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Abstract

Holes and knots are common defects that occur in wood that affect its value for both structural
and high-end aesthetic applications. When these defects are internal to wood they are rarely
evident from visual inspection. It is therefore important to develop techniques to detect and
analyse these defects both in standing trees prior to harvesting them and in processed timber
and/or completed wooden structures. This paper presents an effective method to detect and
analyse hole defects in wood. The method uses the recorded output wave signal from an ultra-
sonic device tested on rectangular wood samples. The ultrasonic wave signal is decomposed into
its constructive modes using Empirical Mode Decomposition (EMD). This process decomposes
a non-stationary non-linear wave signal into its semi-orthogonal bases known as intrinsic mode
functions (IMFs). A matrix of all IMFs (except the residual IMF) is then assembled and its
covariance matrix derived. The research demonstrates through several experimental studies that
the maximum eigenvalue of the proposed covariance matrix is more sensitive to hole defects in
wood than traditionally used measures such as time-of-flight. The results provide evidence that
the proposed damage sensitive feature (DSF) can successfully detect hole defects in hardwood
samples but further work is recommended on its application to other materials. It is anticipated
that this method will have wide applicability in the forestry and timber industries for aiding in
product value determination.
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1. Introduction

Wood has been employed as a construction material for centuries due to its relatively high
strength to weight ratio, its good heat and electrical insulation properties, and its workability,
enabling simpler and faster construction [1, 2]. Wood continues to be widely used in construction
— for example, more than 80% of the total power utility poles used in Australia continuing to
deploy wood i.e., more than five million timber poles in total [3].

In terms of mechanical properties, wood is characterised as an orthotropic material with in-
dependent mechanical properties in three mutually perpendicular axes, i.e. longitudinal, radial,
and tangential [4]. Usually these mechanical properties of wood are determined by static tests
with wood samples taken from harvested and processed trees [5].

However, many wood defects are generated during the growth of the standing tree pre-
harvest. A common defect in trees results from a standing tree not being pruned and undergoing
a process of natural self-pruning, leaving dead stubs that the tree subsequently grows around
or over. These processes create internal defects such as knots and holes internal to the tree. To
accurately detect and analyse these defects to differentiate between a healthy versus defective
trees requires the use of either destructive or non-destructive damage testing (NDT) techniques.

Moreover, wooden materials may also deteriorate while in service as structural elements due
to either biological (such as decay, fungi, and termites) or physical (climatic such as rain and
sun) processes [6]-some of these defects are also internal. In recent years, issues such as the
preservation of wooden architectural heritage has increased demand for NDT approaches to
monitor the internal health condition of historic wooden structures [7, 8, 9].

In general a NDT technique has two key components: a sensing technology to record signals
from a structure, and a damage detection algorithm to derive information about the health
condition of the structure from the signal.

Many different sensing technologies have been used by researchers for damage evaluation
of wood materials [10]. These include ultrasonics, radiography [11] and thermography [12],
however, ultrasonic testing seems to be the most promising and widely used approach. This
is mainly due to the fact that an ultrasonic test is less harmful for the wood (and the human
operator) and is relatively less expensive [13]. It has also been proven that the ultrasonic waves
are sensitive to many wood characteristics such as density, stiffness, strength, grain orientation,
moisture content, as well as defects such as cracks, knots, and insect damage [14].

The application of ultrasonic techniques for evaluation of wooden material has been reported
by a number of researchers [15, 16, 17, 18, 19, 20]. This includes detection of artificial defects

as reported in [6, 16]. Several well-known ultrasonic systems have been used for condition
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monitoring of wooden materials, including electromagnetic ultrasonics [21], laser ultrasonics [22],
and air-coupled ultrasonics (ACU) [23, 24, 25, 26]. However, there are some shortcomings with
each one when dealing with defects in wood sections. For instance, electromagnetic ultrasonics
is more robust when used in conductive material evaluation, while laser ultrasonics devices
tend to be expensive. Chimenti et al. noted that ACU is effective for evaluation of low density
materials such as paper, wood, and carbon-reinforced composites. A reason for this could be due
to the smaller impedance difference between such materials and air [25]. However, Fang et al.
argued that ACU-based techniques suffer from low quality ACU signals and thus more advanced
signal processing techniques need to be used for these methods [24]. As such, the application
of contact ultrasonic devices still seems promising. This paper is focused on the application of
contact-ultrasonic systems.

In terms of signal processing algorithms, the Hilbert-Huang transform (HHT) has been widely
used in the context of structural health monitoring [27, 28] since the empirical mode decompo-
sition (EMD) algorithm was first introduced by Huang et al. [29]. In fact the EMD algorithm
has been employed as an effective method for fault diagnosis in a variety of other scientific
fields [30, 31]. It is well-known that EMD is an adaptive and approximately orthogonal filtering
process. This characteristic has been used by some researchers. For instance, Liu et al. proposed
a special version of EMD for image processing called directional empirical mode decomposition
(DEMD) for texture classification problems [32]. The process of extracting features using EMD
thus is a well-developed field in the literature.

HHT and EMD have been used in many applications of ultrasonic signals as well. For
instance, Sun et al. proposed a denoising method for laser ultrasonic signals based on the criterion
of consecutive mean square error using EMD [33] as a useful approach to reducing the aliasing
between useful signals and noise. Therefore, using this property of EMD, Yu et al. proposed
a time-windowing method with a kurtosis test strategy considering the multi-mode and broad-
band characteristics of laser ultrasonic signals for denoising [34]. Chen et al. proposed a novel
approach to identify the arrival time of overlapping ultrasonic echoes in time-of-flight diffraction
(TOFD) flaw detection [35]. As such, the authors applied EMD to decompose a non-stationary
non-linear ultrasonic signal into its constructive IMFs. Zhang et al. used EMD for feature
extraction of flaw signals [36]. These authors related time domain and frequency domain of
IMFs to flaw information.

In this paper, Section 2 presents a new DSF for hole-damage feature extraction, using an
ultrasonic signal that is recorded through ultrasonic tests on wooden sections. The results show

that this performs better than the traditional time-of-flight method. The approach presented
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involves the non-stationary non-linear ultrasonic signal being first decomposed into its IMFs
using EMD. Second, the matrix of all IMFs (except the residual IMF) is constructed and its
covariance matrix is obtained. The paper demonstrates through different experimental studies
that the largest eigenvalue of the covariance matrix is a useful feature able to characterise hole
defects in wood materials. Results are presented for both parallel and perpendicular to grain

signal transmission.

2. Proposed damage sensitive features

A new damage sensitive feature (DSF) is proposed in this paper that is derived from the
ultrasound signal obtained in the tests described in Section 3, i.e. briefly, from the time records
of an ultrasonic pulse transmitted through the timber sample in either the radial or tangential
direction. The proposed DSF is based on the intrinsic mode functions (IMFs) of the signal, which
are simple but non-stationary sine-like oscillatory components into which a signal is decomposed
following empirical mode decomposition (EMD). We therefore first briefly describe EMD, then
define the DSF.

2.1. Empirical mode decomposition (EMD)

The EMD algorithm was first introduced by Huang et al. in order to decompose a non-
stationary, non-linear signal into its constructive oscillation modes (IMFs) [29]. Unlike the
Fourier basis functions, IMFs can be non-linear and non-stationary, i.e. they can contain modu-
lation of both amplitude and frequency with time. However, as with linear modal analysis, each
IMF is narrow band and only involves one mode of oscillation, so over short time windows they
can be considered to be loosely sinusoidal in form. Therefore, the concepts of instantaneous
frequency and amplitude are well defined for IMFs. Hence, the IMF’s characteristics can be

summarized as follows:

1. Each IMF is narrow band, and it involves only one mode of oscillation.
2. An IMF can be non-stationary.

3. Each IMF is modulated in both amplitude and frequency.

The flowchart of the basic EMD algorithm applied to an arbitrary signal X(¢) is shown in
Figure 1. However, one can easily decompose a signal X (t) in MATLAB (version 2018a onward)
with the function emd as follows,

[V, r] = emd(X); (1)

where V' is a matrix containing all the IMFs except the residual IMF, which is stored in the

vector 7.
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Figure 1: Flowchart for the EMD algorithm.

2.2. Proposed damage sensitive feature (DSF1)

A damage sensitive feature is first proposed that exploits the matrix of IMFs extracted from
a scattered ultrasonic wave to characterise hole defects in wood structures. We will show that
the covariance matrix can be deployed. The intuition behind this comes from the fact that
the maximum eigenvalue of the covariance matrix shows many interesting properties, making
it a good DSF for the purpose of defect detection [37]. For instance, it is well-known that
the maximum eigenvalue of the covariance matrix corresponds to the eigenvector that has a
direction along which the data set has the maximum variance. Therefore, it is able to characterise
properties of the ultrasonic signal.

The covariance matrix is constructed from the recorded ultrasonic signal from an ultrasonic
test conducted on wooden samples. However, the obtained signal is a time series which first
needs to be decomposed into its constructive modes of oscillation to form the matrix of IMFs, of
which the modes are columns. Once the covariance matrix corresponding to the matrix of IMFs
is constructed, we seek its maximum eigenvalue. Hence the procedure of the proposed feature
extraction technique using the ultrasonic signal S(t) obtained from an ultrasonic test can be

described as follows:
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1. First normalise the signal S(¢) recorded from the ultrasonic test on the sample to have a
zero mean and unit maximum peak to trough range as follows,

where 1, Spmax and Spin represent respectively the mean, maximum and minimum of the
signal S(t). The normalisation eliminates the gain effect existing in each IMF component
produced from the EMD decomposition of the ultrasound signal [38]. We designate the
normalised version of signal S(t) as S(t).

2. Use the EMD algorithm to decompose the signal S (t) into its constructive IMFs and stack
them all in matrix V' of IMFs (see Equation 1). Note that V' is a matrix with size m x n
where m is the number of samples in the time series and n < m is the number of modes
extracted by EMD.

3. Compute the covariance matrix corresponding to the matrix V,,x,,. For this, one may either

compute oW v xvtorc?

— 1t : b b :
A, xn = V' x V,in which * represents the matrix transpose.

To decide which covariance matrix to use, consider a lemma in linear algebra [39] (stated

here without proof):

Theorem 1: Let A and B be respectively m x n and n X m matrices where n < m. Then,
the n eigenvalues of BA are identical to the first n eigenvalues of AB, with the additional

etgenvalues being zero.

Thus by considering A = V and B = V%, it follows that the n eigenvalues of C'® are
equal to the first n eigenvalues of C'1) with the additional eigenvalues of C'") being zero.

Clearly therefore either can be used, and we choose C® because the size of c? s vastly

nxn
smaller than the size of C,(,me (n < m).
4. Find the maximum eigenvalue of the covariance matrix C'®) and nominate it as a feature

for characterising wood condition. Note that this can be done in MATLAB using the

instruction max (eig(C)).

In the following sections, we test the following hypothesis:

Hypothesis 1: The largest eigenvalue of the covariance matrixz corresponding to the decomposed

acoustic signal through EMD is sensitive to hole defects in wooden materials.
As such the DSF; is defined as follows,

DSF; = max (eig (C<2>)) (3)
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2.3. Filtering the noise (DSF3)

It is noted that the detected ultrasonic signal is somewhat contaminated by noise, which can
be evident in the first IMF. Therefore, in order to test the sensitivity of the proposed DSF to
noise a low pass filter with the cutoff frequency of 500 kHz has been applied to the measured
data. For the current setup (see Section 3) this is an order of magnitude above the transmitted
pulse frequency (54 kHz), and more than an order of magnitude below the sampling frequency
(10 MHz) used by the receiver to detect the ultrasonic signal. This filtered signal is then used
for damage detection in exactly the same manner as the unfitered signal. Accordingly, in this
paper the damage detection results using the unfiltered ultrasonic signal is denoted DSF; while

the results derived from the filtered signal are denoted DSF.

3. Experimental setup

To test the damage detection methods proposed above in Section 2, ultrasonic tests were
conducted on wood samples of dimensions 300 x 90 x 90 mm?, with and without introduced
defects. Figure 2a shows schematically how the transducers were set up with respect to the
sample, and the artificial defect can be seen in the form of a hole of diameter D drilled through
the full thickness of the sample, approximately at the centroid of the rectangle.

The ultrasonic device (Pundit PL200) used for conducting the ultrasonic tests is shown in
Figure 2b. The device emits short 17.5 us sinc-like (i.e. sin(z)/x including a single peak) im-
pulses. The manual states “transducers supplied with the instrument are not damped and,
therefore, on being excited by the transmitter they have a long ring-down time.” Therefore
the signal that is transmitted into the sample can be assumed to be a lightly damped impulse
response, but the pulse repetition frequency is several orders of magnitude lower than the trans-
ducer resonant frequency, preventing mixing of transmitted and returned pulses. To operate the
Pundit PL200 it must be set to one of a limited number of user-specified frequencies (24, 54,
150, 250 or 500 kHz) that must conform to the operational frequency of the selected transducer
pair. For the current work the 49.7 mm diameter 54 kHz transducer (part number 325 40 131)
was used and the receiver gain was set to the device’s ‘1 dB’ setting. The gain is set following
some trial runs such that the signal is strong but does not saturate. The probing wave type is
a P-wave (compressional wave) with transducer voltage 50 V.

In order to ensure good contact between the transmitter and receiver and the surface of the
wood, an ultrasonic couplant gel (Proceq Ultraschall-Koppelpaste) was used on both transmitter
and receiver surfaces. As this is intended to be a practical test that can be carried out in the

field a method of obtaining reliable results without having to precisely measure the contact
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Figure 2: Ultrasonic test experimental set-up.
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pressure was sought. Firm pressure with sufficient gel ensured that there was a complete layer
of gel between the sample and transducer with contact over the whole area. Excessive pressure,
or even maintaining pressure with some unavoidable movement, tended to squeeze out the gel,
compromising the integrity of the contact. If in doubt, some additional gel was added, which
always restored good contact when lost. Maintaining sufficient gel was more critical than the
pressure used.

To evaluate the contact procedure, approximately 50 replicates of each ultrasound test were
conducted, and the wave form and reported wave velocity were carefully monitored in order to
verify that consistent contact between probes and samples had been achieved. Provided that
contact was good these were highly consistent and the exact amount of pressure used did not
appear to affect results, whereas any records for which the wave form or reported wave velocity
were anomalous were discarded. Effects of minor variations in signal strength were removed
during processing by the signal normalisation of Equation 2.

The wave velocity was calculated by the Pundit PL200 device from the time of flight, mea-
sured by the Pundit PL 2100, and a distance between transducers entered by the user. Time of
flight is determined by the Pundit PL 200 by detecting the time at which return wave exceeds
a preset threshold—the device’s default threshold was used in the present work. The distance
was measured using a tape meter placed on the top of the billet. Although literature shows
the potential influences of moisture contents on ultrasound signals [40], in this work the test
specimens were all cut from fully seasoned commercially available boards, so it is assumed the
moisture content was consistent between samples and equal to the equilibrium moisture content
(typically 10-15% for the local climate).

Four types of tests were carried out as follows:

1. ultrasonic wave transmission in the radial direction (perpendicular to the growth rings)
on the intact specimens;

2. ultrasonic wave transmission in the radial direction with hole defects of diameter 6 mm or
13 mm introduced in the tangential direction (Figure 2c);

3. ultrasonic wave transmission in the tangential direction (parallel to the growth rings) on
the intact specimens; and

4. ultrasonic wave transmission in the tangential direction with hole defects of diameter 6 mm

or 13 mm introduced in the radial direction (Figure 2d).

First, to provide a baseline for the proposed DSF in each testing direction, the specimens
were tested in the intact form with the ultrasound wave transmission in both the radial and

tangential direction. Then the small (6 mm diameter) holes were drilled in the radial direction
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in half the samples and in the tangential direction in the other half, and the samples were
retested with wave transmission in the direction perpendicular to the hole. The same holes were
then further drilled out to a diameter of 13 mm and the samples tested a final time, again with
wave transmission perpendicular to the hole. With each specimen and testing configuration, 50
replicates of the ultrasonic tests were conducted to investigate the repeatability of the test and
(as mentioned above) to evaluate the method of contact between specimens and transducers.
The results were transmitted to laptop through PL-Link software. The raw data were exported
to an Excel file for further signal processing using Matlab.

The test was conducted in normal room conditions with limited temperature fluctuations due
to air-conditioned (20-22°C). They were conducted in a Tasmanian spring in moderate weather
condition with a temperature range (15-23°C) and an average humidity level was normal at

around 60%).

(b) 57

(c) H, (d) H;

Figure 3: Different combinations of softwood/hardwood, and damaged/healthy, were tested—refer to keys in

Table 1 for sample configurations.

The tests were conducted on two types of wood: a softwood (Radiata pine or pinus radiata,

nominal density of 400 kg/m?, Figures 3a and 3b) and a hardwood (merbau or instia palembanica

, nominal density of 850 kg/m3, Figures 3c and 3d). Samples were fully seasoned and assumed

10
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to be at equilibrium moisture content for the conditions. However, since timber is a natu-
ral material, six specimen of each species were tested in this paper to establish the expected
variability. These were designated S1—Sg and H;—Hg for the pine and merbau specimens respec-
tively. Additional, a set of merbau specimens with natural radial cracks was tested, designated
C1-Cg. Superscripts r and ¢t on specimens with introduced holes indicate whether the specimens
were damaged in the radial or tangential direction respectively. In total, twelve conditions were
tested on specimens as listed in Table 1 and shown in Figure 3. It is assumed that the nominal
ultrasonic wave path (the direct line between transmitter and receiver) passed directly over the
defect in both tangential and radial directions.

Table 1: Tests were conducted for the twelve conditions shown. ‘NC’ indicates there were natural radial cracks
present. The sample designation is constructed using the code S, H or C for softwood, hardwood or hardwood
with natural radial cracks; subscripts 1-6 to indicate replicates of nominally identical conditions; and superscripts

t or r on only the damaged specimens to indicate the axis of the hole defect as being tangential to the growth

rings or in the tree’s radial direction.

Sample | Softwood | Hardwood | Healthy | Introduced | Test wave
hole damage | direction
S1 — Sg v - v - Radial
S1— S6 v - v - Tangential
St — St v - - Tangential Radial
Sy — Sg v - - Radial Tangential
Hy — Hg - v v - Radial
H, — Hg v v - Tangential
H! — H] - v - Tangential Radial
Hy — Hg - v Radial Tangential
Ch—Cg - v NC - Radial
Ch1—Cs - v NC - Tangential
Cct -4 - v NC Tangential Radial
cy—Cg - v NC Radial Tangential

4. Results and discussion

4.1. General observations on damage measures
Tables 2, 3 and 4 show the calculated values for the proposed DSFs, along with the time of
flight and the effective velocity of the ultrasonic wave propagation. The left halves of the tables

present results for testing in the radial direction, and include results for specimens with holes

11
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Table 2: Calculated DSFs for hardwood specimens (merbau) (V"/V*! = ratio of radial to tangential velocity)

No introduced defect

Radial wave testing direction

Tangential wave testing direction

Sample Sample VTVt
tr (us) V (m/s) DSF; DSF, tr (us) V (m/s) DSF; DSF,
H, 47.6 1891 64.48  51.94 H, 56.6 1590 45.68  61.89 1.19
Hy 49.2 1829 57.81  63.42 Hy 56.3 1599 65.67  76.71 1.14
H; 49.5 1818 60.52  62.75 H; 57.2 1573 53.93 57.64 1.16
Hy 49.4 1822 55.81  61.66 Hy 57.3 1571 56.51  58.96 1.16
Hsy 49.2 1829 54.85  47.75 Hy 56.3 1599 02.03  64.87 1.14
Hg 49.6 1815 56.16  55.84 Hg 57.5 1565 48.14  57.02 1.16
i 49.08 1834 58.27  57.23 - 06.87 1583 53.66  62.84 1.16
o 0.74 28.50 3.63 6.45 — 0.53 15.03 7.06 7.39 0.02
Small (6 mm) diameter hole defect
H! 48.4 1860 75.95  86.34 Hy 57.9 1554 96.66 103.41 n/a
H} 49.8 1807 81.63  86.33 HE 57.7 1560 88.98  94.50 n/a
HY 50.0 1800 85.13  86.47 Hg 58.3 1544 101.67 103.11 n/a
o 49.4 1822 80.90  86.38 — 27.97 1553 95.77  100.34 —
o 0.87 32.81 4.63 0.08 — 0.31 8.08 6.39 5.06 —
Large (13 mm) diameter hole defect
H! 48.4 1860 123.23 128.80 Hy 57.2 1573 128.29 132.92 n/a
H} 50.0 1800 143.13 152.51 HE 57.0 1579 109.93 127.59 n/a
HY 50.0 1800 107.03 125.04 Hg 58.5 1538 100.95 107.72 n/a
I 49.47 1820 124.46 135.45 — 57.57 1563 113.06 122.74 -
o 0.92 34.64 18.08  14.89 — 0.81 22.14 13.94  13.28 —

12
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Table 3: Calculated DSFs for hardwood (merbau) specimens with natural cracks (V"/V* = ratio of radial to

tangential velocity).

No introduced defect

Radial wave testing direction

Tangential wave testing direction

Sample Sample Vv
ty (us) V (m/s) DSF; DSF, ty (us) V (m/s) DSF; DSF,
Ch 48.5 1856 41.32  35.58 Ch 51.6 1744 62.32 71.35 1.06
Co 47.6 1891 48.73 43.46 Co 50.7 1775 53.21 38.04 1.07
Cs 479 1879 44.51 40.43 Cs 51.3 1754 52.60  75.40 1.07
Cy 48.4 1860 40.72 3491 Cy 51.1 1761 70.96 74.18 1.06
Cs 47.8 1883 46.75  40.04 Cs 50.5 1782 74.50 78.48 1.06
Cs 479 1879 49.32  46.41 Cs 50.4 1786 68.41  50.18 1.05
L 48.02 1875 45.23 40.14 — 50.93 1767 63.67 64.61 1.06
o 0.35 13.69 3.67 4.44 - 0.48 16.64 9.24  16.49 0.01
Small (6 mm) diameter hole defect
Ct 48.7 1848 03.44 54.74 Cy 51.6 1744 79.52  99.15 n/a
ct 48.0 1875 60.00 50.08 Cg 50.8 1772 69.83  74.66 n/a
C§ 48.2 1867 55.27  46.12 Cg 51.2 1758 62.07 7244 n/a
I 48.3 1863 56.24  50.31 — 51.2 1758 70.47  82.08 —
o 0.36 13.87 3.39 4.31 — 0.40 14.00 8.74 14.82 —
Large (13 mm) diameter hole defect

Ct 49.2 1829 73.20 70.94 Cy 52.0 1731 64.69  77.06 n/a
ct 48.3 1863 82.42  78.92 Cg 51.0 1765 96.41 111.36 n/a
Ct 48.2 1867 67.82 47.16 Cg 51.3 1754 60.52 67.74 n/a
o 48.57 1853 74.48  65.67 — 51.43 1750 73.87  85.39 —
o 0.55 20.88 7.38 16.52 — 0.51 17.35 19.63  22.97 —

13
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Table 4: Calculated DSFs for softwood (pine) specimens (V" /V* = ratio of radial to tangential velocity).

No introduced defect

Radial wave testing direction Tangential wave testing direction
Sample Sample VT vt
ty (us) V (m/s) DSF; DSFj tr (us) V (m/s) DSF; DSFj
S1 42.3 2128 85.41 82.51 St 71.0 1268 71.29 7277 | 1.68
So 42.1 2138 66.01  71.53 So 70.4 1278 71.68 75.55 | 1.67
Ss 42.5 2118 65.32 67.86 Ss3 68.5 1314 86.76  90.32 1.61
Sy 41.3 2179 61.33 71.66 Sy 64.7 1391 58.13 63.05 | 1.57
Ss 42.5 2118 80.01  85.90 S5 69.9 1288 4595 53.63 | 1.64
Se 43.9 2050 94.45 106.68 S 69.6 1293 62.38 64.12 1.59
1 42.43 2122 75.42  81.02 — 69.12 1305 66.03  69.91 1.63
o 0.85 41.85 13.21  14.39 — 2.27 44.74 13.92 12.67 | 0.04

Small (6 mm) diameter hole defect

St 42.5 2118 65.38  69.65 Sy 62.7 1435 65.74 68.92 n/a
St 42.6 2113 73.74  74.22 St 64.2 1402 56.43 62.81 n/a
St 42.8 2103 60.94 63.48 S 69.9 1288 64.49 66.06 n/a
o 42.63 2111 66.69  69.12 — 65.6 1375 62.22  65.93 -
o 0.15 7.64 6.50 5.39 — 3.80 77.13 5.06  3.06 —

Large (13 mm) diameter hole defect

St 42.3 2128 65.52  65.48 S 62.0 1452 56.29  59.26 n/a
St 42.7 2108 69.43 71.39 SE 62.7 1435 48.80 57.29 n/a
St 42.8 2103 65.69  65.37 S 69.7 1291 7391 73.12 n/a
i 42.6 2113 66.88 67.41 — 64.8 1393 99.67 63.22 —
o 0.26 13.23 2.21 3.44 — 4.26 88.46 12.89  8.63 -

14
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in the tangential direction, and while the right halves show tangential testing with radial holes.
This enables easy comparison of the effect of the introduced damage. A statistical analysis of
data in each column has been carried out and the mean and standard deviation of each column
have been presented in the Tables.

The time of flight and effective wave velocity (which is just the specimen width—90 mm in
this case—divided by the time of flight) are included as they are directly output by the Pundit
PL 200 and are a very widely used measures in ultrasonic testing. The premise on which these
are commonly used as damage indicators is that the wave velocity (for a given density) relates
directly to the elastic modulus, hence, if referenced to a benchmark, is a useful measure of the
average material quality. However, we see in all three tables that in each direction the change
in velocity when damage is introduced is indiscernible above the variation in velocity between
nominally identical samples. Furthermore there is considerable difference between different
species, and even between the radial and tangential directions within the same sample (by a
factor of 1.63 (mean value) for the softwood—the difference in the longitudinal direction for both
species would be even greater), so that no meaningful results are obtainable. The problem here
is that there has been no change to the material apart from drilling a hole, which is quite small
relative to both the cross section size (90 mm) and the acoustic wavelength (around 24-39 mm
depending on the specimen). There is no doubt that time of flight could still be a meaningful
measure of damage in situations where large internal areas of the wood are beginning to rot for
example.

Consider now the results for the proposed DSFs.

4.2. Hardwood

Figure 4 shows the box and whisker plots® corresponding to the statistics of DSF; for hard-
wood specimens when damage is introduced progressively. We see that without exception the
mean value of DSF; increases when the small hole is introduced. In fact (refer to Table 2) the
smallest DSF; of any sample with a hole present is larger than the largest DSF; of any intact
specimen. And with only the exception of HE, DSF; increases further when the hole is enlarged.

DSF; is therefore unambiguously detecting damage in the hardwood specimens.

In terms of using the filtered signal, the results for DSFy are presented both in Table 2 and
box and whisker plots of Figure 4. Accordingly one can see that results are quite insignificantly

affected by the filtering of the high frequency noise, where the increasing trend of the DSF9 with

n these plots the extremes of the ‘box’ represent the 25th and 75th percentiles respectively while the central

mark indicates the median, and the ‘whiskers’ represent the most extreme data points not considered outliers.
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Figure 4: Box and whisker plots of DSF; and DSF3 for the intact and artificially damaged hardwood specimens

without pre-existing crack in tests conducted across both radial and tangential directions.
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respect to the damage severity is perfectly preserved.

4.8. Hardwood with pre-existing cracks
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Figure 5: Box and whisker of DSF; and DSF5 for the intact and artificially damaged hardwood specimens with

pre-existing crack in tests conducted across both radial and tangential directions.

Table 3 and box and whisker plots of Figure 5 present respectively results of further tests
conducted on another set of hardwood specimens and their corresponding statistic values that
have natural splits in radial direction, designated C;. Thus, they have pre-existing damage
somewhat equivalent to the radial holes.

When tested with wave propagation in the radial direction, DSF; for the C' specimens was in
the range 40-50 with no introduced hole, increasing to 53—-60 for the small tangential hole and
67-80 for the large tangential hole (samples C}~C%). These results are just a little lower than
for the solid hardwood (H;) specimens, but still show a very clear increase with damage severity.
Thus the radial cracks appear to have had only a small effect on the overall magnitude when
testing in the radial direction, and did not upset the clear trend between DSF; and damage
severity.

On the other hand, for testing in the tangential direction there is no longer a clear trend of
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DSF; with hole size, and there is a lot of variation between nominally similar specimens. This
is because the cracks themselves (in addition to the introduced holes) represent damage that
has been detected by DSF;. Furthermore, the crack damage (being natural) is variable between
samples and clearly significant compared with the introduced holes. Therefore it is fully to be
expected that the tangential wave direction result show significant variation and no clear trend
with the introduced damage size. Unfortunately as the cracks are naturally formed it is not
possible to quantify them, hence the tests in this case can only validate the relationship of DSF;
to the presence of damage, not to its severity.

It can be concluded therefore that DSF; continues to be a good damage indicator for these
hardwood samples. Similarly again, Table 3 and Figure 5 show the sensitivity of the proposed

method to noise to be negligible, as evident from the results for DSF5.

4.4. Softwood
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Figure 6: Box and whisker plots of DSF; and DSF2 for the intact and artificially damaged softwood specimens

in tests conducted across both radial and tangential directions.

As can be seen from the results in Table 4 and box and whisker plots of Figure 6, DSF;

relates less clearly to the damage presence than for the hardwood specimens. However, even
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though the detection is less successful, the DSF4 results show that the detection method is still
insensitive to any high frequency noise in the detected ultrasonic signal.

Further work is recommended to adapt the proposed DSF to softwoods. One possible expla-
nation for the difference in behaviour is the significantly greater difference between the radial
and tangential moduli of elasticity in the softwood versus the hardwood (as evident from the
greater difference in wave propagation velocity). This is a question that numerical modelling

may help to explore.

5. Conclusion

In this paper, a method is proposed and tested for characterising hole defects in woods using
the signal recorded from an ultrasonic test. The signal is first decomposed into its constructive
modes using EMD. Then, for damage detection, a DSF is proposed as the largest eigenvalue
of the covariance matrix corresponding to all IMFs except the residual IMF. Two versions are
presented: DSF; derived from the noisy ultrasonic signal, and DSF5 corresponding to the same
DSF derived from the filtered signal using a low-pass filter with a cutoff frequency 500 kHz. Both
softwood and hardwood are studied in this paper. Several tests in both intact and damaged
specimens have been conducted across the radial and tangential directions. The key findings of

this study can be summarised as follows:

1. the proposed DSF proves to be highly successful in consistently and unambiguously iden-
tifying damage in hardwood specimens;

2. the DSF is able to identify both introduced holes and natural cracks, and correlates clearly
with the size of the introduced damage;

3. results in softwood specimens were not conclusive, and further work is recommended for
this application;

4. Tt has been shown that the proposed damage detection strategy is insensitive to noise, as
in almost all of the cases the trend of the change in DSF is very closely preserved when a

low-pass filter is applied.

A longer term objective is to investigate standing live trees, in which neither density nor
moisture content can be reliably measured or controlled throughout the full trunk thickness by
non-destructive methods. Therefore the paper has focused on detecting damage using damage
sensitive features that do not rely on measurement of these quantities.

This paper has mainly focused on characterising hole defects in wooden sections, but has
also been shown to be successful in identifying natural cracks. However, more investigation

of the robustness of the proposed DSF for characterising other types of damage in woods is
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recommended as the subject of future work, as well as to explore the effect of sample geometry on
damage detection using the proposed DSF. Further work could also include numerical simulations
to provide a better understanding of the physical basis of the DSF, as well as application to

other materials.
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