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Abstract. The objective of this study was to investigate the effects of tree diameter and juvenile wood on 
acoustic wave propagation in standing trees. Two-layer tree models with various diameters and proportions 
of juvenile wood were constructed to examine the effects of these two factors on propagation patterns and 
velocity of acoustic waves. The simulation results and analysis indicated that acoustic wave propagation in 
trees is dependent on both tree diameter and propagation distance. In the context of time-of-flight (TOF) 
acoustic measurement on standing trees with a test span of 1.2 m, when tree diameter is 10 cm or less, or 
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slenderness is twelve or greater, wave propagates as quasi-plane waves in the tree trunk, and the tree velocity 
determined using the TOF method is then comparable to the log velocity measured using the acoustic 
resonance method. When tree diameter is 40 cm or larger, or slenderness is three or less, wave propagates as 
dilatational waves in the tree trunk; thus, the three-dimensional wave equation should be considered for wood 
property prediction. When tree diameter falls between 10 and 40 cm or slenderness falls between 3 and 12, wave 
propagation is in a transitional phase. Mathematical models were developed to convert the tree velocity in the 
transition mode to the resonance velocity. It was found that juvenile wood slows down the wave propagation. Our 
simulation results indicated that a 10% increase in the juvenile wood content resulted in a 113-m/s reduction in 
acoustic velocity. In addition, our analysis indicated that wave propagation in standing trees is controlled by the 
wood properties of entire cross section, not just the outerwood. Therefore, the wave velocity measured on standing 
trees reflects the global properties of the wood between the two measuring points. 

Keywords: Acoustic waves, COMSOL multiphysics software, dilatational wave, plane wave, wave front, 
wave velocity, trees. 

INTRODUCTION 

The concept of using acoustic wave velocity as an 
effective measure of wood quality has been 
widely recognized in both forest products industry 
and forestry sector. A variety of acoustic instruments 
have been developed and applied to raw wood 
materials (logs and standing trees) and various wood 
products (lumber, veneer, laminated veneer lumber, 
glulam beams, etc.) as quality evaluation tools. In 
particular, the development of standing tree 
acoustic tools has opened the way for assessing 
wood quality of standing trees before harvesting, 
enabling management, planning, harvesting, and 
wood processing to be carried out in a way that 
maximizes the extracted value from the resource 
(Wang et al 2007a; Legg and Bradley 2016). 

Acoustic wave methods employed for nonde-
structive evaluation of standing trees use a me-
chanical impact to generate low-frequency 
acoustic waves that propagate through the tree 
trunk, and then to measure the time of flight 
(TOF) of acoustic waves between two sensor 
probes (typically centered around tree’s breast 
height spanning about 1.2 m). At the micro-
structure level, the acoustic wave velocity in a 
tree is controlled by the orientation of wood cells 
and structural composition, factors that contribute 
to stiffness and strength of wood. To date, re-
search on using acoustic wave methods to assess 
wood quality of standing trees has been mostly 
experimental and limited to direct measurement 
of acoustic velocity in trees. Studies have shown 
that acoustic velocity of standing trees measured 
using a TOF technique (hereafter referred to as 

TOF velocity) has a good linear relationship with 
the corresponding butt log velocity measured 
using a resonance acoustic technique (thereafter 
referred to as resonance velocity) (Lindström et al 
2002; Joe et al 2004; Chauhan and Walker 2006; 
Wang et al 2007b). However, TOF-based tree ve-
locity was found to be consistently higher than the 
resonance-based log velocity, which often leads to a 
skewed relationship, and subsequently an overesti-
mation of wood stiffness (Andrews 2003; Hsu 2003; 
Chauhan and Walker 2006; Grabianowski et al 
2006; Wang 2013; Legg and Bradley 2016). 

Wang (2013) provided a thorough review and 
analysis of the acoustic measurements on trees 
and logs and elucidated two different mecha-
nisms of acoustic measurements—the TOF 
method used for trees and the resonance acoustic 
method used for logs, which are believed to be the 
fundamental cause attributing to the tree velocity 
deviation. In log acoustic measurement, the 
acoustic waves propagate through the full length 
of a log and stimulate many, possibly hundreds of 
reflections from the ends of the log, resulting in a 
very accurate and repeatable velocity measure-
ment. The acoustic waves in a log are considered 
to be dominated by a “rod” wave (Andrews 2003) 
governed by the one-dimensional wave equation: sffiffiffiffiffi 

ELC0 ¼ ; (1)
ρ 

where C0 is the longitudinal wave velocity in a 
rod, EL is the longitudinal modulus of elasticity, 
and ρ is the mass density of the material. 
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By contrast, TOF acoustic measurement on a tree 
involves inserting two sensor probes into the tree 
trunk with a relatively short span distance, and 
acoustic waves can only be stimulated from the 
barkside of the tree through a pointed probe, 
resulting in a nonuniaxial stress state in wood 
material. Based on the analysis of experimental 
data, Wang et al (2007b) hypothesized that TOF 
measurement in standing trees is likely dominated 
by dilatational waves rather than one-dimensional 
“rod” waves. The theoretical dilatational wave 
velocity in an infinite or unbounded orthotropic 
medium can be obtained from the following 
equation: sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 

1 vRTvTR ELCL ¼ ; (2)
1 vRTvTR α ρ 

where CL is the dilatational wave velocity; EL 

is the longitudinal modulus of elasticity of the 
medium; νRL, νLR, νTL, νLT, νTR, and νRT are 
the Poisson’s ratios in RL, LR, TL, LT, TR, and 
RT planes, respectively, of the orthotropic 
medium; 

α ¼ 2vRLvTRvLT þ vTLvLT þ vRLvLR 

However, studies indicated that application of the 
dilatational wave equation for tree evaluation was 
affected by the diameter of the trees measured 
(Lasserre et al 2004; Wang et al 2004; Carter et al 
2005). It is speculated that acoustic waves may 
travel in a tree as a quasi-plane wave when tree 
diameter is small, or as a dilatational wave when 
tree diameter is large. No diameter threshold has 
been discussed or proposed to differentiate two 
types of wave propagation modes in trees. The 
validity of the hypothesis of a “dilatational” wave 
for the TOF method needs to be further inves-
tigated in a systematic manner, whether by means 
of experiments or simulations. 

The other possible cause for the tree velocity 
deviation is related to the stiffer wood zones— 
outerwood of the tree’s cross section (Chauhan 
and Walker 2006; Grabianowski et al 2006; Mora 
et al 2009). Grabianowski et al (2006) conducted 
TOF measurements in logs and found that TOF 

acoustic velocity showed a stronger correlation 
with the resonance velocity in the outerwood than 
that in the corewood. Chauhan and Walker (2006) 
stated that the higher velocity measured by the 
TOF tool is attributed, in part, to the fact that 
single-pass transit-time velocities are sensitive to 
the localized high stiffness of the outerwood lying 
in the wave propagation path between the two 
measuring points. 

Field studies on nondestructive evaluation of 
plantation trees also indicated possible effects of 
stand age on tree acoustic velocities. The tree-to-
log velocity ratio was found to increase as stand 
age increased. For instance, in evaluating 150 
radiata pine trees in stands aged 8, 16, and 26 yr 
using a TOF tool, Grabianowski et al (2006) 
found an increasing trend of tree velocity with 
stand age. Wang et al (2007b) observed that 
younger age and smaller diameter of the radiata 
pine trees resulted in tree velocities that were 
much closer to log velocities than the 43-yr-old 
ponderosa pine. Similar trend was also reported 
by Chauhan and Walker (2006). Wang (2013) 
stated that this trend is in agreement with the 
current knowledge on tree growth; that is, as trees 
age, the outerwood gets stiffer because of the 
decreasing microfibril angle, and the proportion 
of mature wood in the cross section of a tree 
increases. As such, the overall mechanical 
properties improve with aging. 

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., Burlington, 
MA) and examine the propagation patterns of 
longitudinal acoustic waves in standing trees. In 
part 1 of this report (Liu et al 2020), we found that 
with the consideration of orthotropic tree model 
and “free- and low-reflection” boundary condi-
tions, the propagation of acoustic waves in a 
standing tree can be properly simulated using 
COMSOL Multiphysics software. The objective 
of this report (part 2) was to investigate the effects 
of tree diameter and proportion of juvenile wood 
on wave fronts and wave propagation velocity in 
standing trees. Two-layer tree models with var-
ious tree diameters and proportions of juvenile 
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wood were constructed to examine the effects of 
these two factors on propagation patterns and the 
velocity of acoustic waves. 

MATERIALS AND METHODS 

Tree Models 

A tree trunk is composed of various materials 
present in concentric bands. From the outside of 
the tree to the inside are bark, vascular cambium, 
sapwood, heartwood, and the pith. To simplify 
tree modeling, we divided the cross section of a 
tree trunk into two distinct zones, juvenile wood 
and mature wood, with each assumed to be 
orthotropic. 

The targeted plantation trees in our simulation 
work were 40-yr-old larch (Larix principis-
rupprechtii Mayr) with a diameter at breast 
height (dbh) from 14 to 37.5 cm, a taper from 1 
to 3 cm per meter, and the proportion of juvenile 
wood in 70%. The dbh and taper were based 
on the actual physical measurements on 50 
sampled trees at a 40-yr-old fast-growing larch 
plantation in the Maojingba national plantation 
forest, Chengde, Hebei Province, China. The 
juvenile wood proportion was determined from 
the cross sections of three harvested larch trees 
from the same plantation. The observed radial 
variation for width of annual rings and latewood 
proportion in annual rings in the cross sections 
led to distinct boundaries between juvenile and 
mature wood. 

The base tree model was  set in a cylindrical  form  
with a length of 2 m and a taper of 2.75 cm/m 
(Fig 1). The axial (L), radial (R), and tangential 
(T) directions of the tree model were defined as 
three principal axes x, y, and  z in a Cartesian 
coordinate system. The model was further 
simplified with the following assumptions: 1) 
the cross section of a tree trunk is composed of 
two distinct zones, juvenile wood and mature 
wood; 2) each wood zone assumes orthotropic 
and homogenous medium; 3) no growth rings; 
and 4) no natural defects. 

Tree model 1. The first series of simulations 
were run to investigate the effect of tree diameter 

Figure 1. Three-dimensional geometry model of a standing 
tree constructed using COMSOL software (Rh ¼ 70%, D ¼ 
35 cm, d ¼ 30 cm). 
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on wave propagation patterns and propagation 
velocity in standing trees. In this scenario, the 
proportion of juvenile wood was kept constant as 
70%; the large-end diameter of the tree model 
was set to different values: D ¼ 10, 20, 30, 40, 50, 
70, and 90 cm (Fig 2). The geometrical variables 
of Tree Model 1 are shown in Table 1. 

Tree model 2. The second series of simula-
tions were designed to examine the effect of the 
proportion of juvenile wood on wave propagation 
patterns and propagation velocity in standing 
trees. In this scenario, the diameter of the tree 
model was kept constant (35 cm for the large end 
and 30 cm for the small end), but the proportion 
of juvenile wood zone was set in a series of 
values, ie 40%, 50%, 60%, 70%, 80%, and 90% 
(Fig 3). The geometrical variables of Tree Model 
2 are shown in Table 2. 

Material Properties 

Nine elastic constants of green larch were de-
termined through laboratory experiments in a 
previous study (Liu et al 2015). The wood 
specimens used to determine the elastic con-
stants were cut from three larch logs harvested 
from a 40-yr-old larch plantation stand located 
in Chengde, China. The nine elastic constants 
and wood density of green larch are shown in 
Table 3. The average elastic constants and wood 
density of the specimens cut from the mature 
wood were used for the mature wood layer in the 
tree models. The average elastic constants and 

wood density of the specimens cut from the 
juvenile wood were used for the juvenile zone in 
the tree models.  

Numerical Simulations 

We followed the same simulation procedures as 
used in part 1 of this report to carry out the 
numerical simulations. To mimic the actual im-
pact pulse, we used the following half-sine pulse 
function as the impact load: 

Asinð2πftÞ; t < ð1=2f Þ
FðtÞ¼  ; (3)

0; t �ð 1=2f Þ 

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

The amplitude of the pulse signal 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. FðtÞwas further decomposed into two or-
thogonal components: FyðtÞ and FzðtÞ, with the 
amplitude of each component being 141.4 N. 

The initial displacement and initial velocity of the 
particles in the tree models were set to zero. 
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 (2.0 m in this article), the free boundary for 
the side surface and low reflection for the two 
ends were proved suitable for tree modeling and 

Figure 2. Cross-sections of Tree Model 1 with large-end diameter varying from 10 cm to 90 cm and the juvenile wood kept 
constant as 70%. 



100 WOOD AND FIBER SCIENCE, APRIL 2021, V. 53(2) 

Table 1. Geometrical parameters of Tree Model 1 for simulation runs of investigating tree diameter effect. 

Simulation runs 

Geometrical parametera 1 2 3 4 5 6 7 

L (cm) 
rJW (%) 
Di (cm) 
di (cm) 
DJWi (cm) 
dJWi (cm) 

10 
5 
7 
3.5 

20 
15 
14 
10.5 

30 
25 
21 
17.5 

200 
70 
40 
35 
28 
24.5 

50 
45 
35 
31.5 

70 
65 
49 
45.5 

90 
85 
63 
59.5 

a L, length of the tree model; Di, large-end diameter of the tree model; di, small-end diameter of the tree model; DJWi, large-end diameter of the juvenile wood zone; 
dJWi, small-end diameter of the juvenile wood zone; rJW, percentage of juvenile wood in the cross-section. 

therefore adopted for the simulations in this 
report. 

A swept method was applied to the tree model to 
get a reasonable number of grids. For the juvenile 
wood layer of the tree model, the largest and 
smallest elements of the end surface in the model 
were 3.5 cm and 0.004 cm, respectively, whereas 
for the mature wood layer of the tree model, the 
largest and smallest elements of the end surface in 
model were 2.5 cm and 0.004 cm, respectively. 
After the meshing of the end surface was com-
pleted, the swept method was used to extend the 
mesh to the whole tree model. The total number 
of meshes obtained from the tree model was up to 
70,000. 

RESULTS AND DISCUSSION 

Effect of Tree Diameter on Wave Propagation 

The numerical simulations using COMSOL 
Multiphysics software resulted in displacement 
contour maps at various time points. To visually 
illustrate the propagation patterns of acoustic 
waves in Tree Model 1 with tree diameter as a 
variable, we developed a progression map of the 
wave fronts for each diameter variable by 
extracting the forefront contour surface from the 

displacement contour maps at various time 
points: 100, 150, 200, 250, 300, 350, 400, 450, 
and 500 µs (Fig 4). This wave-front progression 
map is essentially a cluster of leading contour 
surfaces where the arrival time is the same at any 
point of surface (isochronous surface). Therefore, 
it illustrates the wave fronts in a tree model in a 
time sequence. 

As an example, Fig 4(a) (D ¼ 10 cm) best il-
lustrates how an acoustic wave propagates in Tree 
Model 1 over a long propagation distance relative 
to the tree diameter (20 diameters). The wave 
propagation patterns are generally consistent with 
what were reported in Part 1 of this report (Liu 
et al 2020). Initially, the side-induced wave 
spread over the tree’s cross section with an el-
lipsoidal wave front in the impact direction. The 
propagation path then gradually shifted toward 
the longitudinal direction as the waves moved up, 
guided by the cylindrical shape of the tree model. 
As the waves propagated further up, both the 
curvature and gradient of the wave fronts grad-
ually decreased. The wave front became a perfect 
plane at 12 diameters (1.2 m). 

Comparing the wave-front progress maps of Tree 
Model 1 in different diameters, it is evident that 
wave propagation in trees is not only affected by 

Figure 3. Cross-sections of Tree Model 2 with juvenile wood ranging from 40% to 90%. 
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Table 2. Geometric parameters of Tree Model 2 for sim-
ulation runs of investigating juvenile wood effect. 

Simulation runs 
Geometrical 
parametera 1 2 3 4 5 

L (cm) 200 200 200 200 200 
D (cm) 35 35 35 35 35 
d (cm) 30 30 30 30 30 
DJWi (cm) 17.5 21 24.5 28 31.5 
dJWi (cm) 15 18 21 24 27 
rJW (%) 50 60 70 80 90 

a L, length of the tree model; D, large-end diameter; d, small-end diameter; 
DJWi, large-end diameter of the juvenile wood zone; dJWi, small-end diameter of 
the juvenile wood zone; rJWi, percentage of juvenile wood in the cross-section. 

tree diameter but also dependent on propagation 
distance. We observed the following three dis-
tinctly different wave propagation patterns as the 
tree diameter changed from 10 cm to 90 cm. 

Quasi-plane waves. In the 10-cm tree model, 
the acoustic wave initially spread over the cross 
section by propagating in an elliptical wave front. 
The wave front did not interact with the opposite 
side of the cross section within 3 diameters (3D) 
from the impact source; therefore, the wave can 
be considered “dilatational” in this region with a 
“three-dimensional” stress state (Meyers 1994). 
The wave front then quickly encountered the 
boundary which guided the waves moving up-
ward. The wave front became a tilted oval surface 
interacting with the opposite side of the tree 
model after 3D, and then transformed to a tilted 
plane at about 6D. When the wave reached a 
propagation distance of approximately 10D, the 
wave front became almost a perfect plane, which 
may be considered purely “one dimensional” 
from this point forward. In the context of actual 

tree measurement with 1.2-m test span, the wave 
propagates in mixed modes: as dilatational wave 
in 0-3D; in a transitional mode from 3D to 6D; as 
a quasi-plane wave from 6D to 10D, and then as a 
plane wave from 10D to 20D. The wave velocity 
at 1.2-m propagation distance was determined 
to be 3345 m/s from the simulation run, which is 
very close to the theoretical velocity (3335 m/s) 
of one-dimensional plane wave calculated from 
the average elastic constants and density of 
Chinese larch samples (Liu et al 2015). There-
fore, the wave propagation in the 10-cm tree 
model can be practically treated as quasi-plane 
waves, and consequently, the wave behavior can 
be characterized by the one-dimensional wave 
Eq 1. 

Waves in transition phase. In the 20-cm tree 
model, the wave appeared to propagate as a di-
latational wave in the extent of 0-2D. After 2D, 
the wave front began to interact with the far side 
of the tree model and turned into tilted oval 
surfaces with large slopes (Fig 4[b]). As it 
traveled 6D (1.2 m), the wave front still main-
tained tilted with approximately 45°. In this 
scenario, the wave fronts within 1.2 m propa-
gation distance were dominated by tilted oval 
surfaces, setting apart from both dilatational 
waves and plane waves. The wave velocity at 
1.2 m propagation distance was determined to be 
3426 m/s from the simulation run, which is 3% 
higher than the theoretical velocity of the one-
dimensional plane wave (3335 m/s) and 12% 
lower than the theoretical velocity of the dilata-
tional wave (3911 m/s). Similarly, in the 30-cm 
tree model, the wave propagated as a dilatational 

Table 3. Elastic constants and density of juvenile wood and mature wood for green larch. 

Wood zone 
Modulus of elasticity 

(MPa)a 
Modulus of rigidity 

(MPa)b Poisson’s ratioc Density (kg$m –3) 

Juvenile wood 

Mature wood 

EL 

ET 

ER 

EL 

ET 

ER 

6792 
282 
342 

10,137 
388 
915 

GRT 

GLR 

GLT 

GRT 

GLR 

GLT 

415 
427 
375 
556 
430 
446 

υRT 

υLR 

υLT 

υRT 

υLR 

υLT 

0.76 
0.21 
0.28 
0.81 
0.26 
0.36 

— 
500 
— 
— 
750 
— 

a EL , longitudinal modulus of elasticity; ET , tangential modulus of elasticity; ER, radial modulus of elasticity. 
b GRT, shear modulus in R-T plane; GLR, shear modulus in L-R plane; GLT, shear modulus in L-T plane. 
c υRT , Poisson’s ratio of R-T direction; υLR, Poisson’s ratio of L-R direction; υRT, Poisson’s ratio of L-T direction. 
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Figure 4. Wave propagation patterns in Tree Model 1 illustrated by progression map of the wave fronts with diameter as a 
variable. 

wave in the extent of 0-3D. The elliptical wave 
front at 1.2-m transit distance had an ellipticity of 
4.25 and appears to reach the far end of the cross 
section. The wave velocity at 1.2-m propagation 
distance was determined to be 3780 m/s from the 
simulation run, which is 13.3% higher than the 
theoretical velocity of one-dimensional plane 
wave (3335 m/s) and 3.3% lower than the the-
oretical velocity of dilatational wave (3911 m/s). 
In both of these scenarios, the wave propagation 
mode should be treated as the transitional phase. 

Dilatational waves. In the 40-cm tree model, 
waves appeared to propagate as dilatational 
waves beyond 3D (1.2 m) (Fig 4[d]). The wave 
velocity at 1.2-m propagation distance was de-
termined to be 3899 m/s from the simulation run, 
which is close to the theoretical velocity of the 
dilatational wave (3911 m/s). Therefore, it can be 
certain that the wave propagation mode in the 40-
cm model should be treated as dilatational waves. 
In the tree models of 50, 70, and 90 cm, the wave 
propagation as dilatational waves further ex-
panded beyond 1.2-m and up to 2.0-m propa-
gation distance (Fig 4[e]-[g]). The wave velocity 
at 1.2-m propagation distance was 3910, 3918, 
and 3918 m/s from the simulation runs, practi-
cally equal to the theoretical velocity of the di-
latational wave (3911 m/s). 

Considering all three patterns we just discussed, 
we found that the wave propagation mode in Tree 
Model 1 is dependent on both tree diameter (Di) 

and propagation distance (Li). The impulse 
acoustic waves initially spread over the cross 
section from the impact source as a dilatational 
wave (Phase 1); the waves then change to tran-
sitional waves with tilted oval surfaces and tilted 
planes (Phase 2); and the waves eventually 
transition to quasi-plane waves and pure plane 
waves (Phase 3) after traveling a sufficient dis-
tance, which depends on the tree diameter. 

In the context of tree TOF acoustic measurement 
with a test span of 1.2 m, the wave propagation in 
a tree trunk can be in one of the following modes: 
1) one-dimensional plane waves when tree di-
ameter Di 10 cm, 2) transitional waves when 
tree diameter 10 cm < Di < 40 cm, and 3) di-
latational waves when tree diameter Di 40-cm. 

Wave Velocity in Relation to Tree Diameter 

The wave propagation velocities (Vi) in treemodel  1  
can be determined from the propagation distance 
(Li) and the corresponding fastest arrival times (ti) 
derived from the numerical simulations. In this 
study, wave velocity was calculated for a propa-
gation distance of 1.2 m, which corresponds to 
the tree TOF measurement over the same test 
span. Figure 5 shows the relationship between the 
simulated tree acoustic velocity for the 1.2-m 
propagation distance and tree diameter (Di). The 
simulation results indicate that wave velocity has a 
nonlinear relationship with tree diameter because of 
the changing wave behavior observed. The velocity 
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Figure 5. Relationships between simulated tree acoustic velocity for the 1.2-m propagation distance and tree diameter. 

and diameter relationships can be characterized 
using three-segmented mathematical models: 

Di � 10 cm. The wave propagation patterns in 
Fig 4(a) indicate that when Di ¼ 10 cm, the wave 
propagation for the 1.2-m propagation distance 
is dominated by quasi-plane waves. This obser-
vation is supported by the wave velocity data 
obtained from the simulation run being very close 
to the theoretical velocity (3335 m/s) of one-
dimensional plane wave. A simulation check for 
Di ¼ 5 cm resulted in a wave  velocity  (3345 m/s)  
that is also equivalent to the one-dimensional plane 
wave velocity. Therefore, it can be inferred that the 
wave propagates in a plane wave for tree models of 
Di 10 cm, and the following one-dimensional 
wave equation can be applied: 

Vi ¼ C0; Di 10 cm: (4) 

The implication of this finding is that the acoustic 
velocity measured on standing trees of 10 cm in 

dbh or less can be treated as one-dimensional 
wave velocity and therefore is comparable to the 
log velocity measured using the acoustic reso-
nance tool. 

10 < Di < 40 cm. When the tree diameter 
falls in the range of 10 cm and 40 cm, the wave 
propagation within the 1.2-m distance is neither 
in the plane wave mode nor in dilatational wave 
mode (Fig 4[b] and [c]). We consider this case as 
a transitional phase where tree acoustic velocity 
increases as tree diameter increases (Fig 5). A 
linear regression model can be used to describe 
the wave behavior in this transitional phase. 

Vi ¼ 3110:5 þ 20:1Di; 10 < Di < 40 cm: 

(5) 

Di � 40 cm. When the tree diameter reaches 
40 cm, the wave propagation became dominated 
by dilatational waves, as shown in Fig 4(d)-(g). 
The wave propagated at a velocity of 3911 m/s 



�

�

�

�

�

104 WOOD AND FIBER SCIENCE, APRIL 2021, V. 53(2) 

based on simulation runs, and the velocity 
remained relatively constant as the tree diameter 
increased from 40 cm to 90 cm. This simulated 
velocity is equivalent to the theoretical velocity of 
a dilatational wave (CL ¼ 3935 m/s) calculated 
from the average elastic constants and density of 
the green larch specimens (Liu et al 2015) us-
ing the three-dimensional wave equation (Eq 2). 
Consequently, the acoustic velocity measured 
on standing trees of 40 cm in diameter and larger 
should be treated as dilatational wave velocity. 

Vi ¼ CL; Di 40 cm: (6) 

Wave Velocity in Relation to Tree Slenderness 

The effect of tree diameter on wave velocity can 
also be illustrated using the parameter of tree 
slenderness ratio such that the resulting relation-
ships can be applied to situations where a different 
measurement span is used. The tree slenderness 
ratio (λ) is defined as the ratio of propagation 
distance (or test span) and tree diameter (Di). 

λ ¼ Li=Di: (7) 

Figure 6 shows the relationships between wave 
velocity and tree slenderness for λ ¼ 1.33 to 24. 
Similarly, the relationships can be characterized 
using three-segmented mathematical models: 

1. When tree slenderness λ 12, waves propa-
gate as quasi-plane waves, and thus the one-
dimensional wave equation can be applied. 
Wave velocity remained constant and equiv-
alent to “rod” velocity. 

Vi ¼ C0; λ 12: (8) 

2. When tree slenderness λ ¼ 3–12, waves 
propagate in the transitional mode. Wave ve-
locity increases nonlinearly as tree slenderness 
decreases. The relationship between wave 
velocity and slenderness can be best charac-
terized by the following mathematical model: 

0:203V ¼ 3973:3ðLnλÞ ; 3 < λ < 12: (9) 

3. When slenderness λ 3, waves propagate as 
dilatational waves, and thus three-dimensional 
wave equation can be applied. Wave velocity 
remained relatively constant and equivalent to 
dilatational velocity. 

Figure 6. Relationship between simulated tree velocity and the slenderness of tree trunk. 
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EFFECT OF JUVENILE WOOD ONVi ¼ CL; λ 3: (10) 
WAVE PROPAGATION 

These results further validated the hypotheses 
on wave propagation on standing trees: first, 
when tree diameter is 10 cm or less, or slen-
derness λ 12, the TOF velocity measured 
on standing trees can be treated as one-
dimensional wave velocity and therefore is 
comparable to the log velocity measured using 
acoustic resonance tools. Second, when tree 
diameter is 40 cm or greater, or slenderness 
λ 3, the TOF velocity measured on standing 
trees can be treated as dilatational wave ve-
locity and therefore is not comparable to the 
log velocity measured using acoustic reso-
nance tools. In this case, three-dimensional 
wave equation should be considered for 
wood property prediction instead of one-
dimensional wave equation. Third, when tree 
diameter falls between 10 and 40 cm, or 
slenderness falls between 3 and 12, the TOF 
velocity measured on trees can neither be 
interpreted as one-dimensional wave velocity 
nor be interpreted as three-dimensional wave 
velocity; instead, the measured tree velocity 
should be adjusted based on the mathematical 
models developed before it can be analyzed for 
wood property prediction. 

Figure 7 shows wave propagation patterns in Tree 
Model 2 (Di ¼ 35 cm) with the juvenile wood 
content in 40%, 50%, 60%, 70%, 80%, and 90%. 
In all these scenarios, the waves propagated in a 
very similar pattern. The obvious difference is 
that the wave propagation was slowed as the 
juvenile wood content increased. For instance, at 
t ¼ 500 µs, the wave front traveled the longest 
distance (2.0 m) when the juvenile wood content 
was 40%; as the proportion of juvenile wood 
increased, the distance that the wave traveled 
gradually decreased, thus the wave velocity 
decreased. 

Figure 8 shows the relationship between simu-
lated wave velocity and the juvenile wood con-
tent in Tree Model 2. The wave velocities were 
determined based on the fastest arrival time (t0) at  
1.2-m propagation distance. A regression anal-
ysis indicated a negative linear relationship be-
tween wave velocity and proportion of juvenile 
wood (R2 ¼ 0.98). As the juvenile wood content 
increased from 40 to 90%, the corresponding 
acoustic wave velocity reduced from 4000 m/s to 
3440 m/s. The linear regression model indicated 
that a 10% increase in the juvenile wood content 

Figure 7. Wave-front maps of Tree Model 2 with juvenile wood ranging from 40% to 90% (t ¼ 100, 150, 200, 250, 300, 350, 
400, 450, and 500 µs). 
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Figure 8. Relationship between acoustic wave velocity in trees and proportion of juvenile wood. 

could result in 113 m/s reduction in acoustic 
velocity. This velocity reduction is attributed to 
the lower stiffness and higher microfibril angel in 
the juvenile wood than those in the mature wood. 
When the proportion of juvenile wood increased, 
the low wood properties (primarily stiffness) of 
the juvenile wood negatively affected the wave 
propagation by dragging the entire wave front, 
resulting in a reduced wave propagation velocity, 
as shown in Fig 8. 

Similar argument can also be made with respect 
to mature wood effect. As the proportion of 
mature wood increased in a tree’s cross section 
(opposite trend with juvenile wood), the higher 
wood properties of mature wood positively af-
fected the wave propagation by advancing the 
wave front, both in the mature wood zone and 
juvenile wood zone, thus resulting in an increase 
in wave velocity. This finding is a further evi-
dence that wave propagation in standing trees is 
controlled by the wood properties of entire cross 
section, and the wave velocity measured on 
standing trees reflects the global properties of the 
wood between the two measuring points (1.2-m 

span), not just the outerwood on the propagation 
path. 

Although our simulation results demonstrated 
the effect of juvenile wood on TOF velocity of 
standing trees, this is not to say that juvenile 
wood equally affects wave propagation as the 
mature wood does. In fact, previous studies have 
reported that TOF velocities measured on stand-
ing trees are sensitive to the high localized stiff-
ness of the outerwood (Chauhan and Walker 
2006; Grabianowski et al 2006). This obser-
vation is supported by the wave propagation 
patterns in Figs 4 and 7 where the leading edges of 
the wave fronts have always been located in the 
outerwood and are used to determine the time of 
arrival at the stop probe over a propagation 
distance. 

The wave propagation simulations in this study 
were carried out in tree models with two distinctly 
different wood zones, mature wood and juvenile 
wood, with each treated as homogenous and 
orthotropic. The natural property variation within 
each wood zone and gradual transition between 
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mature wood and juvenile wood were not mod-
eled. But the simulation results should provide 
valid insight into the wave propagation behavior 
which helps to understand the impact of various 
factors (at levels of individual trees, stands, ge-
netics, and environmental conditions) on tree 
acoustic measurements, and develop wood prop-
erty prediction models using measured wave ve-
locity and tree/stand parameters. 

CONCLUSIONS 

In this article, we investigated the effects of tree 
diameter and proportion of juvenile wood on 
wave propagation patterns and wave velocity in 
standing trees through numerical simulations. 
Based on the simulation results and analysis, we 
conclude the following: 

1. Acoustic wave propagation in trees is depen-
dent on both tree diameter and propagation 
distance. The acoustic waves generated 
through an impact initially spread over the 
cross section from the impact source as a di-
latational wave, and the waves then enter into a 
transitional phase with tilted wave fronts and 
eventually change to quasi-plane waves and 
pure plane waves. 

2. With respect to TOF acoustic measurement on 
standing trees, wave propagation in a tree trunk 
within the typical test span can be classified 
into three different modes: 1) when tree di-
ameter D 10 cm or slenderness λ 12, wave 
propagates as quasi-plane waves; the TOF 
velocity measured on trees can be treated as 
one-dimensional wave velocity and therefore 
is comparable to the log velocity measured 
using the acoustic resonance method; 2) when 
tree diameter D 40 cm or slenderness λ 3, 
wave propagates as dilatational waves; the 
TOF velocity measured on trees is not com-
parable to the resonance velocity. In this case, 
the three-dimensional wave equation should be 
considered for wood property prediction; 3) 
when tree diameter falls between 10 and 40 cm 
or slenderness falls between 3 and 12, wave 
propagation is in a transitional phase. TOF 
velocity in this mode is higher than resonance 
velocity, but lower than dilatational wave 

velocity. Mathematical models can be used to 
convert the TOF velocity in the transition mode 
to resonance velocity. 

3. The increase in the juvenile wood content does 
not seem to change the wave propagation 
patterns, but it slows the wave propagation. 
Our simulation results indicated that a 10% 
increase in the juvenile wood content could 
result in a 113 m/s reduction in acoustic ve-
locity. This velocity reduction is attributed to 
the lower stiffness and higher microfibril angle 
in the juvenile wood than those in the mature 
wood. 

4. The simulation results of this study do not 
support the speculations that the TOF method 
used on standing trees only measure the wave 
velocity of the outerwood, which lead to 
questions on the effectiveness of the TOF 
method for tree quality assessment. Instead, 
our results indicated that wave propagation in 
standing trees is controlled by the wood 
properties of entire cross section, not just the 
outerwood. Therefore, the wave velocity 
measured on standing trees reflect the global 
properties of the wood between the two 
measuring points. Further research should in-
clude physical testing to validate the findings. 
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