a more stable 5000 mV voltage source to supply power to the strain gauges as this

will better enable any high frequency branch oscillations to be detected.
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The study described in this dissertation attempted to build on previous

research in the area of dynamic tree behavior under wind loading. Baker (1995)

concluded that a key research need was collecting more extensive data on the

natural frequency of trees (and cereals for researchers interested in lodging of

cereal crops). By combining data from previously published and unpublished

studies, a relatively large database of natural frequencies and damping ratios for

several tree species across several continents was assembled. It is likely that

additional data exist that could be added to this database in the future. Predictive

equations for natural frequency developed by Mayhead (1973) have been applied

by other researchers (e.g., Mayer, 1987; Peltola et al., 1993) in their studies of the

dynamic behavior of trees. Updated equations that predict natural frequency as a

linear function of DBHJH2 were developed from the assembled data. These models

should provide a useful means for predicting natural frequency in future studies on

the dynamic behavior of trees. However, the need persists to collect data on the

natural frequency of trees with DBIIIIH2 > 0.2 as few data in this size range

currently exist.

Previous research had shown that natural frequencies of trees were greater

when their entire crown was removed (Sugden, 1962; Mime, 1991; Gardiner,

1992), however the effects of lesser levels of crown removal had not been

quantified. Data collected during the course of this dissertation research indicated

the effect of crown removal was consistent across all sampled trees and that
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approximately 80% of the crown mass had to be removed before differences in

natural frequency were observed. The changes in natural frequency that occurred

when the crown was removed were mainly due to changes in mass distribution of

the tree. While damping ratios decreased with increasing crown removal, they were

generally at a level where the damped and undamped natural frequencies were

almost identical. These results show that conventional pruning (i.e., upwards from

the crown base) will have little effect on the dynamic behavior of trees. It also

appears unlikely that it will decrease the risk of wind damage, as the wind forces

acting on branches in the lower region of the crown are relatively small due to a

combination of low wind speeds and sparse foliage. Future research is required to

quantify the relative risk of wind damage under different pruning strategies.

Attempts to simulate the effect of crown removal on natural frequency

resulted in discrepancies between observed and predicted results. These initial

simulations represented the branches as a series of masses attached to the main

mass of the stem. The ability of individual branches to oscillate was ignored and

this was hypothesized as a possible reason for the discrepancies. Branch

oscillations have largely been ignored in previous studies that have simulated the

dynamic behavior of trees (Baker, 1995; Kerzenmacher and Gardiner, 1998; Flesch

and Wilson, 1999; Saunderson et al., 1999). This complication was avoided

because of difficulties in obtaining analytical solutions to the equations of motion

for such a complex structure as a tree with its branches explicitly represented.
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However, the finite element method was found to be a useful approach for studying

the dynamic behavior of a tree with explicit branch representation. While the

approach required considerable data on the mass and stiffness distribution of

branches, results showed that branch oscillation had an effect on tree natural

frequency. Both natural frequency and damping ratio of a tree were sensitive to

branch modulus of elasticity (E). In simulations for two trees, reducing E from 6

GPa to 4 GPa resulted in a approximately 70-115% increase in damping ratio and

10-15% decrease in natural frequency for the whole tree. Modulus of elasticity of

branch wood has been found to be lower than for bole wood (Morgan and Cannel!,

1987) and also to decrease with increasing height of branch attachment (Spatz and

Bruchert, 2000). Because of the sensitivity of the result to values of branch E,

further work is required to collect data on this material property.

Branches oscillated at the same frequency as the trees but were out of phase

with the bole to some degree. Damped free vibration tests were conducted on two

instrumented trees by displacing the bole and measuring the oscillations of the bole

and selected branches. These tests also showed that branch oscillation frequency

was similar to the natural frequency of the tree, but different from the natural

frequency of the individual branches themselves. In this situation the branches

behaved as forced damped harmonic oscillators with the forcing frequency equal to

the natural frequency of the whole tree. Measurement of the oscillations of selected

branches from two trees during strong winds indicated that branches primarily



181

oscillated at frequencies below their natural frequency. Some higher frequency

oscillations were observed, however these may be noise in the data. Further

research using measurement procedures that produce less noise is required to

examine whether higher frequency branch oscillations do occur.

Overall, the data on branch and tree oscillations did not appear to support

the aeroelastic similarity theory proposed by Scannell (1984). This theory

hypothesized the existence of a highly organized equivalence of the vibration

modes of different tree elements, e.g., the fundamental natural frequency of a

branch is equivalent to the natural frequency of the tree in its second mode of

vibration. The purpose of having tree elements with differing natural frequencies

was to allow momentum to be dissipated without the buildup of large amplitude

resonances (Scannell, 1984). However, Gardiner (1994; 1995) found that trees

mainly responded to intermittent impulsive loading, rather than resonating with

turbulent wind components at frequencies near their natural frequency. A similar

situation appears to be the case for branches.

The finite element method was employed to model the branching structure

of trees. Root structure was not explicitly represented. Trees were assumed to be

rigidly anchored in the ground, and the modulus of the elasticity of the tree bole

was adjusted to allow for the flexibility of the root-soil plate. Another, possibly

better, approach would be to represent the boundary conditions of the fixed end of

the tree using a torsional spring and simple supports (i.e., supports that prevent
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translation but not rotation). Rigid body rotation of the base of the tree could then

be simulated. This motion may occur as a result of lifting of the root-soil plate.

Empirical data on the rotational stiffness of root-soil plates are relatively

uncommon, but some have been collected by Neild and Wood (1999) and Flesch

and Wilson (1999). A more complicated model of root anchorage was developed

by Blackwell et al. (1990), however this requires more empirical data and may

offer no advantages over the torsional spring model.

Previous models of the dynamic behavior of trees have assumed that the

cross-section of the tree bole is perfectly circular and no stem sinuosity exists. Both

of these assumptions are idealizations, but were made because traditional analytical

methods required it. Stem sinuosity was suggested as one possible reason for the

out-of-plane motion observed for the trees swayed in Chapter 3, particular when all

their crown was removed. With the finite element method, the effects of an

asymmetric cross-section and stem sinuosity on the relative in-plane and out-of-

plane motion could be examined.

In summary, the main conclusions of this research were:

The natural oscillation frequency of coniferous trees was linearly related to the ratio

of D/H2. Significant differences in natural frequency existed between the three

groups, pines, spruces and Douglas-fir.

Pruning increased the natural frequency; however at least 80% of the crown mass

needed to be removed before this increase was noticeable.
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Damping ratio decreased when crown was removed and followed a similar pattern

to natural frequency, i.e., the greatest change in damping ratio occurred with the

removal of the uppermost portion of the crown. This result appeared to be caused

by changes in the aerodynamic drag force exerted on the crown.

Branch natural frequencies ranged from 0.58 Hz to 2.35 Hz and were linearly

related to DIL2 and the ratio of foliage mass to woody mass. Predicted branch

natural frequencies were not uniformly greater than whole-tree natural frequencies,

but spanned a range that included the whole-tree natural frequency.

When a tree was oscillating at its natural frequency, branches on the tree behaved

as forced damped harmonic oscillators and vibrated at the natural frequency of the

tree rather than at their own natural frequency.

Finite element models could be constructed from detailed measurements of branch

and bole geometry, and then employed to simulate the behavior of trees and their

branches under applied wind loading. Results showed that predicted whole-tree

natural frequencies and damping ratios were very sensitive to values of branch

modulus elasticity.

Strain gauge transducers provide a means of collecting information on branch

oscillation under actual wind loading. Preliminary results indicated that branches

were mainly displaced by large intermittent gusts, then returned to their rest

position under damped free vibration.
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STRAIN GAUGE MONITORING SYSTEM
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BACKGROUND

Previous studies of Gardiner (1989) and Mime (1991) measured tree

displacement using a wire or nylon cord, with one end attached to the tree and the

other to a rotary potentiometer. While this type of sensor was adequate for

measuring the displacement of the stem, it would be virtually useless for measuring

branch displacement due to the difficulty of mounting the rotary potentiometers and

preventing the wires from being obstructed by other branches.

Alternatively, the strain in the outer fibers of the tree can be measured and

through Hook's Law and beam theory, the resulting stress and tree deflection

calculated. Measurement of this strain using strain gauges attached directly to the

cambium of the tree is difficult because of the poor quality of the bond between the

gauge and the underlying wood (Blackburn, 1997). Instead of mounting the strain

gauges directly to the wood, an alternative is to use a strain transducer. Here the

strain gauge or gauges are mounted on another substrate which is then attached to

the tree.

TRANSDUCER DEVELOPMENT AND CONSTRUCTION

196

In his thesis, Blackburn (1997) developed a strain transducer for use on tree

stems. His design (Figure A1.1) used two stiff lever arms to concentrate the
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bending in a small area of thinner metal at the hinge. The thickness of the two arms

compared to the flexibility of the hinge means the bending of the arms is negligible

and therefore the exact thickness of the arms is unimportant. The precise thickness

of the cut separating the two arms, or its exact position, is unimportant as long as it

is approximately central and separates the arms by sufficient distance to allow the

transducer to function in compression as well as tension. Blackburn (1997) used a

single active gauge; the other gauge was used to provide temperature compensation

and was placed in a different plane to the active gauge so that it would not be

subjected to any strain under normal loading conditions.

For my dissertation research, the same basic transducer design was used

with some modifications. Firstly, the 10 mm diameter hole at the hinge end of the

transducer was increased in size to 19 mm (0.75 in.). This allowed the second

gauge to be mounted on the inside of this hole, on the opposite side of the hinge to

the other gauge. Such an arrangement with two active gauges has a greater

sensitivity than that used by Blackburn (1997).

One requirement for a successful transducer is that it must not stiffen or

locally reinforce the area where measurements are being taken. The thickness (4.5

mm) of the hinge on the original transducer used by Blackburn (1997) was small

relative to the diameter of tree stem (300 - 400 mm), but was quite significant

relative to the diameter of a branch (20-40 mm). Therefore, a second more
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compliant transducer with a hinge thickness of 2 mm was constructed for use on

branches. A cap screw was used to limit the displacement of the bending arms and

thus prevent plastic deformation of the hinge.

38mmI

Terminal Pad

Dummy Strain Gauge
Active Strain Gauge

38mm

Figure Al.! Schematic diagram showing the original strain transducer design used
by Blackburn (1997)

Both transducer designs were made using aluminum with 350 fully

encapsulated strain gauges (CEA-13-062UW-350, Measurements Group Inc.,

Rayleigh, NC) mounted on them. These gauges were self temperature

compensating for aluminum and had a gauge factor of 2.135. The gauges were

mounted on the calipers as per the instructions provided by Measurements Group
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Inc. A single length of four core shielded data cable (Belden Wire Company) was

attached to a pair of transducers. All four strain gauges had a common excitation

input but had separate outputs (Figure A1.2). Because the transducers were

intended for use in a hostile environment, the strain gauges were coated with

polyurethane varnish (M-Coat A, Measurements Group mc) to provide electrical

resistance (i.e., prevent short circuits). The data cable was secured in place using

cable strain reliefs to prevent load being transmitted to the gauges which could

result in a strain being measured or the gauge tearing. Further mechanical

protection and waterproofing was provided by coating the whole hinge region with

a non-conosive flowable silicon rubber (RTV 3140, Dow Coming Corporation,

Michigan).

,2'i
transducer 1 transducer 2

Figure A1.2 Circuit layout for a strain transducer pair.

350 strain gauge

350 strain gauge
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Because strain is defined as change in length divided by the original length,

flat aluminum arms were added to the caliper changing it to a T-shaped transducer

(Figure A1.3). These arms increased the distance over which the transducer

measured strain from 38 mm to 120 mm (4.75 in.) in the case of the stem

transducers and 57 mm (2.25 in.) in the case of the branch gauges. Therefore, for a

given strain in the substrate (i.e., tree stem or branch) a greater signal is recorded by

the transducer. Blackburn (1997) noted, however, that the addition of these arms

has a detrimental effect on the thermal stability of the transducer. Because of the

short duration over which measurements are made in my study, thermally-induced

strains should be negligible. A complete strain transducer is shown in Figure A1.3.

Figure A1.3 Photograph of a strain gauge transducer installed on a tree.



TESTING OF THE TRANSDUCERS

Two sets of tests were conducted on the transducers. The first was to

determine the relationship between the change in output voltage from the

transducers and the change in strain. Eight transducers (4 bole and 4 branch) were

randomly selected and each mounted in a micrometer. Because of the aperture size

of the micrometer, the transducers were tested without their arms. The transducers

were connected to a CR21X datalogger (Campbell Scientific, Logan, UT) and the

change in output voltage recorded at various levels of caliper displacement. While

the branch transducers were more compliant, the relationship between change in

voltage and displacement was similar for both types of transducers (Figure A1.4).

Linear models were fitted to the data using ordinary least squares regression.

Models were fitted with and without an intercept term. The model with an intercept

better met the assumptions of regression, particularly that of constant residual

variance. The estimated slope wasO.495±0.015, i.e., a 0.495 mm displacement

caused a 1 mV change in voltage. Therefore, the constants of proportionality

between strain and voltage were calculated as 0.004 and 0.009, for the bole and

branch transducers, respectively.

The second test determined the feasibility of attaching the gauges to actual

branches and the quality of the signal recorded when the branch was displaced. The

test was conducted on two branches from a single Douglas-fir (Pseudotsuga

nzenziesii Mirb. Franco) tree growing on the Oregon State University campus. The
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first branch was 3.50 m long and 87 mm in diameter at its proximal end.

Corresponding dimensions for the second branch were 3.00 m and 73 mm. Masses

of up to 40 kg were suspended from the distal ends of the two branches and the

resulting deflection and strain recorded. Damped free vibration tests were also

conducted on the two branches with a transducer scanning frequency of 10 Hz.
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Figure A1.4 Relationship between displacement and output voltage for 8 randomly
selected strain gauge transducers. Least squares regression lines fitted with and
without an intercept term are shown.

These relatively crude measurements revealed that the gauges were able to

record bending induced strain in the two branches. Furthermore, it the measured

strain was proportional to the applied bending stress (Figure A1.5), as expected for
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a linear-elastic system. The dynamic tests also worked well and the gauges were

able to respond rapidly enough to record the transient response of the two branches

(Figure A1.6).

Strain

Figure A1.5. Relationship between applied bending stress and measured strain at
the proximal end of two test branches.



('J00_0
0

00_0
0

=

Figure A1.6. Time history of strain for Branch 1 under damped free vibration.
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APPENDIX 2

PROGRAM LISTING FOR THE CR23X DATALOGGER
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(CR2 3X}

*Table 1 Program
01: 600 Execution Interval (seconds)

1: If time is (P92)
0000 Minutes (Seconds --) into a
180 Interval (same units as above)
1 Call Subroutine 1

2: If (X<'>F) (P89)
1:5 XLoc[ws4 I

2: 4
3: 8 F

4: 0 Go to end of Program Table

If (X<>F) (P89)
1: 1 X Loc [ num_sampi I

2: 4
3: 3 F

4: 2 Call Subroutine 2

4: Batt Voltage (PlO)
1: 16 Loc { batt_volt I

5: Panel Temperature (P17)
1: 17 Loc panel_tmp I

*Table 2 Program
02: 1 Execution Interval (seconds)

1: Pulse (P3)
4 Reps
1 Pulse Channel 1
22 Switch Closure, Output Hz

4:2 Loc[wsl
5: 1.0 Mult
6: 0.0 Offset

2: Excite-Delay (SE) (P4)
1 Reps
15 5000 mV, Fast Range
5 SE Channel
04 Excite all reps w/Exchan 4
0 Delay (units 0.01 sec)
0000 mV Excitation

7:6 Loc[wd I

1.0 Mult
0.0 Offset

3: If (X<'>F) (P89)

1:2 XLoc [wsl
1 =
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3: 0.27 F
4: 30 Then Do

4: Z=F (P30)
0.0 F
0 Exponent of 10

3:2 ZLoc [wsl

5: End (P95)

6: If (X<>F) (P89)
1:3 XLoc [ws2
2: 1

0.27 F

30 Then Do

7: Z=F (P30)
0.0 F
0 Exponent of 10

3:3 ZLoc [ws2

8: End (P95)

9: If (X<>F) (P89)
1:4 XLoc {ws3
2: 1 =

0.27 F

30 Then Do

10: Z=F (P30)
0.0 F

0 Exponent of 10
3:4 ZLoc [ws3

11: End (P95)

12: It (X<>F) (P89)
1:5 XLoc {ws4
2: 1 =

0.27 F

30 Then Do

13: Z=F (P30)
0.0 F

0 Exponent of 10
3:5 ZLoc [ws4

14: End (P95)

15: Do (P86)
1: 3 Call Subroutine 3

*Table 3 Subroutines

207



1: Beginning of Subroutine (P85)
1: 1 Subroutine 1

2: ZF (P30)
0 F

00 Exponent of 10
1 Z Loc [ num_sampi I

3: Do (P86)
1: 10 Set Output Flag High (Flag 0)

4: Set Active Storage Area (P80)
1 Final Storage Area 1
3 Array ID

5: Resolution (P78)
1: 1 High Resolution

6: Sample (P70)
2 Reps
16 Loc [ batt_volt I

7: End (P95)

8: Beginning of Subroutine (P85)

3:7 ZLoc [ch_id

13: Beginning of Loop (P87)
0 Delay
16 Loop Count

14: Z=Z+1 (P32)
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1: 2

9:

Subroutine 2

Do (P86)
1: 49 Turn On Switched 12V

10: Delay w/Opt Excitation (P22)
1: 4 Ex Channel
2: 0000 Delay W/Ex (units = 0.01 sec)
3: 10 Delay After Ex (units = 0.01 sec)
4: 0000 my Excitation

11: Do (P86)
1: 41 Set Port 1 High

12: Z=F (P30)
1: 88800 F

2: 0 Exponent of 10



1:7 ZLoc[ch_id I

15: Beginning of Loop (P87)
0 Delay
300 Loop Count

16: Volt (Diff) (P2)

4 Reps
12 50 mV, Fast Range
1 DIFF Channel
8 Loc { sgl
l0 Nult
0.0 Offset

17: Delay w/Opt Excitation (P22)
4 Ex Channel
0 Delay W/Ex (units = 0.01 sec)
18 Delay After Ex (units = 0.01 sec)
5000 mV Excitation

18: Do (P86)
1: 10 Set Output Flag High (Flag 0)

19: Set Active Storage Area (P80)
1 Final Storage Area 1
1 Array ID

20: Resolution (P78)
1: 1 High Resolution

21: Sample (P70)
5 Reps
7 Loc [ ch_id

22: End (P95)

23: Delay w/Opt Excitation (P22)
4 Ex Channel
1 Delay W/Ex (units = 0.01 sec)
0000 Delay After Ex (units = 0.01 sec)
5000 mV Excitation

24: End (P95)

25: Do (P86)
1: 51 Set Port 1 Low

26: Do (P86)
1: 59 Turn Of f Switched l2V

27: Z=Z+l (P32)
1: 1 Z Loc [ nu.m_sampl I
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28: End (P95)

29: Beginning of Subroutine (P85)
1: 3 Subroutine 3

30: If time is (P92)
0 Minutes (Seconds --) into a
1 Interval (same units as above)
10 Set Output Flag High (Flag 0)

31: Set Active Storage Area (P80)
1 Final Storage Area 1
2 Array ID

32: Resolution (P78)
1: 1 High Resolution

33: Wind Vector (P69)
1 Reps
0 Samples per Sub-Interval
0 5, él, & â(él) Polar
5 Wind Speed/East Loc [ ws4
6 Wind Direction/North Loc [ wd

34: Average (P71)
1: 4 Reps
2:2 Loc[wsl

35: Maximum (P73)
4 Reps
0 Value Only

3:2 Loc[wsl I

36: End (P95)

End Program

-Input Locations-
1 num_sampi 1 1 2
2wsl 532
3ws2 922
4ws3 922
5ws4 1742
6wd ill
7ch_id 112
8sgl 511
9 sg2 9 1 1
10 sg3 9 1 1
llsg4 1711
12 000
13 000

210



14 0 0 0
15 0 0 0
16 batt_volt 1 1 1
17 panel_tmp 1 1 1
18 0 0 0
19 0 0 0
20 0 0 0
21 0 0 0
22 0 0 0
23 0 0 0
24 0 0 0
25 000
26 0 0 0
27 0 0 0
28 000
-Program Security-
0000
0000
0000
-Mode 4-
-Final Storage Area 2-
0

-CR1OX ID-
0

-CR1OX Power Up-
3
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