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Abstract

The objective of this study was to explore the potential of an acoustic impact test as
a nondestructive evaluation procedure to assess the soundness of hardwood logs in
terms of internal decay, void, and defect ratio. Fifteen logs of four hardwood species
(black cherry, white oak, red oak, and cottonwood) were obtained and subjected to
acoustic impact testing. The logs were subsequently dissected for visual examination
and physical mapping of the internal defects. The acoustic response signals were
analyzed to derive acoustic velocity (through FFT), time centroid (through moment
analysis), and the first- and second-order damping ratio (through continuous wavelet
transform). The longitudinal acoustic velocity was found to have a negative, non-
linear relationship with defect ratio (R*=0.72), but it lacked sensitivity to small
defects and was affected by species. Time centroid proved to be a better predictor
than acoustic velocity with an improved correlation with log defect ratio (R*=0.87).
Wavelet-based damping ratio was found to have a close linear relationship with log
defect ratio. Comparing with the first-order damping ratio, the second-order damp-
ing ratio had a better predicting power (R*=0.92) and was not affected by type and
location of defects. The results further indicated that a combination of acoustic
velocity, time centroid, and the first- and second-order damping ratios could yield
the optimal prediction of log defect ratio. However, considering the sensitivity and
simplicity of the waveform analysis, the second-order damping ratio of the response
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signals could be the best single predicting parameter for assessing the internal
soundness of hardwood logs.

Introduction

Internal defects such as decay, void, and internal cracks are common in sawn logs
of many hardwood species. Processing sawn logs with hidden internal defects can
cause significant monetary loss to hardwood industry as a result of low board
recovery and low-grade yield. Early detection of internal log defects can help
to improve sawing procedures and maximize the board recovery (Thomas 2008,
2010). Research has shown that the value of hardwood lumber can be improved
as much as 10-21% if internal defect information in hardwood logs such as loca-
tion, type, size, and shape is used efficiently during the sawing process (Steele
et al. 1994; Thomas 2010).

Acoustic technologies have been well established as material evaluation tools
in the past several decades and are becoming widely accepted in the forest prod-
ucts industry for online quality control and product grading (Wang et al. 2007). For
example, acoustic velocity as a nondestructive measure has been proved to be related
to the basic wood and fiber properties such as stiffness, density, micro-fibril angle,
and cellulose (Carter et al. 2005; Wang et al. 2007, 2013; Essien et al. 2017). It has
also been recognized as a predicting parameter for wood deterioration caused by any
wood decay mechanism (Pellerin et al. 1985; Ross et al. 2005). However, most of the
predictive parameters, including acoustic velocity, transmission time, attenuation,
etc., are derived from time or frequency domain analysis of the acoustic signals, and
they offer limited information regarding internal quality features in terms of sound-
ness and natural structural defects. Field application of acoustic sorting technology
has been mostly found in softwood mills where logs, poles, and lumber are evalu-
ated for global stiffness (Addis et al. 1997, 2000; Carter and Lausberg 2003; Huang
et al. 2003; Carter et al. 2005; Wang et al. 2013). Research on the use of acoustic
methods for detecting internal defects and grading hardwood logs is very limited. In
a mill study, Wang et al. (2004) explored the use of longitudinal stress wave trans-
mission time to sort red maple logs for structural quality. Although positive relation-
ships were reported between log stress wave grades and lumber yield and average
lumber stiffness, no attempt was made to investigate the impact of specific types
of defects on acoustic measures. Later on in a large-scale mill study, Wang et al.
(2009) further tested the feasibility of using a resonance acoustic technique to assess
the extent of borer infestation in red oak logs affected by oak decline. The primary
defects associated with the borer infestation included decay, incipient decay, grub
holes, worm holes, and mineral streak. The key acoustic parameter examined in this
study was acoustic velocity. The results revealed good positive relationships between
log acoustic velocity and the yield of high-quality boards; and negative relationships
were found between log acoustic velocity and the yield of low-quality boards.

Limited research has indicated that physical and structural damages, on
both macro- and micro-structural level, could have a significant impact on the
acoustic wave properties measured in hardwood logs. However, the accuracy of
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acoustic sorting applied to hardwood logs is far from desired. Research is needed
to explore new acoustic features beyond acoustic velocity to assess hardwood
logs in terms of internal defects and board visual criteria.

This study is part of a collaborative research program between the USDA Forest
Service and the University of Minnesota Duluth to examine the technical feasibility
of combining acoustic wave data with high-resolution laser scanning data to improve
accuracy of hardwood log defect detection (Xu et al. 2018; Wang et al. 2018). The
objective of this laboratory investigation was focused on exploring the information
within the acoustic signals of hardwood logs using continuous wavelet transform
(CWT) and identifying new signal features for assessing the internal soundness of
hardwood logs. Log samples of four northern hardwood species of the Great Lakes
region were obtained and used in this investigation. Acoustic impact testing was
used to obtain response signals from each log. The logs were subsequently dissected
for visual examination and physical mapping of the internal defects. The acous-
tic response signals were analyzed to derive acoustic velocity (through FFT), time
centroid (through moment analysis), and the first- and second-order damping ratio
(through continuous wavelet transform). These acoustic parameters were then cor-
related against the soundness of the logs in terms of internal decay, void, and defect
ratio. This paper is based on a previous presentation (Xu et al. 2017) with significant
revisions and additions.

Materials and methods

Fifteen mill-length logs of mixed hardwood species were obtained from a local
wood company in Madison, Wisconsin, USA, for this study. The log specimens
included two black cherries (Prunus serotina Ehrh.), five white oaks (Quercus alba
L.), six red oaks (Quercus rubra L.), and two cottonwoods (Populus deltoides Bartr.
ex Marsh.). These logs were selected from the company’s log stocks based on vis-
ual appearances so that they included both sound and unsound logs. The unsound
logs had a range of defects (voids, cracks, ring shake, internal decay, etc.) and were
in different deterioration levels. Upon delivery to the USDA Forest Service, Forest
Products Laboratory, the logs were placed on the ground inside a building prior to
testing. Each log was assigned a log number, and the basic dimensions were meas-
ured. Table 1 shows the species information and dimensions of the logs.

Experimental procedures

Acoustic impact test (longitudinal direction)

All logs were first subjected to acoustic impact tests in longitudinal directions.
Acoustic impact tests were conducted in two different ways: (1) using a handheld

resonance acoustic tool (Hitman HM?200, Fibre-gen, Inc., Auckland, New Zealand)
to directly measure the acoustic velocity of each log and (2) using a laboratory
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Fig. 1 Acoustic impact test (longitudinal direction) in a log to obtain and record response signals
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Fig.2 Schematic diagram of stress wave transit time measurements (radial direction) in a log

impact testing system to obtain and record the response signals from each log fol-
lowing a mechanical impact.

To collect the response signals from each log, two sensor probes (Fakopp spike
sensors, Fakopp Enterprise Bt., Agfalva, Hungary) were inserted into the oppos-
ing ends of each log near the geometric center as shown in Fig. 1. The acoustic
waves were generated through a medium-sized hammer (680 g), i.e., the hammer of
HM?200 tool, impact at one end. The response signals were recorded through a data
acquisition card (NI 5132) connected to the laptop, with a sampling frequency of
20 kHz and a sampling length of 2000 points.

Stress wave transit time (SWTT) measurements (radial direction)

Following the impact test, a series of stress wave transmission tests were conducted
on each log in the radial direction using a Fakopp Microsecond Timer (Fakopp
Enterprise Bt., Agfalva, Hungary), starting from the cross section 30 cm from the
large end and at cross sections with a 30 cm increment throughout the entire length
of each log (Fig. 2). Detailed procedures for SWTT measurements can be found in
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Wang et al. (2005). In this study, the stress wave transit times measured in the radial
direction were used to assess the physical conditions at various locations of each
log. The transit time distribution in each log was then used to determine the dissect-
ing locations in order to reveal the internal defects.

Dissecting logs and ground-truth defect mapping

Upon completion of the nondestructive tests, each log was radially dissected at loca-
tions where internal defect was indicated by the mapping of stress wave transit time
(SWTT). As an example, Fig. 3 illustrates the dissecting locations for log no. 7 (red
oak) assisted with the SWTT data. Visual inspection and physical measurements
were then conducted at each opened cross section to determine the locations and
sizes of the defects (voids and decay). Based on the measurements of defect areas
on dissected cross sections and their extended lengths, a ground-truth defect map
was created for each log (Fig. 3b). The percentage of the compromised wood in each
log, defined as defect ratio, was subsequently determined by dividing the volume of
defect areas by the total log volume.

Determination of log moisture content (MC)

To determine the moisture levels of the logs, one to two 5-cm-thick disks were cut
from each log at least 30 cm from the log ends. The moisture content (MC) of each
disk was determined using oven dry method in accordance with the ASTM Standard
D4442-92 (ASTM 2003).

Feature extraction of acoustic signals

Comparing the waveforms of response signals received from the impact end and the
opposite end (Fig. 4), it was found that the main frequency components of both signals
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Fig. 3 Illustration of dissecting hardwood log samples and defect mapping (log no. 7—red oak)
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Fig.4 Comparison diagram of the waveforms of response signals received from the impact end and the
opposite end (log no. 5). a Time history of the acoustic signal from the impact end; b frequency spec-
trum of the signal collected from the impact end; ¢ time history of the acoustic signal from the opposite
end; d frequency spectrum of the signal collected from the opposite end

were almost the same. However, because the sensor in the impact end was affected by
the lateral disturbance from mechanical impacts, the response signals received from the
impact end exhibited some degree of nonlinear distortions. Therefore, the response sig-
nal received from the opposite end of a log was analyzed to determine various acous-
tic predicting parameters, including time centroid (7), and the first-order and second-
order damping ratios.

Longitudinal acoustic velocity (V)

Longitudinal acoustic velocity of the logs can be obtained directly from the impact
test using the Hitman HM200TM, a handheld resonance acoustic tool. Following the
hammer impact, the tool immediately processed the response signal through a built-in
fast Fourier transform (FFT) program (Harris et al. 2002; Wang et al. 2009). Acoustic
velocity (V) is derived using the following equation:

2L
T on

14 )]
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where V is longitudinal acoustic velocity (m/s) of a log, f, is the nth-order harmonic
frequency (Hz) of the response signal, L is an end-to-end length (m) of a log, and n
is the order of harmonic frequency.

Time centroid (T,)

Time centroid, sometimes referred to as “mean time,” represents the time when the
bulk of the signal is received. Mathematically, T, is obtained by dividing the first
moment of the signal by the zeroth moment of the signal:

v Ajlt;
Tc — zl;l | | , (2)
i Al

where N is the number of time samples, A; is the amplitude of the ith time step, and
t; is the time at the ith time step. In general, when a signal is excited and transmitted
in a flawless medium, most of its energy is typically located in the beginning of the
signal waveform. Reflection and mode changes of the signal often come from the
boundaries and material flaws, causing skewing of the signal in the time domain. As
a form of the first moment analysis, time centroid has been widely used to character-
ize the damage or deterioration of materials (Titta et al. 1998; Bayissa et al. 2008).

Damping ratio ({) based on continuous wavelet transform

The continuous wavelet transform (CWT) of a finite energy signal x(f) € L*(R) can be
defined as (Mallat 1999)

+00

Wirla.b) = —= [ 09 (=2 )a )
\/5 ) a
where @*(+) is the complex conjugate of the basic wavelet function ¢(-), a and b are
the dilation and translation parameters.

The most common wavelet for analyzing transient free vibration signals is the Mor-
let wavelet (Ruzzene et al. 1997; Chui 2006). In this paper, the modified Morlet wavelet
is used to estimate the damping ratio of acoustic signal. A modified Morlet wavelet is
defined as

o) = —— "
7f,

@

where f, is the wavelet bandwidth parameter, f. is center frequency. The Fourier
transform of the Morlet wavelet is

plaf) = BT )
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It is assumed that the signal x(#) is narrowband and asymptotic, and it can be
described as a function of an instantaneous amplitude A(#)>0 and a phase y(7) as fol-
lows (Le and Paultre 2013; Ulker-Kaustell and Karoumi 2011; Delprat et al. 1992)

x(1) = A(1) cos (y (1)) (6)

The CWT of the signal x(f) can be obtained approximately by using Taylor’s for-

mulae around t=b as follows (Chui 2006; Le and Paultre 2013; Delprat et al. 1992;
Carmona et al. 1998)

Va

Wix](a, b) ~ TA(b)eJ"“b)@*(awb)), (M

where y(b) represents the time derivative of the phase, i.e., the instantaneous circu-
lar frequency.

According to the wavelet ridge theory, the maximum modulus of the CWT will be
constricted to a curve in time—frequency plane, the curve is referred to as wavelet ridge
a,(b), and the modulus W|x] (ar(b), b corresponding to the points located in the curve
is called wavelet skeleton. A definition of wavelet ridge and its skeleton is given as
follows:

a,(b) = w,, /¥ (D)
Wixl(a,(b),b) ~ (\/E/z)A(b)eM%* (a,(b)r(h)) ° ®)

For a linear n-degree-of-freedom system, as the system is impacted by a unit impulse
force, the response signal x(f) can be represented as

x(f) = ZAie_z”gf[ sin (27rfdit), t>0, 9
i=1

where A; is a constant only related to the testing point and modal order i, {; is damp-

ing ratio of ith-order modal shape, f; is ith-order undamped frequency, and

fi=1/1- é’ffi is ith-order damped frequency.
When the Morlet wavelet transform is applied to x(#), the following equation can be
obtained according to Egs. 5, 7, and 9

Wix)(a. b) = ( Va /2) Z Ae 218 y=7*fy(afi~1.) i (2nfub) (10)

For a fixed value of the dilatation parameter a=a,;=f/f,, by the definition of wavelet
ridge and skeleton (see Eq. 8), the CWT of each separated mode i can be represented as

Wix](a;,b) = gAie_z”C"ﬁ'be/(z”ﬂﬁb). (11

For an idiomatic expression, ¢ is substituted for b in above equation, and thus, the
equation can be rewritten as
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a; . .
Wixl(a;,t) = %Aie‘_z”gﬂﬁ’e](z”fdﬂ) = By, (12)

The instantaneous amplitude B;(f) and phase y;(¢) can be defined as

{ Bi(1) = @Aie_zﬂg‘f’t )

(13)
y,(1) = 2nfy,;t
The following formulae can be obtained by taking the derivatives of Eq. 13
dinB( _ 1 dB(® _
& T Be a - 2F 1

dy; !
0 = 2fy; = 2mf /1 - £

The instantaneous frequencies f; and damping ratios {; of the system can be
derived by solving Eq. 14.

Results and discussion
Physical characteristics of the hardwood log samples

The moisture content (MC) of the hardwood log samples ranged from 31.3 to 95.6%
based on the MC disk measurements (Table 1). All logs were above the fiber satura-
tion point (30% MC). Therefore, the logs tested were considered in green condition
at the time of testing and the acoustic parameters discussed in this paper are treated
as “green log” parameters.

Stress wave transit time in radial direction was mapped along the length of each
log and is shown in Fig. 5 by species. Two black cherry logs (no. 1 and no. 5) had
relatively low and consistent transit times (633—712 ps/m) along the length indicat-
ing generally sound internal condition, except log no. 5 showed slightly higher than
normal transit time at locations 1-3. This observation was consistent with the visual
appearances of these logs. The stress wave transit times in all other logs showed
large variations along the length and among the logs and species, implying a wide
range of physical conditions of these logs.

Because variation of transit times exists even in intact logs as a result of natu-
ral property variation, it is difficult to determine a single reference transit time for
data interpretation. In this study, the lowest transit time in each individual log was
used as a reference to determine the conditions in other locations. Specifically, it
was aimed to determine the extent of internal decay, void, or other structural defects
in each log based on the transit time maps and guide the process of dissecting logs
for revealing actual physical conditions.
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Fig. 5 Distribution of stress wave transit time (us/m) in radial direction of hardwood logs

Based on the ground-truth defect maps created by dissecting at multiple locations
and measuring the defected areas on each cross section, the defect ratio (k) of the
log samples was found to range from O to 32%. The fifteen hardwood log samples
were classified into five classes based on the defect ratio, as shown in Fig. 6. Two
logs (no. 1 and no. 8) were identified as “solid logs” with no defects (k=0); two logs
(no. 5 and no. 15) had minor defects (k<5%); four logs (no. 4, no. 7, no. 12, no. 13)
had moderate defects (5% <k<10%); four logs (no. 3, no. 9, no. 10, and no. 14) had
severe defects with defect ratio in the range of 10-20%; and three logs (no. 2, no. 6,
and no. 11) had the most severe defects (k>20%).

It should be noted that log no. 8 (cottonwood) is a special case, i.e., all longi-
tudinal acoustic parameters (V, T,, ¢, and {,) implied that log could be a sound
log. However, stress wave transit time in radial direction was found in the range
of 1101 to 1607 ps/m (Fig. 5d), significantly higher than the reference transit time
(721 ps/m) of the other cottonwood log (no. 13), which indicated an abnormal inter-
nal condition. Close examination of the opened cross sections of log no. 8 revealed
that a ring shake (separation or crack that runs parallel to the annual rings) existed
in the boundary of heartwood and sapwood through the entire length of the log (see
Fig. 7). Clearly, this ring shake has caused significant delay in arrival time, resulting
in higher than normal transit times. On the other hand, in longitudinal impact testing
of the same log, two sensors recording the response signals were located within the
heartwood zone and close to the center of the end grain, and the ring shake did not

@ Springer



1122 Wood Science and Technology (2019) 53:1111-1134

no. 1 (BC) no.8 (CW) no. 5(BC) no.15 (RO) no. 4(RO) no. 7 (RO) no. 12 (WO) no,13(ICW)
Class 1 (k=0) Class 2 (ks5%) Class 3 (5%<k510%)
no. 3 (WO) no. 9 (RO) no. 10 (WO) no.,14(R0) no. 2‘(RO) no. 6 (WO) no. 1] (WO)
T
Class 4 (10%<k$20%) Class 5 (k>20%)

Fig. 6 Hardwood log classes based on defect ratio

Ring shake

Fig.7 Ring shake existed in cottonwood log no. 8

directly disrupt the longitudinal wave propagation. Consequently, the longitudinal
acoustic parameters still reflect the solid wood condition. The implication of this
phenomenon is that longitudinal acoustic impact testing is not sensitive to the pres-
ence of ring shakes within a log and therefore it will not identify this kind of defect.
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Relationship between defect ratio and acoustic velocity

Table 2 shows various acoustic measures of the response signals. Acoustic
velocity of the mixed species logs ranged from 2047 to 3317 m/s with a coef-
ficient of variation (COV) of 14.3%. If logs were divided into five classes based
on the defect ratios, the average acoustic velocity corresponding to each defect
class was then observed as shown in Table 3. The small sample size of the
logs in each class does not lend to a meaningful statistical comparison among
classes, but the decreasing trend of acoustic velocity with increasing defect ratio
is obvious.

Figure 8a shows the data plot of defect ratio and acoustic velocity for all fifteen
hardwood logs tested. The relationship between defect ratio and velocity can be best
described by a polynomial regression model,

k(%) = 177.51 = 0.10V + 1.52E = 05V* (R* =0.72 (15)

When the species and MC effect were disregarded, it appeared that as the log
velocity dropped below 3000 m/s, the severity of internal decay increased in a much
higher rate as log velocity continuously decreased.

Among the four hardwood species in the log samples, red oak had the largest
sample size, with 6 logs. When red oak logs were examined alone, a similar decreas-
ing trend of acoustic velocity with increasing defect ratio was observed (Fig. 8b).
However, a power model was found to best fit the data mathematically (R>=0.76). It
is possible that species could have an effect on the defect ratio and acoustic velocity
relationships.

Relationship between defect ratio and time centroid

The time centroid of fifteen hardwood logs ranged from 0.0165 to 0.0266 s, with
a COV of 14.3%, the same COV as that of acoustic velocity. The T, value was
lower in sound logs than that in unsound logs. Figure 9 shows the data plot of
log defect ratio and time centroid of fifteen hardwood logs. A good positive rela-
tionship was observed between defect ratio and time centroid, with the coeffi-
cient of determination (R?) of 0.87 for a second-order polynomial regression.
With this improved correlation, the time centroid of the acoustic response signal
proved to be a better predictor of log defect ratio than log longitudinal acoustic
velocity.

Estimation of damping ratio

The estimated damping ratios for all hardwood logs are summarized in Table 2. Fig-
ure 10 illustrates the procedures for estimating another important acoustic measure,
damping ratio, of the hardwood logs, using log no. 1 (black cherry) as an exam-
ple. Figure 10a shows the response signal of log no. 1. In the signal analysis, all
response signals had been preprocessed through median filtering and a singular-
value decomposition method (Xu and Liu 2011) to eliminate the noise that could

@ Springer



Wood Science and Technology (2019) 53:1111-1134

1124

A[oAnoadsal ‘uriojsuery

Jo[eAeMm Jo Kouanbaiy Surpuodsariod syt pue o[eds are [ pue ‘s pue ‘Kousnbory Surdwes oy st ¥/ Jo[eaem 90 xo[dwod jo Aouanbaiy fenuad oy st °f a1oym rﬂ. = e
¥€0°0 87911 98 9€0°0 8'86S L91 6100 080¢ eo poy Sl
w00 6'006 IT1 £v0°0 TILY 01¢C 0200 0Tre 3eo pay 4!
£v0'0 8'10CI €8 LE00 €799 ISt 810°0 00LT poomuono; el
LEO0 yovil L8 9¢0°0 TS6S 891 6100 L99¢ 3eo AYM Cl
190°0 y'evo 901 ¥70°0 8'08% 80¢ ¥20°0 09¥C B0 AMYM 11
6¥0°0 9¢eCll 68 6¥0°0 0'8LS €Ll 1200 06LT eo AYM ol
¥90°0 TLL8 141! 6¥0°0 8°09% L1T 00 0cee eo poy 6
LT00 P 1SEl YL 1200 L999 0S1 L10°0 L1ge pPOOMUONOD 8
LY0°0 00001 001 w00 [4V34 ¥0¢ 00 009¢ 3eo pay L
L80°0 9698 98! ¥50°0 L'8SY 81¢ L200 06CC [eO AMYM 9
9¢0'0 9'¢Cll 68 0€0°0 VILS SLI 6100 000¢ Kr1ayo oerg S
LT0°0 8'CI¢Cl 9L S€0'0 6'6CL LET L10°0 €LTE 3eo pay 4
LS00 L'1¥01 96 £90°0 1'81¢ €6l €200 L69¢ [e0 ANMYM €
1600 L'¥S8 LTI 6600 0°00% 0s¢T 200 L¥0T 3eo pay C
8200 VISel YL 6100 €669 34! L10°0 0sce K11oyo yoerg I
%5 onex Surdurep (zH) Y gbagy Sonersw  (zH) Y ,boy ()1
JI9pIO-PU0IAS JIOpIO-PU0dAS is oreog  -dwrep 1opI10-1SIT IOpIO-)SIT] Is oreog  pronued swiy, (syur) A K11OO[OA ] seredg ‘ou 30T

S30[ pooMmpIBY Y} WOIJ PIAIRDAI S[euSIS asuodsal ay) JO SAUNSLIW JNSNOJY ¢ d|qeL

pringer

As



Wood Science and Technology (2019) 53:1111-1134 1125
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Fig. 8 Relationships between log defect ratio and log acoustic velocity of hardwood logs

@ Springer



1126 Wood Science and Technology (2019) 53:1111-1134

35 4
y = 1.82E+05 x? - 4.71E+03 x + 29.81

2 — o
30 | R?=0.87

25 A
20

15

Defect ratio of logs (%)

0.015 0.018 0.021 0.024 0.027
Time centroid of logs (s)

Fig. 9 Relationships between defect ratio and time centroid of hardwood logs

cause distortions to the derivatives of the skeletons. The distorted derivatives could
directly affect the estimation of instantaneous frequency and damping ratio.

The wavelet moduli were obtained through CWT using a modified complex
Morlet wavelet function (Eq. 4). They are shown in Fig. 10b in the form of two-
dimensional contour map and in Fig. 10c in the form of three-dimensional mesh
map. The wavelet ridge and skeleton were then calculated using Eq. 8 and are shown
in Fig. 10b, c. Figure 10e, g shows the instantaneous scale (frequency) and damping
ratio of the response signals through solving Eq. 14 (note: an inverse proportional
relationship exists between frequency and scale). The instantaneous frequencies
obtained were instantaneous natural frequency and the second-order harmonic fre-
quency. The damping ratios discussed in this paper are therefore referred to as both
the first mode and second mode.

Figure 10e shows the case of a high-quality log with no defects (log no. 1), where
the instantaneous frequency did not vary much within the finite duration of the
response signal, implying that the reflection and refraction of acoustic waves that
are typically associated with internal defects did not exist. As a result, the estimated
damping ratio deduced from the instantaneous frequency did not vary significantly.
However, in the case of low-quality logs, such as log no. 2 (red oak) with severe
internal rot and void (k=28.6), variation of damping ratio was evident. For ease of
use, a high-order polynomial fitting was performed on damping ratio data and the
fitting curve (dashed line) is also shown in Fig. 10e.

Relationship between defect ratio and the first-order damping ratio

Figure 11 shows the data plot of defect ratio and first-order damping ratio of the
hardwood logs. The regression result indicated a moderate linear relationship
(R?=0.65), with two seemingly outliers (logs no. 6 and no. 11). Examining the dis-
sected cross sections of these two logs, it was found that they both contained a big
single void that extended throughout the entire length in log no. 6 and 182 cm in log
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no. 11, resulting in a defect ratio of 31.7% (no. 6) and 20.3% (no. 11), respectively.
The voids in these logs were concentrated in the heartwood, while the sapwood was
left relatively intact. Although the acoustic velocity in these two logs was reduced
significantly as a result of the center rot, the acoustic energy was still effectively
transferred through the solid sapwood path, and the energy dissipation due to the
center void was much less than that we would expect from a log with such a high
defect ratio. As a result, the corresponding damping ratios were smaller than we
expected from logs with such high defect ratios.

Another factor that might have influenced the damping ratio is moisture content
of the logs. In Fig. 11, log no. 6 exhibited the largest deviation of damping ratio
from the linear regression model. It turned out that log no. 6 had the lowest moisture
content (31.3%) among all the hardwood logs tested. The drier wood of log no. 6
could have contributed to the low damping ratio value observed.

Based on the observed relationship between defect ratio and first-order damping
ratio and the above analysis, it could be concluded that the first-order damping ratio
not only depends on the size and volume of defects, but also related to wood MC,
and how defects are distributed within a log.

Relationships between defect ratio and the second-order damping ratio

In theory, the second-order harmonic frequency component of the response signal
has higher frequency and shorter wavelength; thus, it is more sensitive to the pres-
ence of smaller defects. In addition, it is understood that the higher the frequency
and higher logarithmic decrement of the signal, the larger the corresponding damp-
ing ratio, which is more sensitive to the signal attenuation caused by defects (Thom-
son and Dahleh 1998). Based on the above analysis, the second-order damping ratio
derived from the second-order frequency components could more accurately reflect
the internal physical condition in logs than that through using the first-order damp-
ing ratio.

Similar to analysis of the first-order damping ratio, a linear regression analysis
was also performed between the second-order damping ratio and log defect ratio
as shown in Fig. 12. The results indicated that the second-order damping ratio had
an excellent linear relationship with the log defect ratio (R*=0.92). Comparing to
the first-order damping ratio, the second-order damping ratio appeared not affected
by the types of defects and how they were distributed in a log, and not sensitive
to moisture content changes (e.g., log no. 6), but only relevant to the extent of the
damage. Therefore, the second-order damping ratio of the response signal can char-
acterize the defect condition of hardwood logs more accurately than the first-order
damping ratio.

Comparing to the acoustic velocity of a log, second-order damping ratio predicted
the degree of damage in a log more accurately and was not influenced by species.
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Fig. 10 Illustration of procedures for estimating damping ratio of acoustic signals (log no. 1). a Time p
history of the acoustic signal; b timescale distribution of wavelet modulus and ridge of the acoustic sig-
nal obtained through CWT; ¢ timescale distribution of wavelet modulus and skeleton; d fundamental
frequency component of the acoustic signal and its skeleton; e instantaneous scale (frequency), damping
ratio and fitted damping ratio curve based on fundamental frequency component of the signal; f second-
order harmonic component of acoustic signal and its skeleton; g instantaneous scale (frequency), damp-
ing ratio, and fitted damping ratio curve based on the second-order harmonic component of the signal

Defect prediction models based on multiple acoustic parameters

Individual acoustic parameters including acoustic velocity, time centroid, and
damping ratios showed moderate-to-good correlations with the defect ratio of hard-
wood logs. For the purpose of practical application, these individual parameters
can be used in combination to obtain optimal prediction. Therefore, multivariate
regression analysis was conducted to examine the predicting strength of various
combinations of acoustic velocity, time centroid, and the first- and second-order
damping ratios.

The multivariate prediction models examined are in nonlinear polynomial form:

k(%) = by + byx| + byxy + byxs + byx, + bsx} + bex3, (16)
where x|, x,, x;, and x, are individual acoustic predicting variables V, T, {;, and {,,
respectively. by, by, b,, bs, b,, bs, and by are regression coefficients.

Because of the linear nature of the damping ratio and defect ratio relationships,
the higher order of the variables was not considered for damping ratios. Table 4
shows the results of multivariate regression analysis for predicting defect ratio of
hardwood logs. Compared to the single-parameter prediction models of individual
V, T,, and {;, the multiple parameter prediction models have generally increased
the prediction power as evidenced by the increase in the determination coefficient
(R% and decrease in the root mean squared error (RMSE). It is also clear that
certain parameter combinations yielded limited improvement in the regression
results.

In addition, multivariate regression analyses indicated that the second-order
damping ratio ({,) and time centroid (7) are the two most important acoustic param-
eters representing the internal defect of hardwood logs. As seen in Table 4, the opti-
mal model for predicting or evaluating the internal defect of hardwood logs could
be derived from the combination of multiple parameters of 7, {|, and {, orof V, T,
and {,. However, considering the accuracy of prediction and simplicity of analysis,
the second-order damping ratio could be the best single predictor for assessing inter-
nal soundness of hardwood logs.
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Fig. 11 Relationship between defect ratio and the first-order damping ratio of the hardwood logs

35 -
y =454.93 x - 10.91 e}
30 - R?=0.92

25 4

20 -

15 -

Defect ratio (%)

10 +

<z

0.00 0.02 0.04 0.06 0.08 0.10

Second-order damping ratio

Fig. 12 Relationship between defect ratio and the second-order damping ratio of the hardwood logs

@ Springer



1131

Wood Science and Technology (2019) 53:1111-1134

€9'L 760 $6°0 970 LTT— PETOT 81°0€T SL'6— LT 79°68 ) 1 L A
L¥9 €60 $60 - 81°0 - 9%°80C 90°96 €r9— 0T1$ - © 9 L
9I'6 060 €60 - P91 — - 9¢'61S €101 — 11z1 TTYE— - ) ' A
Y6'L 160 60 Tro 98°C - 8€°69C 66°€— YELI— 88°¢S - ) L A
$6'9 760 $6°0 0€0 90°0— - 86'651 61 T1— TTS— SE8II - ' L A
v6'L 1670 €6°0 - - - - 96° 1LY LY'0T— S8°01 — - - ) 9
099 €60 v6°0 - Tro - - rsTee YOy — 68°LT - ) L
YL 760 60 - 970 - - 961 906 — 8L°SL - - ' L
ve'8 160 €60 - v81— - - 19°€16 €e€l 61°9€— - ) A
10'8C 69°0 9L°0 - 898 - - 0r°891 81’ T9— €6'701 - - ' A
L8 06°0 £€6°0 910 LO'TI - - 0Stv— 1089 — 90°LET - - L A
8E'L 760 760 - - - - - 0€°SSH €6°01- - - - )
€19¢ €9°0 $9°0 - - - - - S0°00t 19— - - - 9
99°¢] $8'0 L8O - 81°0 - - - 1LY — 18°6C - - - °L
95°67 89°0 TL0 - SI°T - - - LO€0T — ISLLT - - - A
ISINY 2 pasnlpy - (&) °q (0 4q (v) ¥q (*x) %q (0 %q (') 'q Og x fx 2 Ix
O1ISTJBIS UOISSAITAY SJUAIOLYJ0)) SI0)01paId

&pue -y L

‘A JO uoneuIqUOd Ay} pue ‘(¢9) oner Surdwep 1opio-puodas ‘('9) oner Surdwrep 1opIo-1s1y ‘(L) pronuad awm ‘(4) AIIOO[OA ONISNOJE UO OTJET JOIJIP JO UOISSAISNRY § 3|qe]

pringer

As



1132 Wood Science and Technology (2019) 53:1111-1134

Conclusion

In this study, the potential of an acoustic impact testing method for evaluating the
soundness of hardwood logs was investigated. In addition to examining longitudinal
acoustic velocity and time centroid as single predictors of defect ratio, a continuous
wavelet transform (CWT)-based method was used to determine the first- and sec-
ond-order damping ratios, and their relationships with the extent of internal defect
in hardwood logs. The potential of using a combination of acoustic velocity, time
centroid, and damping ratios to improve the defect prediction was also determined
through multivariate regression analysis. Based on the results and analysis, the fol-
lowing conclusions were drawn:

1. Acoustic velocity measured in hardwood logs was negatively affected by the inter-
nal defects of the logs. Log acoustic velocity generally decreased with increasing
severity of internal defects. When log velocity dropped below a critical value, the
severity of internal decay increased at a much higher rate as log velocity continu-
ously decreased. This critical velocity value can be different for different species,
but 3000 m/s can be used as a threshold for logs of mixed species.

2. Time centroid of the response signals was positively affected by internal defects
of hardwood logs, and it proved to be a better predictor of log defect ratio than
log acoustic velocity.

3. Damping ratios of the response signals have linear and positive relationships with
log defect ratio. Comparing to the first-order damping ratio, the second-order
damping ratio appeared not affected by wood moisture content and how defects
were distributed in a log. The second-order damping ratio can characterize the
defect condition of hardwood logs more accurately than the first-order damping
ratio.

4. The optimal model for predicting internal defect of hardwood logs could be
derived from combinations of multiple acoustic parameters. However, consider-
ing both the accuracy of prediction and simplicity of analysis, the second-order
damping ratio could be the best single predictor for assessing internal soundness
of hardwood logs.

The hardwood logs examined in this study contained a wide range of deterioration
levels, which were difficult to quantify with precision. The response signals from
impact testing of the logs were complex and variable. Although the results and anal-
ysis indicated a very good potential of using the impact testing method, coupled
with advanced signal analysis, to predict the existence and extent of internal defects
in hardwood logs, large-scale experiments with commercial-size logs need to be car-
ried out in future to test the feasibility and applicability of the acoustic impact test
technique in production lines.
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