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Abstract: Currently, ultrasonic measurement is a widely used nondestructive approach to determine
wood elastic properties, including the dynamic modulus of elasticity (DMOE). DMOE is determined
based on wood density and ultrasonic wave velocity measurement. The use of wood average density
to estimate DMOE introduces significant imprecision: Density varies due to intra-tree and intra-ring
differences and differing silvicultural treatments. To ensure accurate DMOE assessment, we developed
a prototype device to measure ultrasonic wave velocity with the same resolution as that provided
by the X-ray densitometer for measuring wood density. A nondestructive method based on X-ray
densitometry and the developed prototype was applied to determine radial and intra-ring wood
DMOE profiles. This method provides accurate information on wood mechanical properties and their
sources of variation. High-order polynomials were used to model intra-ring wood density and DMOE
profiles in black spruce and jack pine wood. The transition from earlywood to latewood was defined
as the inflection point. High and highly significant correlations were obtained between predicted and
measured wood density and DMOE. An examination of the correlations between wood radial growth,
density, and DMOE revealed close correlations between density and DMOE in rings, earlywood,
and latewood

Keywords: ultrasonic wave velocity measurement; nondestructive assessment; wood mechanical
properties; intra-ring variation; dynamic modulus of elasticity

1. Introduction

“Wood quality is the resultant of physical and chemical characteristics possessed by a tree or
a part of a tree that enable it to meet the property requirements for different end products” [1].
Wood density is considered to be the most important wood quality attribute. It is one of the most
widely used parameters to predict the mechanical and other physical properties of wood, such as
dimensional stability [2]. However, wood density and all its related wood quality attributes are
highly variable, with multiple sources of variation, including differences within and between trees,
between sites, and between genetic origins. This high variability is due to genetic, environmental, and
physiological factors [3,4]. In a same species, variations in wood density also result from variations
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in anatomical characteristics such as earlywood and latewood width. Wood density is generally
defined as the ratio of the wood mass to volume, and is expressed in kilograms per cubic meter
(kg/m3). However, this definition does not consider variations in wood density due to biological
processes such as earlywood and latewood formation, juvenile wood formation, or environmental
conditions. Modern nondestructive measurement methods such as X-ray densitometry are widely used
to assess wood quality variations due to biological processes (intra-ring and inter-ring variation), genetic
sources, and environmental conditions (e.g., tree-to-tree, site-to-site, and silvicultural treatments).

Intra-ring wood density profiles obtained with X-ray densitometry are generally used to calculate
ring density (RD), earlywood density (EWD), latewood density (LWD), ring width (RW), earlywood
width (EWW), and latewood width (LWW). These parameters have been determined for many wood
species, such as European oak [5], black spruce [2], and Thuja occidentalis [6]. Intra-ring wood density
profiles are used to determine the use-specific suitability of wood, especially for high value-added
applications [5,7]. Intra-ring wood density variation can also indicate wood uniformity and provide
information about the wood growth process and the wood fiber yield [7,8].

Earlywood and latewood properties depend on the earlywood-latewood transition point (E/L).
Several methods have been reported in the literature to determine the E/L, notably Mork’s index [9].
There are at least two interpretations of Mork’s index [10]. According to the first, the E/L is obtained
when the double wall thickness becomes greater than or equal to the width of the cell lumen. Under the
second interpretation, the E/L is obtained when the double cell wall thickness multiplied by two becomes
greater than or equal to the lumen width. While this index, using either interpretation, is arbitrary and
time-consuming to measure, it allows consistent determination of earlywood and latewood features.

Because Mork’s index is based on the double wall thickness and the lumen diameter, these
anatomical wood features must be measured in individual growth rings on microscopic slides or
using indirect microscopic procedures [11]. In addition, this method is difficult to integrate into X-ray
computations. Good agreement was found between earlywood and latewood features determined by
three methods: Mork’s index, threshold density, and the maximum derivative [12]. However, use of
Mork’s index and the maximum derivative produced better estimates of physiological variations
compared to threshold density. Intra-ring wood density profiles are generally modelled to define
the earlywood-latewood transition. Pernestél et al. [8] and Ivkovic et al. [13] used modified spline
functions to model intra-ring wood density profiles. The E/L transition was defined using a numerical
derivative method. Koubaa et al. [2] demonstrated that high-order polynomial functions consider both
profile and intra-ring density variation for E/L estimation. These functions gave consistent estimates of
the E/L transition point, with correlation coefficients between measured and predicted density well
above 0.90 for the six order polynomial. These results are significant, because modelled intra-ring
wood density profiles can simplify the modelling of final wood product properties [13].

While wood density is considered to be the most important wood quality attribute, elastic
properties are also important, especially for engineering design purposes [14]. The wood dynamic
modulus of elasticity (DMOE), being an elastic constant that describes wood mechanical behavior,
is computed from the wood density and the ultrasonic wave velocity [15]. Ultrasonic wave velocity
measurement is one of the most widely used nondestructive methods to assess the strength properties
of living trees, logs, sawn timbers, and wood-based materials, due to its rapidity, flexibility, portability,
cost-effectiveness, and ease of use [16-19]. Wood DMOE has been determined using ultrasonic wave
velocity parallel to the grain direction and wood density based on the mass-to-volume ratio of
specimens [15,18-21]. However, no study to date has investigated intra-ring wood DMOE profiles to
determine variations between earlywood and latewood DMOE. A nondestructive method based on
X-ray densitometry and ultrasonic wave velocity measurement was proposed to determine intra-ring
wood DMOE profiles.

The objectives of this study were therefore to (1) develop a nondestructive method to determine
intra-ring wood DMOE profiles; (2) model intra-ring wood density and DMOE profiles in black spruce
and jack pine wood using high-order polynomial functions [2]; (3) determine radial variations in ring
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wood density and ring DMOE; and (4) analyze correlations between wood radial growth, density,
and DMOE.

2. Materials and Methods

X-ray densitometry provides intra-ring wood density profiles and determines both annual ring
width and wood density components. Intra-ring wood ultrasonic velocity profiles were determined
using the developed prototype and a Sonatest Masterscan ultrasonic flaw detector. The superposition
of these two profiles is a nondestructive method to obtain the intra-ring wood DMOE profile.

2.1. Study Materials

The experimental material used in this study consisted of subsamples from previous studies on
the wood quality of jack pine [22] and black spruce [23] sampled from even-aged stands in the Abitibi
region of Québec, Canada. Eight black spruce and eight jack pine trees were used. Discs taken at breast
height were used in this study. Bark-to-bark samples passing through the pith were extracted from each
disc. Thin strips (15 to 20 mm wide and 1.57 to 1.9 mm thick) were sawn from each sample. The sawn
strips were extracted with cyclohexane/ethanol (2:1) solution for 24 h and then with distilled water for
another 24 h to remove extraneous compounds [24]. After extraction, the strips were air-dried under
restraint to prevent warping. Samples were then conditioned to 8% equilibrium moisture content
before measurement. The same samples were used to determine wood density and ultrasonic wave
propagation time. In this study, a nondestructive method based on X-ray densitometry and ultrasonic
wave velocity measurement was used to determine intra-ring wood density and DMOE variation.

2.2. Wood Ring Density and Width Measurement

Ring density (RD) and ring width (RW) were measured for each ring using a QTRS-01X Tree-Ring
Scanner (Quintek Measurement Systems, Knoxville, TN, USA). The QTRS passes thin strips from
increment cores through an accurately collimated soft X-ray beam using a precisely controlled stepping
system and linear bearing carriage. Video images of both the wood sample surface and the X-ray
density graph are displayed at the same scale on the screen. A linear resolution step size of 40 um was
used for the X-ray densitometry. Rings from pith to bark were scanned in air-dry condition to estimate
the basic wood density (ovendry weight/green volume) for each ring. Ring density (RD) and ring
width (RW) for each ring were determined based on intra-ring microdensitometer profiles. Incomplete
or false rings and rings with compression wood or branch tracers were eliminated from the analysis.
Matlab software (R2016a, the MathWorks, Inc., Natick, MA, USA) was used to determine the intra-ring
wood density profiles at 40 pm resolution.

2.3. Wood Ultrasonic Wave Velocity Measurement

An in-house prototype device was developed for measuring the ultrasonic wave propagation
time with the same resolution as that used for the wood density measurement by X-ray densitometry
(40 pm). The prototype (Figure 1) consists of a motorized linear translation stage that holds the sample
and is controlled by a microcontroller. The ultrasonic wave propagation time in the wood sample is
measured between the ultrasonic transmitter (Spot Weld Transducer) and the receiver transducers
(Fingertip Contact Transducer CF) at 40 pm resolution. The ultrasonic transducers are mounted in
parallel to two mini motorized actuators to ensure constant pressure during measurement.

Following the X-ray densitometry density measurement, nondestructive ultrasonic wave
propagation measurement was applied to the same samples using a Masterscan 380 (Sonatest Inc.,
San Antonio, TX, USA) equipped with 10 MHz frequency transducers. Ultrasonic waves were applied to
the samples through two transducers (transmitting and receiving). A coupling agent (Vaseline original
petroleum jelly) was used to aid the transmission of the transducer pulses into the test specimens.

A correction factor (Cy; s) was applied to calculate the ultrasonic wave velocity in the wood
samples to take into consideration the transport time of the electric waves within the measuring circuit.
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A Plexiglas sample having the same thickness as the wood samples (2 mm) was used as a reference
to determine the correction factor (Equation (1)) [20,25]. The ultrasonic velocity (V; m/s) was then
calculated using Equation (2):

Ct =t — (dy/vy) (1)
V=d/(T-Cy) ()

where d is the thickness of the wood sample (m), T is the ultrasonic wave propagation time (s), t, is
the wave propagation time through the reference Plexiglas core (s), d; is the thickness of the reference
Plexiglas core (m), and v, is the wave velocity in the reference Plexiglas core (2670 m/s).

The dynamic modulus of elasticity (DMOE; MPa) based on the ultrasonic method was determined
using the following one-dimensional wave equation:

DMOE = px V?x107°. (3)

where p is the wood density measured by X-ray densitometry (kg/m®) and V is the ultrasonic wave
velocity calculated using Equation (1).

Aluminium frame

Motorized linear translation stage
Wood sample
Receiving transducer

Maintaining support
Transmitting transducer

Mini motorized actuator -

Figure 1. Prototype device for measuring the ultrasonic wave propagation time.

2.4. Modelling Intra-Ring Wood Density and Dynamic Modulus of Elasticity Profiles

In this study, we used 6th order polynomial functions to model intra-ring wood density and
DMOE profiles for black spruce and jack pine wood (Equation (4)).

R = ag + a1RW + aaRW? + a3RW3 + a,RW* + asRW® + agRW® (4)

where R is the ring density or ring DMOE, RW is the ring width in proportion, and g; are the parameters
to be estimated.

The E/L transition was defined as the inflection point obtained from the within-ring density and
DMOE profiles. The E/L transition is obtained by equalling the second derivative of the polynomial
function to zero (Equation (5)). For a 6th order polynomial function, the second derivative gives
4 solutions, but only one solution is of interest. Certain restrictions were specified in the Matlab
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program to obtain this unique solution. These restrictions specify that the solution should be included
in a positive slope and in the range of 40 to 90% of the ring width proportion. If more than one solution
is obtained, the highest value among the solutions is chosen.

d?R/dARW? = 2a5 + 6a3RW + 12a,RW? + 20a5RW? + 30acRW* (5)

2.5. Statistical Analysis

For both softwood species (black spruce and jack pine), the correlations between the wood
radial growth, density, and DMOE components were determined using R software (Version 2.15.0 R,
R Development Core Team, 2012, Vienna, Austria).

3. Results and Discussion

Typical X-ray density and DMOE profiles for jack pine wood are shown in Figure 2. Both the
within-ring and radial pattern variation in these properties are shown.

3.1. Intra-Ring Wood Density and Dynamic Modulus of Elasticity Profiles

Figure 3 shows the within-ring variation in wood density and DMOE for black spruce and
jack pine, revealing similar within-ring density patterns between the two species. Wood density and
DMOE increase slowly in earlywood to reach a maximum in latewood. Both properties decrease
thereafter at about mid-latewood width to reach a minimum at the boundary between two growth
rings. The similarity between intra-ring density and DMOE profiles confirms the close relationship
between wood density and wood stiffness, even at the intra-ring level. Some slight differences between
the intra-ring density and DMOE profiles appear in earlywood. Thus, the intra-ring wood density
profiles increase more slowly in earlywood compared to the DMOE profiles, which show a relatively
sharp increase. Similar patterns of within-ring density variation were obtained by Koubaa et al. [2] for
black spruce and by Ivkovic et al. [13] for Norway spruce and Douglas fir.

Densitx(Kg/m—‘)
e n

DMOE (MPa)
. =5

Distance from the 1st ring (mm)

Figure 2. Examples of jack pine profiles showing radial variation in: (a) Wood density and (b) DMOE
in (from ring 2 to 19).
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Figure 3. Examples of within-ring profiles and the fits obtained with the 6th order polynomials for:
(a) Ring density in black spruce; (b) ring density in jack pine; (c) DMOE in Black spruce; and (d) DMOE
in Jack pine.

The same 6th polynomial function modeling approach suggested by Koubaa et al. [2] was used
to model within-ring density and DMOE profiles for the black spruce and jack pine samples in this
study. Figure 3 illustrates the fitness of the 6th order polynomials for the intra-ring density and DMOE
profiles for both softwoods species: (a) Black spruce and (b) jack pine. Table 1 confirms the fitness.
The correlation coefficients obtained between the measured and predicted ring density data range
from 0.88 to 1.00, with an average well above 0.95. These results indicate that these models can well
describe intra-ring wood density profiles obtained from black spruce and jack pine, and probably other
softwood species, as the coefficients are in good agreement with those obtained by Koubaa et al. [2] for
black spruce.

Table 1 also indicates that high-order polynomials fit well the intra-ring DMOE profiles for black
spruce and jack pine. The correlation coefficients obtained between measured and predicted DMOE
data using the 6th order polynomial models range from 0.80 to 0.99, with an average well above 0.90
(Table 1). These results indicate that high-order polynomials can describe DMOE profiles well for these
two softwoods.

The measured elastic properties of wood material yield essential information for the understanding
of bonding at a very fine structural level [14]. As the elastic properties describe the mechanical behavior
of wood, it is mandatory to determine intra-ring wood DMOE profiles. Moreover, modelled intra-ring
wood DMOE profiles can serve as effective prediction tools for wood mechanical behavior.

3.2. The Earlywood—Latewood Transition

Table 2 shows that wood density at the E/L transition point (Figure 3b) (E/L transition density) as
defined by the inflexion point method presents large variation for black spruce (Figure 4a) and jack
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pine (Figure 4b). The radial variation pattern for the E/L transition density in black spruce (Figure 4a)
is similar to that reported by Koubaa et al. [2], and is characterized by large variation with no specific
trend. In contrast, the radial variation for the E/L transition in jack pine (Figure 4b) is characterized by
a steady increase in juvenile wood and a tendency to level off in mature wood. Similar radial variation
patterns for the E/L wood transition were observed by Park et al. [22].

Table 1. Average, standard variation (between parenthesis) and range of Pearson’s coefficient of
determination between measured and predicted within-ring density and DMOE values from the 6th
order polynomial models for different rings for black spruce and jack pine.

Ring from Pith
5 10 15 20
Wood density profiles

Black spruce
Average profiles 0.96 (0.02) 0.97 (0.02) 0.96 (0.02) 0.97(0.02)

Range 0.88-0.99 0.91-0.99 0.91-0.99 0.92-1.00
Jack pine

Average profiles 0.96 (0.02) 0.95 (0.02) 0.97 (0.02) 0.98 (0.01)

Range 0.92-0.98 0.90-1.00 0.89-0.99 0.96-0.99

Dynamic modulus of elasticity profiles
Black spruce
Average profiles 0.92 (0.03) 0.94 (0.04) 0.95 (0.03) 0.95 (0.02)

Range 0.82-0.99 0.88-0.99 0.86-0.99 0.91-0.99
Jack pine

Average profiles 0.89 (0.04) 0.93 (0.02) 0.93 (0.03) 0.94 (0.02)

Range 0.80-0.97 0.88-0.98 0.82-0.99 0.91-0.99

Within a same ring, the E/L transition also shows substantial variation in the true measures, as
indicated by the relatively large standard errors (Figure 4a,b, Table 2). For example, the E/L transition
density for the 10th annual ring from the pith varies from 541 to 655 kg/m? and from 548 to 672 kg/m?
in black spruce and jack pine, respectively (Table 2). These results concur with the findings by
Koubaa et al. [26] for black spruce and by Park et al. [22] for jack pine. Earlywood and latewood density
defined by this method also show large variation. Thus, for a same annual ring, earlywood density
ranges from 383 to 432 kg/m? for black spruce and from 318 to 367 kg/m? for jack pine.

700 A 700 -
2600 1 173 II $ ootk 2600 -
£ £
g £
L ]
5500 - 5500 I
£ 5
& &
400 T T T T 1 400 T T T T 1
0 5 10 15 20 25 0 5 10 15 20 25
Ring number from pith Ring number from pith

(a) (b)
Figure 4. Radial variation in E/L transition density (bars indicate the standard error) for (a) black spruce

and (b) jack pine.

As shown in Table 2, wood density is variable at the E/L transition point for black spruce and jack
pine. For black spruce, the average wood density at the E/L transition point is variable and higher
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than the 590 kg/m3 reported by Koubaa et al. [2], as well as the threshold wood density of 540 kg/m?
used for black spruce in X-ray densitometry programs. The results for jack pine are similar: The E/L
transition density is variable and higher than the threshold density typically used for jack pine in X-ray
densitometry programs. As the wood density at the E/L transition point, as defined by the inflexion
point method, is variable and higher than the threshold wood density, the average earlywood and
latewood width and density as defined by the inflexion point method will differ from those defined by
the threshold method, for both black spruce and jack pine. Earlywood width defined by the inflexion
point method will be greater, whereas latewood width will be smaller. Consequently, the latewood
proportion defined by the inflexion point method will be lower. These results confirm the findings by
Koubaa et al. [2] that the E/L transition point varied greatly among individual growth rings and that
the use of a predetermined fixed threshold wood density does not reflect the variation in intra-ring
wood density profiles across growth rings in a species.

Table 2. Average (Av), range (Ra), and standard variation for ring width, wood density, and wood
DMOE at the earlywood-latewood transition and in earlywood and latewood, as defined by the
inflexion method for different rings.

Black Spruce Jack Pine
Ring Number from the Pith
5 10 20 5 10 20
Earlywood width

Av(mm)  132(037) 126(0.35) 1.02(020) 2.65(027) 2.05(0.31) 1.23(0.32)
Ra (mm) 0.69-1.95 0.81-1.88 0.72-1.37 2.05-3.17 1.40-2.74 0.87-2.09
Latewood width
Av (mm) 0.39(0.12)  0.30(0.08)  0.23(0.06)  0.58(0.06)  0.50(0.06)  0.38(0.10)
Ra (mm) 0.22-0.61 0.15-0.48 0.16-0.31 0.47-0.67 0.44-0.58 0.25-0.63
Earlywood density
Av (kg/m?) 415 (27) 403 (14) 385 (17) 316 (16) 340 (13) 331 (22)
Ra (kg/m3) 376-491 383-432 344-418 296-348 318-367 295-359
Latewood density
Av (kg/m?) 637 (47) 673 (20) 692 (36) 612 (58) 734 (89) 726 (62)
Ra (kg/m?) 578-729 568-796 591-746 502-769 605-856 581-798
Density at the earlywood latewood transition
Av (kg/m?) 580 (33) 596 (20) 600 (29) 520 (49) 612 (49) 614 (48)
Ra (kg/m3) 536-653 541-655 547-649 433-623 548-672 482-674
Earlywood dynamic modulus of elasticity
Av (GPa) 11.2 (2.5) 11.1 (1.6) 11.8 (2.6) 6.4 (0.8) 9.9(1.2) 10.7 (1.9)
Ra (GPa) 8.3-17.6 6.5-13.7 8.2-15.3 52-8.1 7.9-1.2 8.0-14
Latewood dynamic modulus of elasticity
Av (GPa) 14.8 (2.4) 15.2 (2.5) 17.9 (2.4) 10.6 (1.6) 14.6 (1.0) 16.3 (3.6)
Ra (GPa) 11.9-21.7 10.3-18.8 14.0-22.1 8.1-12.1 12.9-16.9 11.9-21.0
Dynamic modulus of elasticity at the earlywood latewood transition
Av (GPa) 13.4 (2.1) 13.6 (1.9) 15.4 (1.9) 9.8 (1.4) 12.9 (1.2) 14.9 (1.9)
Ra (GPa) 10.4-17.7 9.3-15.8 13.1-18.4 6.4-12.2 11.2-15.9 11.2-17.1

The same method was used to determine earlywood DMOE (EWDMOE), latewood DMOE
(LWDMOE), and DMOE at the earlywood-latewood transition (Figure 5a,b). Thus, the wood DMOE
at the E/L transition for the 10th annual ring varied from 9261 to 15,798 MPa for black spruce and
from 11,162 to 15,950 MPa for jack pine. For the same annual ring, EWDMOE ranged from 6500 to
13,652 MPa for black spruce and from 7946 to 11,613 MPa for jack pine. LWDMOE also showed large
variation: From 10,327 to 18,792 MPa for black spruce and from 12,873 to 16,916 MPa for jack pine
(Table 2). The radial DMOE patterns at the E/L transition for black spruce (Figure 5a) and jack pine
(Figure 5b) are shown. As shown in Figure 4a, the radial variation pattern for the E/L transition density
in black spruce is characterized by large variation with no specific trend. Similar radial variation
patterns for the E/L transition density were observed by Koubaa et al. [2]. In contrast, for jack pine,
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the radial variation pattern for the E/L transition density is characterized by a steady increase in
juvenile wood and a tendency to level off in mature wood (Figure 4b). The radial variation pattern for
the E/L transition DMOE in black spruce (Figure 5a) is similar to jack pine (Figure 5b) characterized
by a linear increase. These results confirm the importance of measuring ring density and RDMOE
separately in order to obtain a more detailed characterization of wood mechanical behavior.
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Figure 5. Radial variation in E/L transition DMOE (bars indicate the standard error) for (a) black spruce
ad (b) jack pine.

Figure 6 illustrates the close relationship between the transition DMOE measured for the
earlywood-latewood transition density and the transition DMOE, as defined by the inflexion point
method for all tested samples (black spruce and jack pine). A linear regression curve (y = 1.06x) was
obtained. Student’s t test was applied and results indicated no significant differences between the
transition DMOE calculated for the earlywood-latewood transition density and the transition DMOE
as defined by the inflexion point method calculated from DMOE data. These results reaffirm the close
relationship between wood density and wood mechanical properties, and particularly wood DMOE.
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DMOE E/L transition as defined by the inflexion point method from
DMOE data (MPa)

Figure 6. Relationship between transition DMOE calculated at the earlywood-latewood (E/L) transition
density and transition DMOE, as defined by the inflexion point method for black spruce and jack pine.

3.3. Radial Variation in Ring Wood Density and Ring Dynamic Modulus of Elasticity

The mean values for intra-ring density over all samples for both black spruce (a) and jack pine (b)
are shown in Figure 7a,b, respectively. The radial variation pattern for wood density is similar to that
reported by Park et al. [22] for jack pine, Koubaa et al. [26] for black spruce, and Grabner et al. [24]
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for European larch. The ring density is relatively high near the pith and decreases thereafter to reach
a minimum in the transition zone leading into the mature wood, where a slow and steady increase is
observed. Earlywood density (Figure 7a) decreases rapidly from a maximum near the pith to a low
value in the transition zone. The density decreases slowly thereafter with age [26]. Latewood density
(Figure 7a) increases almost linearly to a maximum at about ring 13, then levels off in the transition
zone and the mature wood [22]. Similar typical variation patterns are seen for DMOE (Figure 8a,b).
Ring DMOE increases with tree age, then levels off beyond the 13th ring. A similar radial variation
pattern for DMOE was previously reported for hybrid poplar [25]. However, no study to date has
investigated radial variation in earlywood and latewood DMOE (EWDMOE and LWDMOE). RDMOE
and LWDMOE increase almost linearly in juvenile wood to a maximum at about ring 15, then decrease
slowly thereafter through the outer rings in mature wood (Figure 8a,b).
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Figure 7. Radial variation in ring density (RD), earlywood density (EWD), and latewood density (LWD)
for (a) black spruce and (b) jack pine.
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Figure 8. Radial variation in ring dynamic modulus of elasticity (RDMOE), earlywood dynamic
modulus of elasticity (EWDMOE), and latewood dynamic modulus of elasticity (LWDMOE) for
(a) black spruce and (b) jack pine.

3.4. Relationships between Growth, Density, and Elastic Properties

The developed prototype enabled determining relationships between ultrasonic velocity and
wood density in rings, earlywood, and latewood (Figures 9 and 10). The coefficient of determination
for the linear correlation between RD measured with X-ray densitometry and ring ultrasonic velocity
obtained from the developed prototype was R? = 0.66 using black spruce and jack pine data (Figure 9).
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Moderate linear correlations were also obtained between ring, earlywood, and latewood density and
ultrasound speed of propagation for Jack pine (Figure 10) and black spruce (not shown).

A Jack pine

@ Black spruce

~

Ring ultasonic velocity (m/s)

350 370 390 410 430 450 470 490 510

Ring density (kg/m?)

Figure 9. Relationship between ring density and ring ultrasonic velocity for black spruce and jack pine.
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R?=0.5541

a RZ =0.7192 . Rz =0.4529

Ultrasonic velocity (m/s)
W

200 300 400 500 600 700 800 900
Density (Kg/m?)

Figure 10. Relationships between wood density and ultrasonic velocity in rings (R), earlywood (EW),
and latewood (LW) for jack pine.

Table 3 indicates that ring density is positively correlated with earlywood and latewood density.
However, for both softwood species, the correlations between ring density and earlywood density are
higher than between ring density and latewood density. These results concur with previous studies
of black spruce [27]. Ring DMOE shows similar results. Thus, for both black spruce and jack pine,
the correlations between ring DMOE and earlywood DMOE are higher than those between ring DMOE
and latewood DMOE. The close correlations between DMOE and density shown in Table 3 are due
to the fact that the DMOE is obtained from density (Equation (3)). Table 3 also shows a negative and
statistically significant correlation between RDMOE and RW. Similar results were found for both
earlywood and latewood. In contrast, high positive relationships were found between RDMOE and
both earlywood and latewood DMOE, for both softwood species (Table 3). These results have practical
implications for a considerably accurate, nondestructive determination of wood density, growth, and
stiffness from small samples.
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Table 3. Pearson’s coefficient of correlations between the different traits for black spruce (upper row)
and jack pine (lower row).

RW EWW LWW RD EWD LWD RDMOE EWDMOE LWDMOE
RwW 0.98 *** 0.81 *** -0.21* 0.00 ns -0.36 * -0.37* -0.29 % —0.49 **
EWW 0.99 *** 0.73 *** -025* -0.03ns —-0.32* -0.38 * -0.30 % —0.49 **
LWW 0.82 *** 0.77 *** -0.02ns 0.08ns -049* -031* -0.25% —0.50 **
RD -0.69**  —0.72** 042 0.91 *** 0.37 * 0.45 ** 0.44 ** 0.33*
EWD —0.58 ** —-0.58 ** -039*  0.85** 0.11ns 0.40 ** 0.46 ** 0.18 ns
LWD —0.50 ** —0.49 ** -0.52*  0.75** 0.48 ** 0.18 ns 0.09 ns 0.49 **
RDMOE -0.65*  —0.66**  —-048* (.79 *** 0.65 ** 0.66 *** 0.98 *** 0.85 ***
EWDMOE  -0.60 ** —-0.61 ** —0.44*  0.73** 0.65 ** 0.57 ** 0.98 *** 0.75 ***

LWDMOE  -0.61 ** —-0.60 ** -0.55*  0.74** 0.54 ** 0.80 **  0.89 *** 0.78 ***

* Significant at & = 0.05; ** Significant at & = 0.01; *** Significant at a = 0.001; ns not significant. RW: ring width,
EWW: earlywood width, LWW: latewood width, RD: ring density, EWD: earlywood density, LWD: latewood density,
RDMOE: ring dynamic modulus of elasticity, EWDMOE: earlywood dynamic modulus of elasticity, LWDMOE:
latewood dynamic modulus of elasticity.

4. Practical Implications

For this study, we developed a rapid nondestructive method to determine wood density and the
dynamic modulus of elasticity (DMOE) based on X-ray densitometry and ultrasonic wave velocity
measurement. This method was used to determine earlywood and latewood properties in order to obtain
a more detailed characterization of wood mechanical behavior. Only a few studies have investigated
earlywood and latewood elastic properties [28-32]. Roszyk et al. [29] reported that latewood modulus
of elasticity (MOE) is higher than earlywood MOE for scots pine at low moisture content (8%). Similar
results were obtained for Spruce wood [Picea abies (L.) Karst] [31] and loblolly pine [28-32] with
an important increase in MOE values with the growth of annual rings. However, the preparation of
initial and final wood samples was quite complicated and required perfectly parallel annual rings.
Different methods have been used to retrieve two adjacent earlywood and latewood bands of 1 mm thick
for loblolly pine [28-32]. Moliriski et al. [31] reported that two adjacent wood samples were cut out from
the region in which the borders of annual rings were straight lines parallel to the longer axis of the plank
to obtain two earlywood and latewood samples of 200 pm in thickness for Spruce wood. Thus, it is
important to use a rapid nondestructive method with easily prepared samples to determine wood
intra-ring mechanical properties, which have direct impacts on wood processing performance. In fact,
understanding mechanical properties variations at the earlywood-latewood scale will eventually allow
a better knowledge of wood's areas of weakness in order to optimize the performance of wood products.
At the wood processing industry scale, this information would be important for mechanical pulping
processes where the pulping and refining energies and wood fractioning are closely related to the
fiber characteristics including earlywood and latewood mechanical properties [33]. Similarly, oriented
strand board (OSB) manufacturing and properties are directly related to earlywood and latewood
mechanical properties [28,34]. The results of this study further confirm that ultrasonic measurement
can be used to determine the elastic constants of wood with considerable accuracy (0.04 mm). Indeed,
the relationships found between ultrasonic wave velocity, density, and wood stiffness demonstrate the
experimental efficiency of ultrasonic measurement [35]. Whereas several studies have investigated
relationships between static and dynamic MOE in wood [15,19,20,36] and have found significant linear
correlations between them, only a few studies have investigated relationships between wood DMOE
and wood density [37,38]. For example, linear correlations (r = 0.70) were found between DMOE and
wood density for Eucalyptus delegatensis [39].

The relationships between tree growth and wood properties, especially in terms of mechanical
properties, are critical for effective forest management strategies [19,39]. Russo et al. [39] reported
that the effects of silvicultural practices (different intensities of thinning) on wood quality can be
identified using acoustic measurement to assess the MOED of standing trees with non-destructive
method in Calabrian pine. The authors demonstrated that using a low intensity of thinning induced
better tree wood quality. In boreal species, enhanced growth through tree improvement programs or
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intensive forest management strategies can significantly diminish the wood mechanical properties
due to several biological factors, including increased earlywood proportion and the production of
larger cells with thinner walls. Several anatomical and physical characterization studies have clearly
demonstrated the impact of intensive forest management strategies on earlywood, latewood, and overall
wood properties [40]. Nevertheless, the impact of intensive forest management on wood mechanical
properties has received relatively little attention due to sample size constraints, the destructive nature
of characterization tests, and the lack of effective tools for rapid, nondestructive characterization of
these properties at the ring level. Nondestructive assessment is essential for understanding the impact
of intensive forest management practices on wood mechanical properties as well as the physiological
and biological processes involved in wood strength development [39]. The method developed here
allows nondestructive measurement of intra-ring wood DMOE and provides deeper insights into
wood strength development and its relationships to growth and wood density. As shown in Table 3,
radial profiles enable investigating relationships between wood radial growth, density, and elastic
properties in rings, earlywood, and latewood.

5. Conclusions

Based on the results of this study, the following conclusions can be drawn:

(1) Intra-ring wood dynamic modulus of elasticity (DMOE) profiles can be determined using
a nondestructive method based on X ray densitometry and ultrasonic wave velocity measurement.

(2) Sixth order polynomials can well describe intra-ring wood density and dynamic modulus of
elasticity profiles in black spruce and jack pine.

(3) The inflexion point method can be used to determine with considerable accuracy the
earlywood-latewood transition density and DMOE in black spruce and jack pine.

(4) For black spruce and jack pine, the correlation coefficients between wood density and wood
DMOE were positive and statistically significant in rings, earlywood, and latewood. Furthermore,
high positive correlations were obtained between ring DMOE and both earlywood and latewood DMOE.
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