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Abstract. The use of acoustic waves for assessing wood properties in standing trees has been investigated
extensively in recent years. Most studies were experimental in nature and limited to direct measurement of
wave velocities in trees using a time-of-flight (TOF) method. How acoustic waves propagate in a tree trunk and
how tree diameter, species, stand age, and juvenile wood affect wave propagation behavior in standing trees are
not well understood. In this study, we examined propagation patterns of acoustic waves in a virtual tree trunk
through numerical simulation using COMSOL Multiphysics® software (COMSOL, Inc., Burlington, MA).
The simulation was based on the elastic theory of a solidmediumwith the assumption of an orthotropicmaterial
for a standing tree. Extensive acoustic measurements were conducted on green larch log samples to validate the
simulation results. Our results showed that the wave front maps of the tree model from numerical simulations
were consistent with those obtained through TOF measurements on the log samples, indicating that the
simulation results were accurate and reliable.Wave propagation patterns of the treemodel revealed that the side
surface–generated acoustic wave expanded as a dilatational wave within a 0- to 1.2-m transit distance; as the
wave moved up along the tree model, the shape of the wave front gradually flattened and the wave eventually
transformed into a quasi-plane wave from a 2.4-m transit distance.

Keywords: Acoustic waves, boundary condition, COMSOL Multiphysics software, impulse load,
orthotropic material, wave front, trees.

INTRODUCTION

Acoustic wave technology has been widely recog-
nized as an effective nondestructive testing tool for
assessing rawwoodmaterials in forest operations and
wood-manufacturing processes (Wang et al 2007b).
The technology was initially developed for rapidly
and nondestructively evaluating and grading struc-
tural timber and wood-based composite materials
(such as veneer, laminated veneer lumbers, and glued
laminated timber) (Sharp 1985; Ross and Pellerin
1988; Arima et al 1990; Aratake et al 1992; Aratake
and Arima 1994; Brashaw et al 1996; Halabe et al
1997). Because of the strong relationships between
the acoustically determined dynamic MOE of logs
and the static MOE of the end products (eg structural
lumber and laminated veneer lumber), acoustic wave
technology is increasingly being used to evaluate the
incoming logs in sawmills and sort logs into ap-
propriate classes (Addis et al 1997; Ross et al 1997;
Addis et al 2000; Matheson et al 2002; Carter and
Lausberg 2003; Wang et al 2004a; Carter et al 2005,
2006; Amishev and Murphy 2008). In addition,
many studies conducted on standing trees showed

good correlations between acoustic wave velocity
measured in trees and those measured in logs. This
has opened the way for acoustic-based sensing
technology to be applied in the forest for evaluating
and sorting standing trees (Nanami et al 1992a,
1992b, 1993; Lindström et al 2002; Chauhan and
Walker 2006; Grabianowski et al 2006; Wang et al
2007a; Matheson et al 2008; Raymond et al 2008;
Mora et al 2009).

Acoustic wave velocity has been used to predict
MOE, generally referred to as the dynamic MOE,
of standing trees by measuring the time of flight
(TOF) of acoustic waves between two measuring
points (typically centered around tree’s breast
height and spanning about 1.2 m). This tree
acoustic measurement, typically called the TOF
method, involves inserting two sensor probes
(transmitter and receiver probes) into the tree trunk
and introducing acoustic energy into the tree through
a hammer impact. Research on using the TOF
method to assess wood properties of trees has been
mostly experimental and limited to direct mea-
surement of acoustic velocity in standing trees.
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Subsequent wood property prediction and evalu-
ation are solely based on the measured TOF ve-
locity of the trees (Wang 1999, 2013; Paradis et al
2013; Amateis 2015; Gil-Moreno and Dan 2015;
Trejo 2015; Legg and Bradley 2016; Madhoushi
and Daneshvar 2016).

Although TOF acoustic measurement has been
proven to be a rapid and robust method for assessing
wood mechanical properties in standing trees, how
acoustic waves propagate in a tree stem and how the
tree diameter, species, stand age, and juvenile wood
affect wave propagation in trees are not well un-
derstood (Wang 2013; Legg and Bradley 2016).
Results of numerous field studies performed on trees
of different species and stand ages revealed that
acoustic velocities measured on standing trees using
the TOF method were 7-36% higher than the cor-
responding log velocity measured using a resonance
acoustic method, ie the ratio of the tree TOF velocity
to the log resonance velocity ranged from 1.07 to 1.36
(Wang 2013). Using the TOF velocity to predict
wood stiffness would result in overestimation (Wang
1999; Andrews 2003;Wang et al 2003; Chauhan and
Walker 2006; Grabianowski et al 2006; Lasserre et al
2007; Wang et al 2007b; Mora et al 2009). Several
different explanations have been offered on why
tree velocities deviate from log velocities. One
explanation discussed in many articles is that the
single-pass transit-time velocities measured in
tree stems using the TOF method are sensitive to
the high localized stiffness of the outer wood
lying in the “flight path” between the two probes,
whereas the resonance-based acoustic methods
used to test logs assess area-weighted cross-
sectional average stiffness (Chauhan andWalker
2006; Grabianowski et al 2006; Mora et al
2009). Another interpretation for this velocity
difference given in several articles is linked to
different wave propagation mechanisms of these
two different acoustic approaches (Wang et al
2007a; Zhang et al 2011; Wang 2013). They
suggested that acoustic wave propagation be-
havior in standing trees is likely dominated by
dilatational waves rather than one-dimensional
plane waves in logs. Consequently, in the case of
standing trees, the dynamic MOE of wood
should be determined using the dilatational wave

equation instead of the rod wave equation, which
is used in many articles.

In addition to different wave propagation mecha-
nisms associated with the TOF and resonant
acoustic methods, Wang (2013) argued that the
tree velocity deviation may also be related to the
tree diameter, stand age of trees, and proportion
of juvenile wood in tree cross sections. Some
correlative relationships between the tree di-
ameter and acoustic velocity measured in trees (or
stiffness calculated from it) have been reported for
different softwood species (Wang et al 2003;
Lasserre et al 2004, 2005; Carter et al 2005;
Chauhan and Walker 2006). Based on field ex-
perimental data,Wang et al (2003, 2007a) proposed
empirical and analytical models for adjusting tree
velocity measured using the TOF method to the
corresponding log velocity measured using the
acoustic resonance method. Both models were
found effective in eliminating deviation between
tree and log velocities and reducing variability in
velocity prediction. However, these models are
experimental in nature and, thus, valid only to the
species and stands investigated in the study.

In this study, we attempted to simulate acoustic
wave propagation in a virtual tree trunk through
numerical simulation using COMSOL Multi-
physics software (COMSOL, Inc.) and examine
the propagation patterns of longitudinal acoustic
waves in standing trees. The simulation was based
on the elastic theory of the solid medium with the
assumption of the orthotropic material for standing
trees. The specific objectives were to 1) examine
the validity of the tree model and use of COMSOL
Multiphysics software for conducting accurate
numerical simulations; 2) determine the wave
fronts of acoustic waves as they are initiated
through a mechanical impact on the side of
a standing tree; and 3) investigate the effects of the
tree diameter, transit distance, and proportion of
juvenile wood on wave fronts and wave velocities.

This report is part 1 of a series of articles on the
investigation of acoustic wave propagation in
standing trees. The objective of this report was to
examine the propagation patterns of acoustic
waves in trees and logs based on the fundamental
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wave theory of solid mediumwith the assumption
of the orthotropic material for a tree stem using
the COMSOL Multiphysics software. Three-
dimensional wave propagation patterns in vir-
tual tree and log models were obtained and
compared. The effect of the tree diameter,
propagation distance, and juvenile wood on
wave propagation will be reported in part 2.

ORTHOTROPIC MECHANICAL PROPERTIES

OF WOOD

Wood is a complex biological material with unique
cell wall structures and variable physical and
mechanical properties. In general, wood can be
described as an orthotropic material, ie it has
unique and independent mechanical properties
in three mutually perpendicular axes: longitudinal,
radial, and tangential directions. The longitudinal axis
L is parallel to the fiber (grain); the radial axis R is
normal to the growth rings (perpendicular to the grain
in the radial direction); and the tangential axis T is
perpendicular to the grain but tangential to the growth
rings. For a tree stem, a cylindrical coordinate system
with orthotropic axes in the longitudinal, radial, and
tangential directions can be used to characterize the
mechanical behavior of wood in trees.

In linear elasticity, the relation between stress and
strain depends on the type of material under
consideration. This relation is known as Hooke’s
law. For orthotropic wood material, the stress–
strain relationship can be expressed as follows:

σ¼C : e; (1)

where σ is the stress tensor, C is the elastic
stiffness tensor, and e is the strain tensor. When
these three tensors are expanded in the form of
base vectors, Eq (1) becomes

σij ¼Cijklekl; ði; j; k; l¼ 1; 2; 3Þ; (2)

where i, j, k, and l are coordinate indices, each can
independently attain the values of 1, 2, or 3. The
convention for σij is that subscript i, which in-
dicates the direction of stress force, and j defines
which face the stress is applied to.

The law in the form given in Eq (2) contains re-
dundancies because of the symmetry characteristics
of the stress and strain matrices. When symmetry is
considered, σij¼ σji; then, Hooke’s law takes amuch
simpler form. For orthotropic materials, the elastic
stiffness tensor C is a fourth-order symmetric tensor,
so the components of the elastic stiffness tensor can
be represented by a sixth-order matrix:

�
Cijkl

�

¼

2
666666664

C1111 C1122 C1133 0 0 0

C1122 C2222 C2233 0 0 0

C1133 C2233 C3333 0 0 0

0 0 0 C1212 0 0

0 0 0 0 C2323 0

0 0 0 0 0 C1313

3
777777775
:

(3)

The components of the elastic stiffness tensor can
be represented using a simplified index system
and replaced with an elastic stiffness matrix D:

½D�¼

2
666666664

D11 D12 D13 0 0 0

D12 D22 D23 0 0 0

D13 D23 D33 0 0 0

0 0 0 D44 0 0

0 0 0 0 D55 0

0 0 0 0 0 D66

3
777777775

¼

2
666666664

C1111 C1122 C1133 0 0 0

C1122 C2222 C2233 0 0 0

C1133 C2233 C3333 0 0 0

0 0 0 C1212 0 0

0 0 0 0 C2323 0

0 0 0 0 0 C1313

3
777777775
;

(4)

where subscripts 1, 2, and 3 refer to the longi-
tudinal, tangential, and radial stiffness and sub-
scripts 4, 5, and 6 are a shorthand notation that
refers to the shearing stiffness.
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The stiffness matrix D is also normally expressed
in terms of its inverse matrix S, which is referred
to as the compliance matrix:

½S� ¼

2
6666664

S11 S12 S13 0 0 0
S12 S22 S23 0 0 0
S13 S23 S33 0 0 0
0 0 0 S44 0 0
0 0 0 0 S55 0
0 0 0 0 0 S66

3
7777775
: (5)

For an orthotropic material such as wood, an
alternative notation (L, R, and T) is commonly
used in the 6 � 6 compliance matrix (substitute
L for 1, R for 2, and T for 3):

½S�

¼

2
66666666666666666666666664

1
E1

� υ12
E2

� υ13
E3

0 0 0

� υ21
E1

1
E2

� υ23
E3

0 0 0

� υ31
E1

� υ32
E2

1
E3

0 0 0

0 0 0
1
G23

0 0

0 0 0 0
1
G13

0

0 0 0 0 0
1
G12

3
77777777777777777777777775

;

(6)

where EL, ER, and ET are the elastic modulus
of wood in the longitudinal, radial, and tan-
gential directions; GLR, GLT, and GRT are the
shear modulus; and υLR, υRL, υLT, υTL, υRT, and
υTR are the Poisson’s ratios. Generally, the
stiffness and compliance matrices are both
hypothesized to be symmetric, for instance,
Dij¼Dji and Sij¼ Sji.

Among the 12 elastic parameters that describe
the mechanical behavior of wood materials, the

longitudinal stiffness (EL) is the most important
wood property that concerns wood manufac-
turers and engineers in producing various wood
products, particularly structural lumber and
engineered wood products (such as glued lam-
inated timber, laminated veneer lumber, and
cross-laminated timber). Consequently, wood
stiffness has been the most researched wood
quality index in recent decades. Various non-
destructive methods have been developed to
determine the longitudinal stiffness of wood in
the long slender form. One example is the
acoustic resonance technique currently being
implemented in mills and log yards for grading
structural timber and sorting incoming logs
based on stiffness measures (Addis et al 1997,
2000; Wang et al 2007b).

The other elastic stiffness values of wood are
usually determined through mechanical tests of
small clear specimens in the laboratory, and
their mean values for individual species are
available in the literature (Bodig and Jayne
1982; Forest Products Laboratory 2010).
Poisson’s ratios of wood reported in most of
the literature are for dry wood, and they appear
to change with species and material sources.
Statistical analysis by Bodig and Goodman
(1973) indicated that Poisson’s ratios do not
seem to vary with density or other anatomical
characteristics of wood in any recognized
fashion. Therefore, an average value of 0.37
(υLR) has been suggested for both softwoods
and hardwoods (Bodig and Goodman 1973).
However, Poisson’s ratios of green wood are
not explicitly known (Wang 2013).

FUNDAMENTAL WAVE THEORY

A basic understanding of the relationship be-
tween wood stiffness and longitudinal wave
velocity can be acquired from the fundamental
wave theory. In a long, slender, and isotropic rod,
strain and inertia in the radial direction can be
neglected and the compressional waves propa-
gate in a plane wave (wave front). In this ideal
case, the wave velocity is independent of Pois-
son’s ratio and is given by the following equation
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(hereafter referred to as a one-dimensional wave
equation):

C0 ¼
ffiffiffiffiffi
EL

ρ

s
; (7)

where C0 is longitudinal wave velocity in the
rod, EL is longitudinal MOE, and ρ is mass

density of the material. Eq (7) is often used in
studies to predict the MOE of structural timber,
logs, and utility poles by measuring the acoustic
wave velocity and wood density (Ross et al
1997; Carter and Lausberg 2003; Wang et al
2007b).

In an infinite or unbounded isotropic elastic
medium, a triaxial state of stress is present. The
wave front of the longitudinal wave propagating
through such a medium is no longer a plane. The
wave propagation is governed by the following
three-dimensional longitudinal wave equation
(Meyers 1994):

CL ¼ k

ffiffiffiffiffi
EL

ρ

s
; (8)

where CL is the dilatational wave velocity, EL

is the longitudinal MOE of the medium, and k
is a term related to Poisson’s ratios of wood,

Figure 1. Time-of-flight acoustic measurement on a standing tree.

Table 1. Average elastic constant values and density of the
model.

MOE (MPa)a
Modulus of

rigidity (MPa)b Poisson’s ratioc Density (kg/m3)

EL 7629 GRT 450 υLR 0.22 625
ER 773 GLR 428 υRL 0.05
ET 362 GLT 393 υLT 0.30

υTL 0.04
υTR 0.60
υRT 0.77

a EL, longitudinal MOE; ER, radial MOE; ET, tangential MOE.
b GRT, shear modulus in R-T plane; GLR, shear modulus in L-R plane; GLT,

shear modulus in L-T plane.
c υLR, υRL, υLT, υTL, υTR, and υRT are Poisson’s ratio.
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k¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� ν
ð1þ νÞð1� 2νÞ

s
: (9)

Therefore, the wave velocity is dependent on the
elastic modulus, Poisson’s ratio, and density of
the material.

For an orthotropic medium, the term k is given by

k¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� νRTνTR

1� νRTνTR � α

r
; (10)

where α ¼ 2νRLνTRνLT þ νTLνLT þ νRLνLR and
νRL, νLR, νTL, νLT, νTR, and νRT are the Poisson’s
ratios in RL, LR, TL, LT, TR, and RT planes of the
orthotropic medium.

Consequently, the theoretical dilatational wave
velocity in an infinite or unbounded orthotropic
medium can be obtained from the following
equation:

CL ¼ k

ffiffiffiffiffi
EL

ρ

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� νRTνTR

1� νRTνTR � α
EL

ρ

s
: (11)

NUMERICAL SIMULATION OF WAVE PROPAGATION

IN TREES

The initiation of acoustic waves in a standing
tree is through a mechanical impact on a spiked
probe inserted into the trunk. This is very dif-
ferent from the acoustic resonance testing on
a log, in which acoustic waves are introduced
into the log by a direct hammer impact at the end.
A typical approach for in situ TOF acoustic
measurement in trees involves inserting two
sensor probes (transmit probe and receiver
probe) into the sapwood at about 45° to the tree
surface, angled toward each other, and in-
troducing an impulse burst into the tree trunk
through a hammer impact (Fig 1). The test span
is usually limited to 1 to 1.22 m, so that the TOF
measurements can be readily carried out by an
operator. Field acoustic measurements mainly
concern the tree trunk in the test span, but our
simulations run a greater distance (up to 3.2 m)
to illustrate the progressive changes of the
acoustic waves along the tree trunk.

Figure 2. Three-dimensional geometry model of a standing
tree with divided grids.
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Modeling for Trees

Geometry model and material properties. The
plantation trees considered in this study were 40-
yr-old larch (Larix principis-rupprechtii Mayr)
with a diameter at breast height from 14 to 37.5
cm and a taper from 1 to 3 cm per meter (based
on measurements on 50 sampled trees). The tree
trunks to be modeled were considered as
orthotropic cylindrical medium with elastic
parameters and wood density provided in Table
1. The axial (L), radial (R), and tangential (T)
directions of the model were defined as three
principal axes x, y, and z in a Cartesian co-
ordinate system. The model was further sim-
plified by the following assumptions: 1)
homogenous medium from pith to bark, 2) no
growth rings, and 3) no natural defects.

Twelve elastic constants of green larch were
determined through laboratory experiments in
a previous study (Liu et al 2015). The
wood specimens used to determine the elastic
constants were cut from three larch logs har-
vested in a 40-yr-old larch plantation stand
located in Chengde, China. The average values
of 12 elastic constants and the gross density of
green larch are shown in Table 1.

Considering the symmetry of a trunk’s form
and taking both the efficiency of calculation
and the tree’s taper into consideration, we set
the geometry model of larch trees as a tapered
cylinder of 3.6 m length, with a large-end di-
ameter of 35 cm and a small-end diameter of 25
cm. Figure 2 shows the three-dimensional
geometry model of plantation trees constructed
with COMSOL software.

Impulse load. Acoustic waves used in tree
measurements are typically produced through
a mechanical impact on the transmit probe
(start sensor), and this impact-induced stress
wave has a very short duration. Figure 3(a)
shows an example of an actual impact pulse
generated in the laboratory by using a hammer
to create an impact on a Fakopp spike sensor.
To mimic the actual impact pulse, we used the
following half-sine pulse function to express
this impact force:

FðtÞ¼
�
A sinð2πftÞ; t< ð1=2f Þ

0; t�ð1=2f Þ ; (12)

where A is the amplitude of the impact pulse and
f is frequency of the sine wave.

The amplitude of the actual impact pulse was
calibrated to an impact force of 200 N. The width
of the impact pulse was measured as 0.2 ms,
which corresponds to a frequency of 2.5 kHz in
a sine wave.

The transmit sensor probe is inserted into the tree
trunk at a 45° angle with respect to the trunk’s
longitudinal axis. Thus, the impact force F(t)
acting on the start sensor can be decomposed into
two orthogonal components, FyðtÞ and FzðtÞ, and

Figure 3. Impact pulse used to generate acoustic waves in
standing trees. (a) Signal of an actual impact pulse; (b) half-
sine function of a simulated impact pulse.
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the amplitude of each component is 141.4 N.
Figure 3(b) shows the input function of the or-
thogonal component of the impact force.

Initial and boundary conditions. The particles
of a tree model are in a static state before an impulse
loading. The initial displacement and initial velocity
of each particle in the model were, therefore, set as
zero. Two boundary condition cases were examined
for the wave propagation simulation. In the first
case, we applied the low-reflection boundary con-
dition to both the side surface and the two ends of
the tree model. The low-reflecting boundary con-
dition is also called nonreflecting or silent boundary
condition and can be described as follows:

¶u
¶l

����
ðx2 þ y2¼d2;0� z� 360Þ

¼ 0; (13)

where u is the displacement of particle, l is the
unit normal vector at the boundary, and d is the
radius of the model.

The low-reflecting boundary condition allowswaves
to pass through themodel domainwithout reflection.
That is, when the waves reach the boundary of the
tree model, only compression waves exist, with no
reflected wave or a very small amount of reflected
wave (Cohen and Jennings 1983).

In the second case, two ends of the tree model
were kept with the low-reflection condition, but
the side surface of the tree model was set to have
a free boundary condition in which the com-
pression waves and reflected waves coexist with
wave attenuation when acoustic wave propagates
to the side boundary of the tree model (Lalanne
and Touratier 2000). The free boundary condition
can be described as follows:

σ$n¼ � ρ$Cp

�
¶u
¶t
$n

�
$n� ρ$Cs

�
¶u
¶t
$t

�
$t;

(14)

where σ is the stress, n and t are unit normal and
tangential vectors at the boundary, and Cp and Cs

Figure 4. Schematic diagram of conducting field time-of-flight acoustic measurements on log samples that mimic both tree
and log acoustic measurements.
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are speeds of the pressure and shear waves in the
material, respectively.

The combination of free and low-reflection
boundary conditions in the second case were
believed to be more realistic than the low-reflection
boundary alone, considering the fact that no con-
straints or loads are actually acting on the cir-
cumferential surfaces except the source point where
the impulse load is initiated.

When the commonly used free meshing (ie the
tetrahedral elements method) was used in the three-
dimensional tree model, the number of meshes
generated was too large because of the relatively
large model dimension, and it resulted in a surge
in computational complexity for the numerical
simulation. Therefore, we decided to use a sweep
method to get a reasonable number of grids. The
largest and smallest elements in the ends of the tree
model were 1.4 cm and 0.004 cm, respectively. After
the meshing of the end surface was completed, the
sweep method was used to extend the mesh to the
whole tree model. The total number of meshes ob-
tained for the model was up to 44,000. The divided
grids of the tree model are shown in Fig 2.

Modeling for Logs

Acoustic velocities in logs are typically measured
using a resonance-based approach. In log acoustic

resonance measurement, an acoustic sensor is
mounted on one end of a log. An acoustic wave is
initiated by amechanical impact on the end, and the
acoustic waveforms are subsequently recorded by
an electronic unit. In contrast to the TOF approach,
the resonance method stimulates many, possibly
hundreds, of acoustic pulse reverberations in a log,
resulting in a very accurate and repeatable veloc-
ity measurement. Because of this accuracy, the
acoustic velocity of logs obtained by the resonance-
based measurement has served as a standard to
validate the TOF measurement in standing trees
(Wang 1999; Wang et al 2001; Andrews 2003;
Carter et al 2005).

To better understand the differences between
TOF in trees and resonance measurement in logs,
we also conducted numerical simulation of lon-
gitudinal acoustic waves in a log model. The
geometry, initial conditions, boundary condi-
tions, and meshing for the log model are the same
as those for the tree model, except it is turned 90°
from the tree model, with the impact source point
located at the center of the log end. The me-
chanical impact force is expressed using the same
half-sine pulse function (Eq [12]) as in the tree
modeling. Because the direction of impact force
is perpendicular to the end gain, which is in the
longitudinal direction, the amplitude of the pulse
was set to 200 N.

Figure 5. A special pendulum device mounted onto the upper side of the log to generate constant impacts on the start sensor.
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Figure 6. Contour surface maps of total displacements in the tree model at various time points. (a) Low-reflection boundary
(side and ends); (b) free (side) and low-reflection (ends) boundaries.
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EXPERIMENTAL VALIDATION

To validate the numerical simulation results of wave
propagation in trees and logs,we conducted extensive
acoustic measurements on green larch log samples to
physically map the progression of the wave fronts in
a time sequence. Three larch trees of different
diameters were selected and harvested at a 40-yr-
old plantation stand in the Maojingba national
plantation forest, Chengde, Hebei Province,
China (118°0600500E, 41°2804600N, 750 m ele-
vation). A 3.6-m-long butt log was obtained from
each felled tree. The diameters of these three logs
were 38, 32, and 28 cm in the large end and 31,
27, and 24 cm, respectively, in the small end.

Figure 4 shows the schematic diagram for con-
ducting TOF acoustic wave measurements that
mimic both tree (impact source on the side surface of
tree trunk) and log (impact source on the end grain
of log end) acoustic measurements. TOF measure-
ments were performed when the log samples were
laid flat on the ground in the forest. The measure-
ment system included a battery-operated stress wave
timer (Fakopp Microsecond Meter, Fakopp Enter-
prise, Ágfalva, Hungary), two spike-type trans-
ducers, a small hammer, and a pendulum device.

To mimic tree measurement, the start sensor probe
was mounted on the upper side of the log surface,
close to the large end, by inserting the spike 1 cm
deep, at a 45° anglewith respect to the upper surface;
the stop sensor probe was mounted at the cross
section of the small end by inserting the spike 1-cm
deep into the end grain. The start sensor remained in
the same position during the measurement process,
whereas the position of the stop sensor was con-
tinuously changed along the vertical middle lines on
the small end (Fig 4). A constant impact on the start
sensor probe was generated by a special pendulum
device mounted onto the log (Fig 5). The stop sensor
received acoustic wave signals, and the TOF data
were displayed and recorded. A series of TOF
measurements were conducted by moving the stop
sensor probe to different locations at the middle
vertical line on the end cross section, with 25-mm
increments. Once the TOF measurements were
completed at one end cross section, a 30-cm long
section was cut off from the small end, and the same

Figure 7. Wave front progression maps of the tree model
(unit: µs; the dot in the lower right corner indicates the wave
initiation point).
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procedures were repeated on each new cross section.
On each log sample, TOF data were obtained on 12
consecutive cross sections.

To mimic log measurements, we inserted the start
sensor probe into the large end of a log, close to the
center and perpendicular to the cross section; the stop
sensor probewas still mounted on the cross section of
the small end. The start sensor at the log end was
struck by a hammer to introduce an impulse load into
the log. The same acoustic wave measurement
procedures as those for “tree measurement” were
used to obtain a series of TOF data at 12 consecutive
cross sections on each log.

The data sets collected at each test point included
space coordinates, x, y, and z; and the TOF data
between start and stop sensors. A complete data
matrix obtained from each log was then used to
generate contour maps and illustrate the pro-
gression of wave fronts in a time sequence.

RESULTS AND DISCUSSION

Effect of Boundary Conditions

Figure 6 shows the simulation results for a tree
model under two different boundary conditions:
low-reflection condition (Fig 6[a]) and combination
of free and low-reflection condition (Fig 6[b]). The

Figure 8. Two-dimensional wave front progression maps obtained from field time-of-flight measurements on log samples
(unit: µs; the dot in the lower right corner indicates the wave initiation point).
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outputs of post data processing through COMSOL
Multiphysics software are contour surface maps of
displacements in the tree model at a time sequence
t¼ 100, 200, 300, 400, 500, 600, 700, 800, and 900
µs. The dot in the bottom right corner indicates the
impact source. The forefront surface in the dis-
placement contour map is the leading edge of the
compression waves, namely, the wave front that
defines the boundary between the disturbance zone
and undisturbed zone.

Figure 6(a) illustrates the propagation of acoustic
waves in the tree model under a low-reflection
boundary condition, where the waves were not
reflected when they encountered the side bound-
aries. The impulse wave initially expanded mostly
in radial and tangential directions and then grad-
ually shifted toward the longitudinal direction. The
wave front under the low-reflection boundary
condition appeared to maintain a spherical shape
during the course of propagation. This simulation
result is very different from what was reported in
previous studies (Su et al 2009; Zhang et al 2009;
Searles 2012), where the experimental results
showed that the wave front became flattened as the
waves traveled through a certain distance. It has
also been reported that in steel, when a bullet was
fired against the lower end of the cross section, the
stress from the impulse load became evenly dis-
tributed over the cross section at 4-5 diameters
from the impact point (Karman 1958). Through
TOF measurements of three red pine logs, Zhang
et al (2011) found that stress became evenly dis-
tributed after approximately 10 diameters from the
impact point.

By contrast, Fig 6(b) illustrates the propagation of
compression waves in the tree model under free
(side) and low-reflection (ends) boundary con-
ditions. In this case, the resulting contour map is
a complex mixture of the compression waves

moving along the tree model and the waves re-
flected from the sides (free boundary). It is noted
that the shape of the wave front clearly became
flattened and turned toward the horizontal di-
rection (but not exactly) when the compression
waves moved up in the tree model. This indicates
that the longitudinal compression waves become
the dominating waves that continuously propa-
gate upward in the tree model, which is consistent
with experimental results from three freshly cut
red pine logs reported by Su et al (2009) and
Zhang et al (2009) and the results from three
freshly cut Sitka spruce logs reported by Searles
(2012).

Given the fact that a standing tree trunk is free
from any constraints or load on the side surface,
and the model domain is limited to a certain
length (3.6 m in this study), the free boundary for
the side surface and low reflection for the two
ends were deemed appropriate and thus adopted
for all simulations thereafter.

Wave Propagation Patterns in Tree Models

Numerical simulation. To visually illustrate the
propagation patterns of acoustic waves in the tree
model, we developed a progression map of wave
fronts by extracting the forefront contour surface
from the displacement contour maps at various time
points: 100, 200, 300, 400, 500, 600, 700, 800, and
900 µs. The map is essentially a cluster of leading
contour surfaces where the arrival time is the same at
any point of the surface (isochronous surface).
Therefore, it illustrates the wave fronts in a tree
model in a time sequence (Fig 7).

The wave front progression map shows that the
acoustic waves initially traveled in a quarter-
ellipsoidal wave front in the impact direction; the

Figure 9. Contour surface map of total displacement in the log model (t ¼ 700 µs).
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propagation path then gradually shifted toward
the longitudinal direction as the waves moved
up in the tree model, guided by the cylindrical
shape of the tree model. As the waves propa-
gated further up along the tree model, both the
curvature and gradient of the wave fronts
gradually decreased and the wave fronts
approached a quasi-plane close to perpendic-
ular to the tree axis. This wave propagation
pattern implies that the acoustic waves initially
expanded in a three-dimensional context (case
of dilatational waves); then, the waves gradu-
ally transformed into a quasi–one-dimensional
wave (plane wave). There are no clear criteria to
define the transition from dilatational waves to
plane waves in such a tree model. However, for
the given diameter of the tree model, the di-
latational waves appeared to exist within 0- to
1.2-m transit distance; quasi-plane waves were
formed well outside 2.4-m transit distance; the
nature of wave propagation within the middle
section of the tree model, 1.2 to 2.4 m, is
complex and cannot be simply explained by
Eqs (7) or (11).

Experimental validation. Figure 8 shows
two-dimensional progression maps of the wave
fronts obtained from the field TOF measurements
conducted on three log samples of different di-
ameters (38, 32, and 28 cm large end). The values
shown on the TOF contour lines (wave fronts) are
in microseconds. The dot in the lower right corner
indicates the impact initiation point. The exper-
imental results revealed wave propagation pat-
terns similar to the numerical simulations. The
wave fronts exhibit large curvatures and gradients
in the early stage of wave propagation (0- to 1.2-m
transit length). The curvature of the wave fronts
then gradually decreased, and the wave front
became flattened as it moved further away from

the impact source, but the gradient of the wave
fronts maintained somewhat constant. As the
waves moved close to a 3.6-m transit distance
(the length of log samples), the wave fronts be-
came close to perpendicular to the longitudinal
axis.

Comparing with the simulation results in Fig 7,
the measured TOF contours in Fig 8 show sig-
nificant irregularities, which were primarily
caused by the anisotropy and inhomogeneity of
wood properties due to natural growth defects.
Acoustic waves are highly sensitive to grain
orientation and local defects such as knots and
grain distortion. The waves advance in the di-
rection of grain and drag as they encounter knots
(Gerhards 1982). The numerical simulations in
this study, on the other hand, were based on ideal
tree models of the orthotropic material and thus
resulted in relatively uniform patterns. In general,
the wave front mappings obtained from TOF
measurements on log samples were found con-
sistent with the simulation results, indicating that
the numerical simulation of wave propagation in
tree models using COMSOL software is a valid
approach and the simulation results are accurate
and reliable.

Wave Propagation Patterns in Log Models

Numerical simulation. Figure 9 shows simu-
lation results for a log model under low-reflection
(ends) and free boundary (sides) conditions. Similar
to the tree modeling, the outputs of simulations
are contour surface maps of displacements in the
log model as the wave propagation time reached
700 µs. The forefront surface in the displacement
contour map is the leading edge of the com-
pression waves. The resulting contour map
shows that the wave front in the log model

Figure 10. Contour surface maps of displacements in the log model (t¼ 100, 200, 300, 400, 500, 600, 700, 800, and 900 µs).
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maintained vertical with respect to the longitu-
dinal axis. The longitudinal compression waves
dominated the entire propagation distance with
some side reflections in the beginning (transit
length of about 1 diameter).

Figure 10 shows the wave front progression map
for the log model at various time points: 100, 200,
300, 400, 500, 600, 700, 800, and 900 µs. The
wave was initiated at the center of the log end and
started as a dilatational wave, with its wave front
changing from ellipsoidal at 100 µs to spherical
form at 200 µs (about 2 diameters). The wave then
quickly transformed into a one-dimensional plane
wave, evidenced by the near-plane wave fronts
from 300 µs forward (transit distance 1.2 m and
beyond). It was also found that the waves traveled
faster in the form of dilatational waves, evidenced
by the longer transit distance for the same time
internal (100 µs) at the early phase and the shorter
distances after the wave front became flattened
(plane wave).

Experimental validation. Figure 11 shows the
two-dimensional wave front progression maps of

three log samples (DL ¼ 38, 32, 28 cm) obtained
from the field TOF measurements. Similar to the
simulation results, the impact wave propagated
from the initiation point as a dilatational wave in
the beginning, except its wave front started with
a spherical form instead of an ellipsoidal form, as
observed in numerical simulation. The curvature
of the wave fronts then quickly decreased and
became somewhat flattened as the waves moved
further away from the wave initiation point,
which is an indication of the waves becoming
quasi-plane waves. Unlike the vertical and near-
plane wave fronts observed in numerical simu-
lations, the wave fronts measured in the log
samples were not uniform and exhibited some
variation. This variation in wave fronts was likely
caused by property variations and growth defects
such as knots that existed in the log samples.
Nevertheless, the wave propagation patterns
obtained from the log samples are in a good
agreement with the numerical simulations of the
log models.

From the experimental results, it is also noted that
log diameter seems to have an effect on the shape

Figure 11. Two-dimensional wave front progression maps of log samples developed through time-of-flight measurements.
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of wave fronts. The wave fronts in log no. 3, the
smallest log (DL¼ 28 cm), were found to be more
flat and uniform than those in logs no. 1 (DL¼ 38
cm) and no. 2 (DL ¼ 32 cm). This implies that
wave propagation velocity in logs could be af-
fected by log diameter for a given transit length.
We will further examine the diameter effect on
wave propagation velocity through numerical
simulation in part 2 of this article series.

Tree Velocity vs Log Velocity

The wave propagation velocity in tree and log
models can be calculated based on the transit
distance (L0) and the corresponding fastest arrival
time (t0) derived from the numerical simulations.
The fastest arrival time was defined by the leading
edge of the wave front, as shown in Fig 6(b).

For the tree model, a transit distance of 1.2 m was
used to calculate the wave velocity because this is
close to the actual test span used in a typical tree
test setup (Wang 1999; Wang et al 2001; Carter
et al 2005). For the log model, the wave velocity
was calculated for two scenarios: a transit dis-
tance of 1.2 m, which corresponds to the tree
TOF measurement over the same test span, and
a transit distance of 3.6 m, which corresponds to
the acoustic resonance measurement over the
entire length of the log samples. The second
scenario was considered because the log velocity
is normally measured in full-length logs using the
acoustic resonance method that produces the
most accurate velocity measurement in com-
mercial-length logs. As a result, the tree velocity
measured over a 1.2-m span has always been
evaluated against the velocity measured on the

full-length butt logs in various studies (Wang et al
2007b; Carter et al 2005; Wang 2013; Legg and
Bradley 2016).

Table 2 summarizes the tree and log acoustic
velocities obtained from both numerical simula-
tions and field TOF measurements. The simulation
results indicated that the tree velocity was 3.7%
higher than the log velocity for 1.2-m transit dis-
tance and 4.8% higher than the log velocity for 3.6-
m transit distance. These translate into tree-to-log
velocity ratios (ks) of 1.037 and 1.048, respectively.
The average “tree velocity” measured on three
larch log samples using the TOF method was 3811
m/s, 4.8%, and 7.3% higher than the corresponding
measured log velocities for 1.2- and 3.6-m transit
distances, respectively. This translates into tree-to-
log velocity ratios (kTOF) of 1.048 for the transit
distance of 1.2 m and 1.073 for the transit distance
of 3.6 m. It is noted that the velocity ratio from
numerical simulation (ks) is slightly lower than that
from TOFmeasurements (kTOF), but they generally
agree with each other. The difference could have
been caused by the fact that the tree model and
actual log samples were not exactly the same in
geometry or size; the three log samples had an
average diameter (large end) of 33 cm, whereas the
tree model was 35 cm in diameter.

Both the tree model simulation and TOF mea-
surements revealed that the wave propagation
patterns within the 1.2-m transit distance were
mostly dominated by the dilatational waves, evi-
denced by the wave fronts with large curvatures and
expanding both across the tree and along the tree.
When the dilatational wave equation for orthotropic
materials is applied to the tree model of given
material properties (Table 1), the factor k that links

Table 2. Tree and log acoustic velocities obtained from both numerical simulations and field time-of-flight measurements.

Method Model/sample
Diameter (large

end) (cm) Tree velocity (VT) (m/s)

Log velocity (VL) (m/s)a
Tree-to-log velocity ratio

(k)b

L ¼ 1.2 m L ¼ 3.6 m L ¼ 1.2 m L ¼ 3.6 m

Numerical simulation Tree model 35 3744 3612 3571 1.037 1.048
Experimental Log no. 1 38 3734 3549 3487 1.05 1.07

Log no. 2 32 3688 3478 3411 1.06 1.08
Log no. 3 28 4010 3883 3754 1.03 1.07
Average 33 3810.7 3636.7 3550.7 1.048 1.073

a L, transit distance (m).
b k ¼ VT/VL.
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the dilatational wave velocity and one-dimensional
plane wave velocity can be theoretically determined
based on Eq (9). The theoretical value of k was
found to be 1.04 for the tree model, which is very
close to the velocity ratios from the numerical
simulations. This further supported the hypothesis
previously proposed by Wang et al (2007a) and
Zhang et al (2011) that the acoustic waves mea-
sured in standing trees within the short span (1.2 m)
are controlled by dilatational waves or quasi-
dilatational waves.

CONCLUSIONS

With the consideration of orthotropic tree model
and free and low-reflection boundary conditions,
the propagation of acoustic waves in a standing
tree can be properly simulated using COMSOL
Multiphysics software. The wave front maps of
the tree model developed through numerical
simulations were found consistent with those
obtained through TOF measurements on the log
samples, indicating the simulation results are
accurate and reliable.

The wave propagation patterns of the tree model
revealed that the side-surface–generated acoustic
wave expanded as a dilatational wave within 0- to
1.2-m transit distance; as the wavemoved up along
the tree model, the shape of the wave front
gradually flattened and the wave eventually
transformed into a quasi-plane wave from 2.4-m
transit distance. By contrast, the acoustic wave in
the log model expanded as a dilatational wave
within a short transit distance (0-80 cm) and then
quickly transformed into a plane wave from a 1.2-
m transit distance. The tree-to-log velocity ratio
from the numerical simulations (ks) was found to
be in a good agreement with both the experimental
velocity ratio from field TOFmeasurements (kTOF)
and the theoretical velocity ratio (k) determined by
Eq (10), which further supports the hypothesis that
the acoustic waves measured in standing trees over
a short span (1.2 m) are controlled by dilatational
waves or quasi-dilatational waves.
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