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the Forest Products Laboratory for this symposium. Each

Special events included a pre-symposium workshop on
nondestructive evaluation of trees that was held at Tijuca
National Park, Rio de Janeiro.

The 19th International Nondestructive Testing and Evalua-
tion of Wood Symposium was hosted by the University of
Campinas, College of Agricultural Engineering (FEAGRI/

UNICAMP), and the Brazilian Association of Nondestruc- atten.dee. received complimentary printed copies of these
tive Testing and Evaluation (ABENDI). It was held in Rio publications.

de Janeiro, Brazil, on September 23-25, 2015. This sympo- The technical content of the 19th symposium is captured in
sium was a forum for those involved in nondestructive the following proceedings. Full-length, in-depth technical
testing and evaluation (NDT/NDE) of wood and brought papers for the oral presentations and several of the poster
together many NDT/NDE users, suppliers, international presentation are published herein. The papers were not peer-
researchers, representatives from various government reviewed and are reproduced here as they were submitted by
agencies, and other groups to share research results, prod- the authors.

ucts, and technology for evaluating a wide range of wood
products, including standing trees, logs, lumber, and wood
structures. Networking among participants encouraged
international collaborative efforts and fostered the imple-
mentation of NDT/NDE technologies around the world. « Material Characterization
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The 19th symposium was especially important because, in « Evaluation of Solid Sawn Products
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held in South America. The opening session, “Importance
of Nondestructive Evaluation in a Global Forest Products « Standing Timber Assessment
Community,” included keynote speakers from around the
globe who presented the state-of-the-art in nondestruc-
tive testing and evaluation of wood. Special recognition  Urban Tree Assessment
at the symposium’s banquet was made to ABENDI and
the University of Campinas for their outstanding efforts in
support of this meeting. Engraved plaques were awarded « Biomass and Pulpwood Assessment
to representatives from ABENDI and the University of

 Evaluation of Engineered Wood Products

» In-Place Assessment of Structures

* Logs and Round Wood Assessment
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Abstract

The materials used in the study consisted of 720 small clear specimens of nominal dimensions 20 x 20
x 60 mm, of Turkish Red Pine (Pinus brutia) Lebanon cedar (Cedrus libani), Oriental beech (Fagus
oriantalis), and English oak (Quercus robur ) from Turkey. The specimens were grouped into 4
batches of 15 specimens each and were tested in the ETH laboratories in Zurich, Switzerland. The
influence of EMC was studied over four batches of 15 specimens each, conditioned for 6-8 weeks
before testing at a temperature of 20 £ 2°C and at four different relative humidities (50%, 65%, 85%,
and 95%). Time of flight value was measured with an ultrasonic commercial device Steinkamp BP-V.
Measurements were made end to end directions (L, R, T) on each specimen, with a constant sensor
coupling pressure. According to the time results of ultrasound devices, the wave velocities
(length/time) and Egy, were calculated. Samples were also tested in uniaxial compression in order to
determine E values in three orthotropic directions using a Zwick Z 100 universal testing machine. A
load cell with 100-kN maximum capacity was used for compression tests performed in all directions.
The feed rate was defined in such a way that the failure of the specimen should be reached in 90 (x30)
s. The strains were evaluated using the digital image correlation DIC technique. Wood MC was
determined by the oven-drying method. The R* values between E and Eayn ranged from 0.79 to 0.96
for the species tested. Moisture content seems to be an influencing factor on sound velocities.

Keywords: young modulus, prediction, ultrasound

Introduction

Compression properties, particularly Young’s modulus, in the three principal directions are important
in design of wood members in structures. Young's modulus, also known as the elastic modulus, is a
measure of the stiffness of an elastic material and is a quantity used to characterize materials. In
general, there are many physical parameters that may affect Young’s modulus such as moisture
content (MC), specific gravity, temperature, creep, knots, number of annual growth rings and grain
angle. Investigations regarding the influence of MC on Young’s modulus have shown that if MC
increases the Young’ moduli decrease. While the influence of MC on the mechanical behavior of
wood in the L direction is relatively well known (Gerhards 1982), investigations on the behavior in the
perpendicular directions (R and T) are limited. The interest on the moisture dependent orthotropic
behavior is not new. So far, only few studies studied moisture dependent elastic properties of wood in


http://en.wikipedia.org/wiki/Elastic_modulus
http://en.wikipedia.org/wiki/Stiffness
http://en.wikipedia.org/wiki/Elasticity_(physics)
mailto:niemz.p@ethz.ch
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the R and T directions (McBurney and Drow 1962; Hering et al. 2012a; Hering et al. 2012b; Ozyhar et
al. 2013). Furthermore, moisture-dependent wood strength in the R and T directions, remain widely
unrevealed for most wood species. The usable data are limited to a few references (Kretshmann and
Green 1996; Ozyhar et al. 2013). While selected moisture dependent elastic properties for some wood
species can be found in (Kretshmann and Green 1996; Ross 2010). Young’s modulus can be
determined using both destructive and non-destructive methods.

Use of non-destructive testing (NDT) and non-destructive evaluation (NDE) in the field of wood and
wood based materials is advancing every day. There are wide spread NDT techniques, equipment and
evaluation procedures available today which resulted from early NDT researches (Brashaw et al. 2009;
Dundar and Divos 2014). Ultrasonic wave velocity has more advantages over other techniques in
practical terms (Estaban et al. 2009).

The ultrasonic technique has been utilized in many applications including tree quality evaluation in
forests (Wang et al. 2004) and condition assessment of wood structures in service (Ross and Pellerin
1994). The ultrasonic modulus of elasticity determination in a solid depends on its elastic properties
and its density (Oliveira and Sales 2006). The velocity of sound in wood is influenced by many factors
such as moisture content, grain orientation, density, decay, temperature and geometry (Beall 2002;
Oliveria et al. 2005).

Information on the Young’s modulus of wood in the orthotropic directions is not available for
majority of Turkish species. Most of the studies deal with bending MOE, bending, tensile and
compression strength at constant MC. Although data needed for three dimensional modeling of
mechanical behavior depending on the MC change, no information is available for this purpose. In this
study, Young’s modulus in compression for some important Turkish wood species is determined by
non-destructive and destructive testing at different moisture conditions.

Materials and Methods
Materials

For the study, two softwood and two hardwood species are chosen. The sample trees for Sessile oak
(Quercus petraea) and Oriental beech (Fagus orientalis), were selected from a beech-oak mixed stand
in the Devrek Forest Region of the Western Black Sea region of Turkey. The sample tress for
Calabrian pine (Pinus brutia Ten.) and Taurus cedar (Cedrus libani) were selected from pine-cedar
mixed stand in the Bucak Forest Region of the Southwest region of Turkey.

The materials used in testing consisted of 720 small clear specimens of nominal dimensions 20 x 20 x
60 m. The specimens were grouped into 4 batches of 15 specimens each and were tested in the ETH
laboratories in Zurich, Switzerland. The influence of EMC was studied over four batches of nearly 15
specimens each, conditioned for 6-8 weeks before testing at a temperature of 20 + 2°C and at four
different relative humidity conditions (50%, 65%, 85%, and 95%).

Methods
Time of flight value was measured with an ultrasonic commercial device Steinkamp BP-V using
conical sensors of 22 kHz frequency. Measures were made end to end directions (L, R, T) on each

specimen, with a constant sensor coupling pressure. According to the time results of ultrasound
devices, the sound velocities (SV, length/time) and Edyn were calculated using the fallowing equation:

Eayn = p VZ 10° (1)
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Where Eqyn is the dynamic modulus of elasticity, in N/mm?, p is the density, in kg/m, V is
the velocity of the ultrasound wave, in m/s.

After completing ultrasonic measurements, uniaxial compression tests were carried out using a Zwick
100 universal testing machine at standard climatic conditions (65 % RH and 20 °C). To minimize the
influence of the MC change, specimens were tested immediately after removal from the climatic
chamber. Wood MC was determined by the oven-drying method. The feed rate was defined in such a
way that the failure of the specimen should be reached in 90 (x30) s. The strains were evaluated using
the digital image correlation (DIC) technique. A high contrast random dot texture was sprayed on the
surface of the specimen with air-brush to ensure the contrast needed for the evaluation of the
displacements. Pictures were taken with a frequency of 4 Hz of the cross-sectional surface area of the
specimen during testing. By means of the mapping software (VIC 2D, Correlated Solution), the
surface strains were calculated from the displacements that occurred during deformation. A more
detailed description of the strain computation by the DIC technique is given in Keunecke et al. (2008).
Density of the samples was calculated according to TS 2472. The stress-strain curves obtained were
used in order to evaluate Young’s moduli and strength properties of the specimens. The Young’s
modulus was calculated from the ratio of the stress ¢ to the strain € measured in the linear elastic
range:

Ao i2=0i1 .

Ei:ﬂ=MIER,L,T 2
Agj Ei2~ €1

Since the strength behavior of wood in R and T directions is obscure, maximum compression strength

was calculated using 0.2% yield values using following formula.

oUCS =P/ A (3)

Where; oycs represents yield strength, P . is the yield load and A is the cross-sectional area of the
specimen.

Analysis of variance (ANOVA) general linear model procedure was run for data with SAS statistical
analysis software to interpret the interrelationships among the properties measured of the clear wood
samples.

Results and Discussion

Average values for density, MC, sound velocities (SV), Edyn, Young’s modulus and compression
strength (CS) values of the specimens tested are presented in Tables 1-4. There was a good match
among the density values in the different MC groups. In comparison to available literature references
at similar MC, the measured density values were comparable. The ratios of SV and Young’s modulus
in the principal direction are presented in Table 5.

The SV values obtained in this study are similar to those reported by Bucur (2006) except Sessile oak
which has much lower SV values than common oak and many hardwood species. Results indicate that
there is negative weak correlation between density and SV for each species tested . There is a
contradiction in the literature on whether SV is correlated with wood density or not. Some authors
(Oliveria et al. 2002; llic 2003; Teles et al. 2011) identified that there is no relationship between
density and velocity while others (Oliveira and Sales, 2006; Baradit and Niemz, 2012) reported
positive relationship of density and velocity. Some authors (llic 2003; Krauss and Kudela 2011)
claimed that velocity is related to the micro-fibrilar angle while Gerhards (1982) and Beall (2002)
pointed out that grain angle has major impact on the SV.
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Table 1. Sound velocity, Edyn, Young’s modulus and CS values for Calabrian pine.

Direction Density MC Velocity (m/s) Eayn (N/mm?) Young’s CS

glem® (%) Mean cov (%) Mean cov (%) Modulus Mean cov(%)

Mean cov (%)
L 0.53 10.57 5302 3.66 14968 10.26 9131 19 3842 6.67
R 0.53 10.76 2304 4.86 2860 12.08 1114 19 8.70 12.23
T 0.55 10.89 1680 4,02 1545 7.54 646 11 7.55 5.38
L 0.53 13.47 5045 3.26 13240 8.86 8650 14 33.14 578
R 0.53 12,76 2261 4.31 2713 10.57 917 16 8.25 10.69
T 0.54 1342 1651 2.97 1480 5.58 624 14 6.71 7.23
L 0.52 19.85 5016 4.29 13222 9.32 7731 16 2442 6.71
R 0.54 20.00 2120 6.36 2451 14.97 766 9 5.83 9.2
T 0.55 20.05 1570 1.84 1354 3.78 431 14 4.67 4,98
L 0.56 2435 4821 3.45 13085 8.18 7380 13 21.16 5.15
R 0.57 24.64 2037 4.28 2360 8.07 676 15 5.21 5.49
T 0.56 24.37 1504 1.97 1265 3.60 402 23 3.85 8.26
Table 2. Sound velocity, Edyn, Young’s modulus and CS values for Taurus cedar.

Direction Density MC Velocity (m/s) Edyn (N/mm?) Young’s modulus CS

glem® (%) Mean cov (%) Mean cov (%) Mean cov(%) Mean cov (%)
L 0.54 10.74 4458 541 10706  12.80 7857 18 4582 6.41
R 0.58 10.88 2243  2.26 2933 7.96 1298 16 9.84 1.51
T 0.58 10,50 1902 5,01 2107 8,04 716 14 6.90 19.03
L 0.57 12,89 4388 7,55 10929 11,59 7496 11 41.33 5.98
R 0.57 12,87 2142 3,29 2605 11,74 974 21 9.21 13.03
T 0.53 1480 1756 2,11 1641 7,94 663 21 6.17 13.87
L 0.62 20,59 4229 9,27 11115 13,66 6831 10 3580 7.18
R 0.57 20,27 20,39 2,23 2360 9,41 850 11 7.86 11.63
T 0.54 20,72 1678 2,76 1532 8,49 490 19 5.20 10.42
L 0.59 26,05 4406 6,64 11428 9,03 6683 18 31.02 8.09
R 0.59 26,05 2001 2,87 2387 9,30 809 9 7.15 8.68
T 0.56 2350 1612 2,40 1445 8,09 437 23 4.46 12.85

Table 3. Sound velocity, Edyn, Young’s modulus and CS values for Oriental beech.

Direction Density MC Velocity (m/s)  Egyn (N/mm?) Young’s Modulus  CS

g/cm3 (%) Mean cov (%) Mean cov (%) Mean cov(%) Mean cov (%)
L 0.68 10,65 5168 4,09 18235 8,40 14092 24 5413  23.67
R 0.66 10,23 2244 1,42 3302 4,10 2137 26 14.04 7.86
T 0.64 10,97 1572 1,87 1586 7,08 902 14 8.40 24.17
L 0.69 13,40 5100 527 17941 8,95 13360 10 49.07 19.12
R 0.67 11,82 2200 1,69 3222 3,11 1684 21 12.60 5.99
T 0.64 13,64 1560 2,22 1568 9,04 824 8 7.65 21.65
L 0.68 16,53 4792 4,72 15732 8,94 11586 18 38.88 15.73
R 0.68 16,53 2070 1,52 2926 3,19 1481 8 10.81 10.61
T 0.64 16,62 1500 2,04 1442 8,11 706 11 6.58 38.51
L 0.67 20,36 4901 2,56 16176 4,89 10135 12 3391 14.60
R 0.68 20,40 2032 1,09 2794 3,18 1214 10 9.29 15.00
T 0.65 20,95 1495 247 1455 9,80 616 17 5.96 36.65

In general, the results indicate clear differences between the SV along the principal directions (SVL >
SVR> SVT). The ratios found in this study are somewhat smaller than those reported by Bucur (2006),
Keunecke et al. (2011) and Baradith and Niemz (1012).

10
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Table 4. Sound velocity, Edyn, Young’s modulus, and CS values for Sessile oak.

Direction Density MC Velocity (m/s) Edyn(N/mmz) Young’s Modulus CS

g/cm3 (%) Mean cov (%)  Mean cov (%) Mean cov (%) Mean cov (%)
L 0.65 12,27 4168 4,66 11239 13,06 8305 30 3757 2420
R 0.72 11,60 2001 2,61 2890 4,41 2001 21 1432 833
T 0.67 11,95 1661 1,34 1864 4,80 1249 12 1023 1321
L 0.66 12,81 4160 4,67 11505 9,16 7691 21 3486 15.11
R 0.73 13,78 1996 2,81 2895 4,24 1883 31 1276 745
T 0.67 14,33 1638 1,09 1792 4,12 1033 15 9.08 17.61
L 0.68 20,81 4042 5,92 11088 14,07 6583 32 2720 13.79
R 0.72 18,50 1882 2,46 2560 3,89 1312 25 10.23  12.63
T 0.68 20,93 1592 0,76 1729 2,51 892 32 7.55 25.93
L 0.70 23,38 3912 755 10752 16,34 5016 37 2532 1154
R 0.79 20,67 2615 3,51 2615 3,51 1132 31 9.60 13.65
T 0.68 22,16 1589 141 1723 4,10 715 18 7.14 28.50

Table 5. Ratios of sound velocity and Edyn for the main directions

Species MC (%) Ratio of sound velocities | Ratio of Young’s
(T:R:L) modulus (T:R:L)
Calabrian pine 10-11 1:1.37:3.15 1:1.72:14.13
13-14 1:1.36:3.05 1:1.46:13.86
16-17 1:1.45:3.19 1:1.77:17.93
20-21 1:1.35:3.20 1:1.68:18.35
Cedar 11-12 1:117:2.34 1:1.72:10.97
13-14 1:1.21:2.49 1:1.46:11.30
18-20 1:121:252 1:1.73:13.94
21-23 1:1.24:2.73 1:1.85:15.29
Oriental beech 10-11 1:142:3.28 1:2.36:15.62
13-14 1:1.41:3.26 1:2.04:16.21
16-17 1:1.38:3.19 1:2.09:1641
20-21 1:1.35:3.27 1:1.97:16.45
Oak 11-12 1:1.20:2.50 1:1.60:6.64
13-14 1:1.21:253 1:1.82:7.44
19-21 1:1.18:2.53 1:147:7.38
21-23 1:1.64:2.46 1:158:7.01

The softwoods Calabrian pine and cedar significantly differ regarding their SV in the longitudinal
direction at 20 °C and 65% RH. Their SV are identical in the perpendicular directions. Average SV
ranged from 4821 to 5302 m/s parallel to grain direction and 1504 to 2304 m/s perpendicular direction
for Calabrian pine. Average SV ranged from 4229 to 4458 m/s parallel to grain direction and 1612 to
2243 m/s perpendicular direction for cedar. Although cedar has higher average density than Calabrian
pine, its SV was lower for all principal directions. The higher SV of Calabrian pine can be due to
longer fiber length.

The hardwoods Oriental beech and Sessile oak also clearly differs concerning their SV in the
longitudinal direction at all humidity conditions. Their SV are similar in the perpendicular directions.
Average SV ranged from 4901 to 5168 m/s parallel to grain direction and 1495 to 2244 m/s
perpendicular direction for Oriental beech. Average SV ranged from 3912 to 4168 m/s parallel to
grain direction and 1589 to 2615 m/s perpendicular direction for sessile oak. Although Sessile oak has
higher average density than Oriental beech, its SV was lower for all principal directions. Oriental
beech has also longer fibers than sessile oak which has also large earlywood pores and rays. The SV of
Sessile oak is much lower than those reported for common oak (Bucur 2006). According to Beall
(2002) the SV in the radial direction range from 1000 to 2000 m/s and can be twice as the SV in the

11
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tangential direction. The results obtained between species indicated that SV tends to decrease with
increasing density. While oak had the highest average density, it had the lowest average SV.

In general, there is a good negative correlation between MC and SV, and the correlations are higher in
perpendicular directions (Table 5). According to Gerhards (1982) SV decreases by 1% when the MC
increases by 1% within the hygroscopic range. The SV in all directions seem to decrease with
increasing MC except Sessile oak samples tested at 20 °C and 95% which showed an increase in
comparison to other levels of RH. The rate of change with changing humidity (%) ranged from 0.36
for Cedar in L direction to 1.38 for Cedar in T direction. SV in Calabrian pine showed the closest rate
of decrease with increasing MC confirming Gerhards (1982) statement. In the L and T directions,
Sessile oak wood showed very low rate of decrease in sound velocity with increasing MC. The effect
of moisture content (MC) on velocity has been studied by number of researchers, who have shown that
the velocity of acoustic waves decreases with moisture content up to the fiber saturation point (Booker
et al. 1996; Bucur, 2006; Gao et al. 2011).

The wood species tested clearly differ regarding their calculated Young’s moduli. Between softwoods,
the values of Cedar are lower than those of Calabrian pine, although Cedar has slightly higher average
density (0.56 g/cm3) than Calabrian pine (0.54 g/cm3). Between hardwoods, Sessile oak wood has
higher density (0.69 g/cm3) than Oriental beech (0.66 g/cm3) but its average calculated Young’s
moduli values are lower.

The Egqy, calculated from sound propagation is much higher than the static Young’s modulus because
the measurements were not corrected with the Poisson’s ratios. According to Bucur (2006) the
ultrasonic values of Young’s modulus, EL, are slightly higher than the corresponding static measured
moduli, under compression. It is known that dynamically determined elastic properties are 10-20% (or
even more, depending on the frequency of ultrasonic waves) increased compared with statically
calculated values (Keunecke et al. 2011).

In general, Young’s modulus in all anatomical directions tended to increase at lower MC as expected.
The three Young’s moduli values are affected by moisture, but to a different degree. Young’s modulus
in the direction perpendicular to the grain changes with MC at higher rates. It seems that anisotropy is
higher for Oriental beech and Calabrian pine than Sessile oak and Cedar. It was reported by Baradit
and Niemz (2012) that anisotropy is higher in softwood than hardwoods in Europe while it is contrary
for some Chilean wood species. Bodig and Jayne (1993) stated that EL:ET ratio is nearly 24:1 in
softwoods while Bucur (2006) reported the largest EL:ET ratio which is nearly 28:1 for Scotch pine.
Similar trend in mechanical properties due to the MC changes was reported by Gerhards (1982), Ross
(2010), Hering et al. (2012a) and Ozyhar et al. (2013). The ratio of Young’s modulus in L, Rand T
directions was approximately 16:2:1 for Oriental beech which is identical to European beech (Hering
et al. 2012a). Sessile oak had the lower difference between the parallel and perpendicular to the grain
values which is similar to results reported by Bucur (2006) and contrary to those reported by Baradit
and Niemz (2012) for the Chilean hardwoods. The ratios calculated in this study are clearly below
those published by Bodig and Jayne (1993).

Depending on the type of species, the ratio of CS parallel to the grain to that perpendicular to the grain
varied between 3.54 and 6.64 that are lower than those reported for poplar, fir, and pine (Aydin et al.
2007) and similar to those stated by Kretschmann and Green (1996). The corresponding value is 6.69
for cedar and 3.54 for Sessile oak due to its lower anisotropy. The ratios of between principal direction
is almost constant for Sessile oak, higher for increasing MC for Calabrian pine and lower for
increasing MC for Oriental beech and Taurus cedar. The effect of MC on CS is the highest for
Calabrian pine while it is the lowest for Taurus cedar

CONCLUSIONS

Compression properties of species tested in all anatomical direction can be predicted using sound
velocity. The coefficient of correlations between Egy,, and Young’s modulus; Eqy, and CS are
significantly high. The ratios of Egy,, Young Modulus and CS in principal anatomic directions are
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similar to those reported in the literature. The effect of MC on SV is more pronounced than density of
the samples. The differences between the parallel and perpendicular to the grain values for the species
tested seem to be influenced by the MC and anatomical structure. In general, the ratio between main
directions is increasing with increasing MC. The Young’s modulus in principal directions significantly
different among the species tested. Sessile oak showed the minimum anisotropy while oriental beech
showed the maximum. The effect of MC on strength is more noticeable than elasticity for the species
tested. Compression properties of Calabrian pine seemed to be more sensitive than other species
tested.
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Abstract

In wood, the decay generated by the action of fungi is one of the most recurring defects causing
degradation and making its detection extremely important. The objective of this study was to evaluate the
viability to detect the evolution of degradation of wood causing by action of fungi using ultrasonic
tomography (equipment and software) performed in Brazil. To achieve this goal we used five Pinus sp.
discs inoculated with the fungi from the specie Lentinula edodes which acted on the material for 11
months. During the period we measured the weight change, performed ultrasound tests on the discs and
generated the corresponding images. The technology was able to detect and track the degradation of wood
and the detection was consistent with the weight loss of the discs.

Keywords: Ultrasonic tomography, action of fungi, degradation of wood.
Introduction

The construction of images from the internal structure of trees is possible using wave propagation
parameters, producing ultrasonic tomography, which may be based on propagation delay time, amplitude
or frequency response (Bucur 2005).

The fungi are considered the most effective microorganisms in the biodegradation of wood (Rowell,
2005). Its action is caused by the consumption of the cellulose and hemicellulose of the cell walls while
the lignin is maintained, making the wood less resistant and propitious to rupture. They may also generate
cavities inside the trunk, making the timber less resistant in bending (Piccinin, 2000). For inspection
matters, this degradation is usually divided into incipient, intermediate and advanced. In the advanced
stage, the cellular structure of the wood is destroyed by hydrolase and oxidase enzymes (Arantes and
Miracles 2009).

Deflorio et al (2007) inoculated artificially 6 types of fungi in trunks from four wood species (Douglas fir,
Beech , Oak and Sycamore ) and analyzed the images produced by acoustic tomography ( stress waves )
of the logs after 2, 6, 16 and 27 months after inoculation. The trees were 40 to 70 years old and had


mailto:Raquel@agr.unicamp.br
mailto:E-mail:ssapalma@gmail.com
mailto:alexjuliotrinca@gmail.com

General Technical Report FPL-GTR-239 « Proceedings: 19th International Nondestructive Testing and Evaluation of Wood Symposium

diameters ranging from 414-498 mm. To determine the final weight loss (after 28 months after
inoculation), the authors used a healthy tree disc from each species as reference. Even considering the
large diameter and the old age of the trees, the authors have obtained high weight losses (up to 54.6 %)
for some types of fungi. Tomographic images only showed deterioration for the Sycamore specie (with
lowest density) and the beginning of the deterioration was visible on the images starting at 2 months of
inoculation.

The pine specie has low resistance to degradation by decay fungi (Ziglio, 2010) and high susceptibility to
be attacked by xylophagous organisms. For this reason it is widely used in trials aiming the deterioration
analysis.

Acoustic methods are used successfully in tree assessments, complementing the visual inspections. Its use
is possible because the wave propagation is affected by the presence of materials with different acoustic
impedance characteristics, such as, defects or irregularities of different patterns (grain deviation, resin
bags, etc.) and anomalies caused by biological attacks by insects and fungi (Bucur et al. , 2006) . When
the propagation is affected there is variation in wave velocity and amplitude of the signal emitted, which
can be detected by equipment and studied for the development of a behavioral profile. Technological
advances in techniques and equipment allow improvements in inspection reports (Oliveira, 2001).

The fungus Lentinula edodes (shitake), used in this research, belongs to the class of Basidiomycetes,
classified as white rot. Its action occurs by the deterioration without any discrimination between
polysaccharides and lignin. During the attack, the wood usually has whitish appearance. The attack of this
fungus causes gradual erosion of the cell wall, but also the lignin (Rowell 2005). Although lignin resist
the attack of most microorganisms, white rot fungi are capable of degrading lignin efficiently (Wong
2009). The main conditions for the development of fungi in wood pieces are wood moisture content
above 20%, low-light environment, temperature ranging between 25 and 30 ° and oxygen availability
(Gonzaga, 2006).

This research aimed to evaluate the performance of ultrasonic tomography using Brazilian technology
(equipment and software), in monitoring the evolution of the wood degradation by fungi attack.

Methodology

To follow up the evolution of fungi degradation on wood we used 5 Pinus elliottii discs. The diameters of
the discs had around 300 mm and 440 kg.m™ average density (12% moisture content). The disks were
freshly cut (saturated condition) and free of contamination, fundamental condition for fungi development.
For the inoculation we used 30 strains of Lentinula edodes fungus (shiitake).

Initially we cleaned the surface of the disk to receive the fungi, following we drilled a hole to insert the
strains and finally we covered the strains with the waste from drilling (Figure 1). After this preparation
the disks were placed in wet room with low light and humidity control and temperature
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Figure 1. Lentinula edodes fungus inoculation process in Pinus elliottii discs.

The first ultrasonic measuring of each disk was performed before the inoculation. The second
measurement of the discs was performed 3 months after inoculation and other four measurements every 2
months, a total of 11 months of measurements. Measurements were performed with ultrasound equipment
developed in the research group in partnership with spin-off company (USLab , Agricef , Brazil) and 45
kHz dry points transducers. In addition to ultrasound measurements, we also monitored the loss of mass
of the discs measuring its weight.

Ultrasound measurements on the discs (Figure 2) were performed using diffraction mesh (Figure 3),
already used by several researchers (Divos , 2002 and Secco , 2011). For these measurements the
transmitter transducer is positioned on one point of the mesh while the receiver transducer is placed in the
other points, so that the wave propagation occurs under different routes (Figure 2).

Figure 2: Example of ultrasonic tomography in a disc.
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fungos disco 1 situacio 5

Figure 3. Wave propagation routes in diffraction mesh

The measurement results in diffraction mesh were used in a software also developed by the research
group (ImageWood 2.0). With this software we generated the ultrasonic tomography images.

In each disc we used two velocities ranges (colors). The lower velocity obtained in each disc before the
fungi inoculation was always set as the minimum velocity of the disk in the subsequent measurements
(after inoculation). This reasoning has been done in order to take into account the disk areas that, since the
initial situation, had lower velocities due to some internal uniqueness.

Results

Although we adopted the more visually similar disks, the initial condition of each one was not exactly the
same. This differences on initial condition was reflected in the initial ranges of velocity obtained before
inoculation, and also in the advancement of degradation over time.

The Images generated by ImageWood 2.0 over time showed evolution of the zones with velocities lower
than the minimum obtained in the initial condition (yellow areas) - Example in Figure 4. According to the
methodology used to generate the images, zones with velocities below the minimum obtained in the
initial condition represent the degraded areas of the disk.

In neither disk the images indicated degradation in the first 3 months after inoculation. Except for one of
the disks in which the images indicated the presence of damaged areas only after 11 months of
inoculation, the others showed significant deterioration after 7 months.

The results of images after 11 months of inoculation showed degraded areas filling almost all area of the
disks. These images correspond to actual condition of the discs, because they all had soft the internal
structure and no resistance. The results of images also corresponded, approximately, to the weight losses
of the disks (Figure 5).
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Initial Condition After 3 months After 5 months
After 7 months After 9 months After 11 months

Figure 4. Example of images generated by Wood Image 2.0 software during the development of fungi on the disk 2.

The yellow areas indicate limited speed ranges the minimum speed obtained at the initial condition.
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Figure 5. Behavior of the variation in weight of the disks during the analysis period of degradation
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CONCLUSION

Tomographic images produced with the equipment and software developed in Brazil described adequately
the evolution of fungi degradation of the discs and the results was compatible with the mass loss of the
disks and the visual analysis.
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Abstract

This study aims to investigate the potential of ultrasound wave to detect defects in 19 years old of two
species of African mahogany planted in Brazil. Were used five 76 x 5 x 5 cm samples from each species
with different types of defects, and were conditioned to 12% moisture content. The samples were scanned
with ultrasound wave in longitudinal direction and every 2,54 cm in radial and tangential directions along
the samples. It was possible to identify end split and pin knots in Khaya ivorensis and reaction wood in
Khaya senegalensis wood. Beetle galleries did not affect wave velocities in Khaya senegalensis wood.
Grain angle had a large effect in ultrasound velocities in radial and tangential directions. Khaya
senegalensis exhibit lower longitudinal velocities related to larger amount of interlocked grain in this
species. The ultrasound waves can be useful in lumber classification process in wood industry.

Keywords: Khaya ivorensis. Khaya senegalensis. Nondestructive test

Introduction

African mahogany has been an important multipurpose species in its natural range in Africa. It is valued
for a range of non-timber traditional use products. Khaya is a genus of seven species of trees in the family
Meliaceae, native from this continent and called African mahogany, the only timber widely accepted as
mahogany besides the South American mahogany from genus Swietenia (Arnold, 2004; Robertson and
Reilly, 2012).
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The use of ultrasonic wave propagation as a hondestructive testing method has proved to be a viable
method to characterizing wood. Research on ultrasound method has evidence the efficacy of the method
to determine the mechanical properties of wood. The method was tested and significant correlations were
found between nondestructive and destructive results (Karlinasari, 2006).

Detection of defects in wood by nondestructive ultrasonic methods have been investigated by many
researchers with a variety of ultrasonic parameters (McDonald, 1980; Patton-Mallory and Degroot, 1990;
Ross et al., 1992) showing that ultrasound method can detect defects in wood, like knots, interlocked
grain, bark pockets, insect holes, splits, decay, and reaction wood.

Based on studies that showed the effects of defects change ultrasonic signal propagation in wood, this
study aims to scan African mahogany (Khaya ivorensis and Khaya senegalensis) wood samples searching
for variations in wood (sapwood/heartwood, grain angle, knots, and end checks reaction wood) using
ultrasound waves.

Material and Methods

The species studied were two 19-year-old African mahogany species (Khaya ivorensis and Khaya
senegalensis) from Vale Nature Reserve located in Sooretama, ES, Brazil. Five trees from each species
were cut and sawed into boards. After air dry (9 month), 5x5x76 cm static bending test specimens (ASTM
D143, 2005) were cut and conditioned into 12% moisture content. Six samples of Khaya ivorensis and
seven samples of Khaya senegalensis showed different characteristics and defects were selected for this
study.

Nondestructive testing was conducted by ultrasonic wave velocity measurements. The wave propagation
was measured by Sylvatest Duo® (f=22kHz) ultrasonic device. The equipment consists in two
accelerometer transducers located in opposite sides of the material that was being evaluated. The wave
flows through the wood from one transducer (transmitter) to other one (receiver) and the time in
microseconds is recorded by the equipment.

Twenty-eight readings of propagation times were taken at intervals of 2.54 cm along the specimen in

radial and tangential directions and two readings in longitudinal direction were collected while the
velocities of wave propagation in all three directions were calculated.

Results and Discussion

Average velocities and coefficient of variation for longitudinal, radial, and tangential directions, specific
gravity and wood characteristics of the two species of African mahogany specimens are shown in Table 1.

Table 1. Average of wave velocities, specific gravity, and wood characteristics of Khaya ivorensis and
Khaya senegalensis samples

SPECIES EAM " I\_/oEnIE:;(l?[S(;L:I (m/;)adial Tangential (Sk(g;]..m's) Characteristics
1 5135 (11729852) (13%?;; 566 ir?:zck "o
2 4903 (251;3;; (14‘_1453 510 No defects
Khaya ivorensis 3 4967 (239(?63; (117()?1%) 557 Pin knots
4 4935 (21356% (137391) 486 Pin knots
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5 5170 2381

1539

Sapwood +

(2.29) (3.98) 541 heartwood
6 4779 (2332595) (125;"52) 566 Sapwood
Average ?295?51) (24:!?65) (146:33; 56:53.33)
1o oo am 57 hwwood
2 4343 (2322251) (159585) 783 Heartwood
Khaya senegalensis 3 aan (22933? (125-5?02) 709 zaez\::\f[(i);):
4 4903 éfig éﬁiﬁ 795 wood+  beetle
gaIJerles _
5 5170 égig iﬁgﬁ 758 \&ﬁidf'reiiﬂﬁz
galleries
6 4393 (225775 (129563 737 No defects
7 4841 (23‘}57? (139311) 707 No defects
o

** Parentheses: coefficient of variance (%).

For Khaya ivorensis wood samples, the average longitudinal velocities ranged from 4780 to 5170 m/s.
Radial velocities ranged from 1724 to 2630 m/s and in tangential direction from 1087 to 1923 m/s. In
Khaya senegalensis wood specimens, the longitudinal velocities ranged from 4294 to 5171 m/s. In radial
direction velocities ranged from 1515 to 2940 m/s. Tangential velocities ranged from 1390 to 2380 m/s.
Higher specific gravity were found in Khaya senegalensis wood, ranging from 567 to 795 kgm™. In

Khaya ivorensis it ranged from 486 to 566 kgm™.

K. ivorensis sample no. 1 with a 45° grain orientation showed high tangential and reduced radial
velocities (Fig. 1-a). A tangential end check was easily detected by the ultrasound techniques (higher
coefficient of variation in radial velocities). Sample no. 2 with no defects showed radial velocity 47%
higher than tangential velocity (Fig. 1-b). Pin knots changed tangential velocities in sample no. 3 (Fig. 1-
c), but were not detected in sample no. 4 (Fig. 1-d) because there were reduced amount of defects. Sample
no. 5 (Fig. 1-e) made with sapwood and heartwood had greater longitudinal velocity if compared with

sapwood sample no. 6 (Fig 1-f).

K. senegalensis sample no. 1 (Fig 2-a) made with sapwood had greater longitudinal velocity if compared
with sapwood/heartwood sample no. 2 (Fig. 2-b) and heartwood sample no. 3 (Fig. 2-c). Reaction wood
in sample no. 4 (Fig. 2-d) and no. 5 (Fig. 2-e) increased in longitudinal velocities. Beetle galleries in the
same samples did not affect radial and tangential ultrasound velocities. Sample no. 6 (Fig. 2-f) showed
low longitudinal velocity (interlocked grain). No defects in sample no. 7 (Fig. 2-g) showed radial velocity
28% higher than tangential velocities. Samples with 45° grain had low difference between radial and

tangential velocities.
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The velocities in sapwood, heartwood, reaction wood, grain angle, pin knots, and beetle galleries on
ultrasound velocities for Khaya ivorensis wood are shown in Figure 2 and Khaya senegalensis wood are
shown in Figure 3.
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Figure 2. Ultrasonic measurements in Khaya ivorensis wood specimen: a) 45° grain + end check; b) no
defects; ¢ and, d) pin knots; e) sapwood/heartwood; f) sapwood
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Figure 3. Ultrasonic measurements in Khaya senegalensis wood specimen: a) sapwood/heartwood; b)
heartwood; c) sapwood; d) reaction wood and beetle galleries; ) 45° grain + reaction wood; f and g) no
defects.

Longitudinal velocities in K. senegalensis wood were lower if compared to K. ivorensis. Interlocked grain
present in K. senegalensis wood is the reason for reduced velocities. No correlations were found between
specific gravity and longitudinal velocities for Khaya ivorensis (r>=0.02) and a low correlation were
found for Khaya senegalensis (r>=0.20). Oliveira and Sales (2005) reported that the ultrasonic velocity
tends to increase with increasing wood density. Vun et al. (2002) studying ultrasonic transmission
systems for measuring OSB properties as panel density, flake alignment level, and layering structures
reported high correlation between wave transmission velocity and density.

Higher longitudinal velocities were found in sapwood/heartwood in Khaya ivorensis and in sapwood for
Khaya senegalensis. This may occur because adult wood has better wood properties in the
sapwood/heartwood transition areas. Sapwood may be heavier than heartwood at the time of cutting the
tree due to higher moisture content. However, the basic density may be less than that of heartwood
because of the absence of materials that may have been infiltrated into heartwood (Panshin and De
Zeeuw, 1980; Wellwood and Jurazs, 1968).
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A large end split and pin knots in Kaya ivorensis were detected by the increasing the ultrasound time of
flight. Fuller et al., (1995) concluded that defect, such as a knot, checks, and honeycomb, in a small
increase in transit time tended to result in a localized increase in transit time. Sound transmission time
perpendicular to the grain was significantly increased by the presence of honeycomb and surface checks
in red oak lumber.

Reaction wood in Khaya senegalensis increased the ultrasound velocities in all three directions. The
higher group velocity values in tension wood could be related to the longer fibers and to the existence of
the G-layer. Bucur and Feeney (1991) reported higher sound velocity values in beech tension wood. In
reaction wood and normal wood of two species, wave velocity variations were greater in the longitudinal
direction than in the transverse direction.

Nondestructive tests such as those involving ultrasound have been developed to detect reaction wood
(Bucur, 2003). Ultrasonic waves are affected by the anatomical structure of wood. Thus the main
descriptors of ultrasonic waves (velocity, rate of energy flow, and attenuation) change during propagation.
As the anatomical structure of reaction wood differs from that of normal wood, some differences may be
observed in the wave descriptors (Saadat-Nia et al., 2011). The main problem associated with the quality
and use of wood and timber containing reaction tissue is that their shrinkage characteristics differ from
those of adjacent normal wood (Barnett and Jeronimidis, 2003).

Conclusion
Adult wood had greater velocities if compared to juvenile wood. It was possible to detect an end crack
and pin knots in Khaya ivorensis wood and reaction wood in Khaya senegalensis. However, it was not

possible to detect beetle galleries in Khaya senegalensis wood. Grain angle had a large effect in
ultrasound velocities in radial and tangential directions for both species.
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Abstract

The use of a variety of stress wave transmission techniques for the in-service condition
assessment of deteriorated wood is well documented. This paper summarizes results from an
extensive study designed to examine the relationship between ultrasound transmission times and
the deterioration of exposed wood. Two hundred seventy (270) southern pine lumber specimens
were evaluated nondestructively using a through transmission ultrasound technique after field
exposure for periods of up to fifty seven (57) months. Ultrasound transmission times increased
with exposure time. Several statistical models of the relationship between transmission time and
length of exposure were developed and are presented.

Keywords
Ultrasound, stress wave transmission, deterioration model, weathering, exposure

Introduction

Wood is used extensively for both interior and exterior applications in the construction of a
variety of structures (residential, agricultural, commercial, government, religious). The
deterioration of an in-service wood member may result from a variety of causes during the life of
a structure. It is important, therefore, to periodically assess the condition of wood used in
structures to determine the extent of deterioration so that degraded members may be replaced or
repaired to avoid structural failure. An assessment is especially critical for building officials in
municipalities affected by catastrophic events.

Assessment of the condition of wood in a building can be conducted for a variety of reasons.
Code compliance, historic preservation, or alternative uses of a structure are frequently cited
reasons for conducting a condition assessment. A structural condition assessment consists of the
following: 1) a systematic collection and analysis of data pertaining to the physical and
mechanical properties of materials in use; 2) evaluation of the data collected; and 3) providing
recommendations, based on evaluation of the collected data, regarding portions of an existing
structure that affect its current or proposed use. Such an assessment relies upon an in-depth
inspection of the wood members in the structure. A wide variety of techniques are used to assess
the condition of wood in structures. Visual assessment, probing, resistance drilling, and stress
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wave or ultra-sound-based techniques are all used either individually or in combination to
evaluate the condition of in-service members (Ross and others 2006).

The use of a variety of stress wave transmission techniques for the in-service condition
assessment of deteriorated wood is well documented, from the evaluation of historic artifacts
(Dundar and Ross 2012) to timber bridges (Brashaw and others 2005a; Brashaw and others
2005b; Emerson and others 2002; Ross and others 1999), to historic structures and ships (Allison
and others 2008; Clausen and others 2001; Ross and others 1998; Ross and Wang 2005; Wang
and others 2008). Of particular note are the Wood and Timber Condition Assessment Manual-
Second Edition (White and Ross 2014) and an extensive literature review on the use of
ultrasound techniques for evaluating wood by Senalik and others (2014).

Pellerin and others (1985) were the first to report on a systematic examination of the effect of
biological attack on the acoustic properties of clear wood. They used small, clear southern pine
specimens in a laboratory study designed to examine the effect brown-rot decay fungi and
termite attack have on acoustic velocity and static strength. Time-of-flight measurements,
parallel to the fiber axis, were made using a pitch/catch system on specimens after various
exposure times. They observed a considerable change in acoustic time-of-flight with exposure
time. More importantly, they were able to conclude the following:

1. Changes in time-of-flight occurred well before measureable weight loss (density), and
before strength loss, were observed.

2. Significant correlation was observed between residual strength and acoustic time-of-flight.

3. Because termite attack was preferential to the early wood sections of the specimens, time-
of-flight measurements parallel to the fiber axis were not useful for monitoring changes in
corresponding strength.

DeGroot and others (1994, 1995, 1998) reported on a follow-up study they performed to examine
both energy storage and loss parameters for monitoring the deterioration of clear wood when
exposed to natural populations of decay fungi and subterranean termites. They used a pulse echo
test setup (Ross and others 1994) to measure speed of sound transmission and wave attenuation,
parallel to the fiber axis, in small clear southern pine specimens in field exposure conditions and
developed empirical models which used both parameters that were capable of predicting residual
compressive strength with a high level of accuracy (Ross and others 1996, 1997). A similar
relationship was reported by Ross and others (2001) for timbers removed from service.

The objective of this research was to examine the relationship between ultrasound transmission

and wood deterioration. This paper presents a mathematical relationship between the changes in
transmission times along the length of the wood board specimens and the months of weathering
exposure time.

Materials and Methods
Clear, southern pine lumber specimens, nominal 5.1 cm (2 in.) by 10.2 cm (4 in.) by 243.8 cm

(96 in.) in length, were used in this study. All specimens were obtained from southern pine
sapwood lumber, Class C or better, obtained from a mill in Georgia. The species of trees from
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which the wood was cut could not be identified but is assumed to be from a major southern pine
species in the areca. These species are longleaf pine (Pinus palustris), shortleaf pine, (P.
echinata), loblolly pine (P. taeda), and slash pine (P. elliottii). Clear sapwood was used in this
study to maximize the opportunity to establish relationships between ultrasound transmission and
the deterioration of the wood. From a sample of 400 specimens, 270 were selected for inclusion
in the study. After conditioning to approximately 10% moisture content, the modulus of
elasticity (MOE) of each piece was nondestructively determined using stress wave techniques.
The specimens were sorted into nine groups, 30 specimens per group, with each group having
nearly identical MOE distributions (mean values and standard deviations).

One group of 30 specimens was randomly selected as the reference or control group. This group
was retained in a controlled environment room until the conclusion of the field phase of the
study. The remaining specimens were installed in a field plot on the Harrison Experimental
Forest in April 1990. Note that the specimens were not in ground contact; they were placed
horizontally on racks approximately 1 m above the ground. This forest is located in southern
Mississippi, approximately 32 km from the Gulf of Mexico. Specimens were removed from the
field after 2, 9, 14, 21, 26, 35, 45, and 57 months of exposure.

Upon removal from the field, each specimen was shipped to FPL and reconditioned in a
controlled environment room. After conditioning, each specimen was tested nondestructively
using the experimental setup shown in Figure 1. The setup consisted of two 84 kHz rolling
transducers, coupled to an ultrasonic transmitting and receiving unit (Ross and DeGroot 1998). A
stress wave was induced into the specimen through the width of the board by the transmitting
transducer. The wave was then received by the opposing transducer. Stress wave transmission
times were displayed by the unit and recorded on a personal computer. Transmission times were
measured at increments along the length of the specimens at the locations illustrated in Figure 2.
Note that measurements were made in 76 mm (3 in.) increments near the ends of the specimens
and in 152 mm (6 in.) increments elsewhere along the length. Each specimen was tested several
times; excellent agreement was observed between scans for individual specimens.

Figure 1-Nondestructive experimental setup used to measure ultrasonic transmission
times across the width of timber boards. a. experimental setup schematic, b. photograph
of experimental setup
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Figure 2—Transmission time measurement locations. Measurements were made in 76
mm (3 in.) increments near the ends of the specimens and in 152 mm (6 in.) increments
elsewhere along the length.

Deterioration Model

Wood can be considered a cylindrically orthotropic, hygroscopic material. The three principle
directions of wood are longitudinal, tangential, and radial. Wood draws water into itself from all
directions; however, the rate at which it draws water longitudinally is much greater than the rate
it draws water in either tangentially or radially. The presence of water is one of the four key
ingredients for wood decay: wood, water, air, and acceptable temperatures. As a result of the
higher rate of water absorption in the longitudinal direction, cut timber tends to decay more
quickly at the ends that were cut normal to the longitudinal axis of the original tree.

It should be noted that the model presented was constructed using data collected from specimens
including up to 45 months of exposure. The transit times recorded using specimens exposed for
57 months were several times higher than any other transit time and were excluded from the
model.

At the time of the deterioration model construction, it was believed that the boards would have
end regions of decay and then center portions that were largely sound. As a result, the transit
times near the ends of the board should be high and transition to a lower value as the distance
from the end increased. The form of equation chosen to model this behavior was a second order
exponentially decaying function, shown in Equation (1).

212
T= - A ess |- (3) |+ 0
t

Where

T, is the transit time in microseconds,
Ay is transit time near board end (NE),
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Ay is the transit time along the center board (CB),
| is the distance to the nearest end of the board, and
d; is the distance from the board end that the decay has intruded into the board.

Figure 3 shows predicted values versus the actual board transmission data. Near the end of the
board, the transit time, T will have a high value of Ay. As the distance from the end of the board,
I, increases, the transit time will decrease. At a distance, d;, the transit time will be near to the
low value, AL. The transit time was recorded over several months at constant distances from the
ends of the boards. The transit time at the same distance from both ends of the board were
averaged to construct representative transit time transition curves for modelling. The high and
low transit time values were extracted from the curves and each curve was fitted to a second
order exponentially decaying function. Microsoft Excel Solver function was used to find a
transition distance, d,, that maximized the coefficient of determination, r’, and minimized the
root mean square error.

1050
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1000 —= = Curve Fit
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T, = (4 — Ay) exp [— (—)2] +4y
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Figure 3—Average transit time as a function of distance from the end of the board

for a specimen weathered for 21 months. Also shown is the curve fit of the data
using a second order exponentially decaying function.

The general form of the mathematical relationships relating high and the low transit values to
months of weathering are presented in Equations (2a) and (3a), respectively. The terms Ay and
Ay are adjustments applied to the trends based upon precipitation within three months prior to
testing, and are discussed later in this report. Simple linear regression (LR) was used to
determine the values of the coefficients. The LR coefficients for the high values were
constrained such that the constant term matched the constant term of the low value coefficients;
the underlying assumption is that without weathering (0 months of exposure), the high and low
transit values should be equal. The equations with the numerical coefficients are given for high
(r* = 0.9136) and low (r* = 0.8739) are given in Equations (2b) and (3b), respectively. The r*
values presented above include no adjustments for precipitation (Ag, Ap = 0).
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AH = aHlt + Aho + AH (23)
Ay = 13.93t + 7214 + Ay (2b)
AL == ath + aLo + AL (38.)
A, = 4497t + 7214 + A, (3b)

Where

t is the weathering time in months,

ay; and ayy are linear regression (LR) coefficients for the near board end (NE) 1% and 0" order
terms,

Ay 1s the NE precipitation adjustment applied after the third month of weathering,

ar; and ao are LR coefficients for the center board (CB) 1 and 0™ order terms, and

Ay is the CB precipitation adjustment applied after the third month of weathering.

Simple linear regression (LR) was used to relate the natural logarithm of the transition distance
(r* = 0.8531) to months of weathering. The general form of the equation is given in Equation
(4a); the equation with numerical coefficients is given in Equation (4b). Precipitation occurring
near the time of testing did not significantly influence the transition distance.

Ind; = ag1t + ayo (4a)
Ind; = 0.036t + 2.494 (4b)

Where aq; and ag are LR coefficients for the transition distance 1*' and 0™ order terms.

The precipitation for the three months prior to specimen testing was found to influence the high
and low transit values. Equations (5a) and (6a) are the general form of the relationships between
the high and low adjustment values, respectively, and a weighted average precipitation for the
three months prior to the removal of the specimen from the test environment. Equations (5b) and
(6b) have the coefficient values shown. The method of determining the coefficient values is
given below.

Ap= apg1Pw t+ Aano (Sa)
Ay=10.25p,, — 171.7 (5b)
A= ap1Pw + Aaro (6a)
A, = 4.661p,, — 65.52 (6b)

Where

pw is the weighted average precipitation,

aami, aamo are 1% and 0™ order term LR coefficients for the NE precipitation adjustment, and
aaL1, aaro are 1% and 0™ order term LR coefficients for the CB precipitation adjustment.

Equation (7a) has the general form the weighted average precipitation for the three months prior
to the removal of the specimens from the test environment. Microsoft Excel Solver was used to
find three weighted averages that maximized the minimum of the coefficients of determination
for Equations (5a) and (6a). Equation (7b) has the numerical values for the weighted coefficients.
Table 1 shows the precipitation values, the weighted average precipitation, and the deviations of
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the transit time for the high and low values. The precipitation adjustment trends are shown in

Figure 4; the r* values for both trends are 0.9156.

_ Qr_oPr—2 t+ Qr_1Pr—1 + APy

p =
w a,_, +a,_,+a,

_0.315p_, + 1.125p_4 + 0.721p,

(7a)

(7b)

Pw =

0.315+1.125+ 0.721

Where p;, pr-1, and p..; are the precipitation levels for the month of removal, one month prior to
removal, and two months prior to removal, respectively. a;, a1, and a,., are the weight factors
for the precipitation levels for the month of removal, one month prior to removal, and two

months prior to removal, respectively.

Table 1-Adjustment for precipitation at the time of specimen collection

Exposure Precip. (cm) Relative to Removal Precip. (cm) Deviation from Model
(Months) -2 Months -1 Month 0 Months Weighted NE Val. CB Val.
4 10.0 10.4 5.7 8.8 -92.99 -26.05
9 4.8 13.0 31.7 18.1 12.40 10.15
14 17.8 39.3 9.7 26.3 107.49 57.67
21 6.2 7.0 26.5 13.4 -3.98 13.27
26 6.1 3.3 24.1 10.7 -61.10 -23.95
33 423 13.1 17.9 19.0 -6.31 23.83
45 15.3 6.0 11.8 9.3 14.13 —27.49
NE and CB denote near board end and center board, respectively.
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Figure 4-Precipitation adjustment to transit time.
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Table 2 describes the variables and constants used in deterioration model.

Table 2—Symbols and coefficient descriptions

Symbol Value Description

T Calculated Transit time in microseconds

An Calculated Transit time near board end (NE)

AL Calculated Transit time along the center board (CB)

| Independent Distance to the nearest end of the board

d, Calculated Distance from board end where transit time transitions from NE
to CB

t Independent Time of weathering in months

am 13.93 Coef. 1" order term NE linear regression method (LRM)

ano 721.4 Coef. 0" order term NE LRM

Ay Calculated NE precip. adjustment applied after 3rd month of weathering

aL 4.497 Coef. 1* order term CB LRM

aLo 721.4 Coef. 0™ order term CB LRM

AL Calculated CB precip. adjustment applied after 3rd month of weathering

aqr 0.036 Coef. 1* order term transition distance LRM

aqo 2.494 Coef. 0" order term transition distance LRM

Pw Calculated Weighted average precipitation

Pr2 Independent Precipitation two months prior to specimen removal

P Independent Precipitation one month prior to specimen removal

p: Independent Precipitation the month of removal

aro 0.315 Weight factor for precipitation two months prior to removal

ar 1.125 Weight factor for precipitation one month prior to removal

a 0.721 Weight factor for precipitation the month of removal

EINTT 10.25 Coef. 1" order term NE precip. adjustment LRM

aaHo -171.7 Coef. 0" order term NE precip. adjustment LRM

aaLl 4.661 Coef. 1" order term CB precip. adjustment LRM

aaLo —65.52 Coef. 0" order term CB precip. adjustment LRM

Results and Discussion

The transit times predicted by the deterioration model are plotted alongside the transit times

measured from the test specimens in Figures 5 through 12. The vertical dotted lines represent the
transition distance from the end of the boards. At that point, it is predicted that the transit time
will begin transitioning from the low value of the center of the board to the high value of the
deteriorated ends of the board. The model developed here attempts to explain variation in transit
times caused by wood decay, not variation in transit times inherent to the wood specimens. The
model predicts a uniform transit time for the control specimen (0 months exposure); the
underlying assumption is that the control boards have no variation in the transit times. In reality,
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the wood does have variation in transit times that are inherent to the wood boards themselves.

The r? value is the percentage of the variation explained by the model. For the control specimens,
any variation from the starting control transit time would therefore be unexplained by the model

and be indicative of variation inherent to the wood, not variation caused by decay. As a result,
the r* value for the control group is near zero. The low r” value for the control group does not
mean the model poorly fits the data. The average percentage error between the control data and
the predicted values is 0.24% indicating that the model closely matches the control data. With
increased exposure, decay causes the transit times to increase; a larger percentage of the transit

time variation is explained by the model, and the r* values increase.
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Figure 5-Transit time data and predicted transit time for 0 months (Control) of
weathering. Average percentage error = 0.24%, r* = NA.
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Average percentage error = 2.9%, r* = 0.8958.
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Figure 7-Transit time data and predicted transit time for 9 months of weathering.
Average percentage error = 1.7%, r* = 0.8254.
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Figure 8-Transit time data and predicted transit time for 14 months of weathering.
Average percentage error = 2.2%, r* = 0.8620.
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Figure 9-Transit time data and predicted transit time for 21 months of weathering.
Average percentage error = 3.3%, r* = 0.8620.
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Figure 10-Transit time data and predicted transit time for 26 months of weathering.
Average percentage error = 2.3%, r* = 0.9068.
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Figure 11-Transit time data and predicted transit time for 33 months of weathering.
Average percentage error = 4.2%, r* = 0.7609.
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Figure 12-Transit time data and predicted transit time for 45 months of weathering.
Average percentage error = 6.1%, r* = 0.7608.
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Conclusions

The deterioration model presented in this report describes the change in ultrasonic wave transit
times along the length of the wood specimens subjected to weathering of up to 45 months. The
model was a second order exponentially decaying function. The transit times were found to be
dependent upon of the months of weathering, the distance from the end of the boards, and the
precipitation for the three months prior to testing. Precipitation for the three months prior to the
removal of the specimens from the weathering environment was found to influence the transit
times of the tested specimens despite the fact the specimens underwent conditioning prior to
testing. Accounting for precipitation, the model was capable of estimating the transit times
within the specimens to an average percentage error of 6.1% for 45 months of weathering. If
precipitation was excluded from the analysis, the average percentage error exceeded 9% during
the wettest months.
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Abstract

Ultrasound technique presents several possible applications, and one of them is the investigation of
internal imperfections presence such as cracks and galleries of wood-destroying insects. The research
presents experimental results performed to evaluate ultrasound technique sensitivity in detecting
internal non-homogeneities in a wood piece of Pinus spp. with dimensions of 7 cm x 15 cm x 300 cm.
Some cracks were produced with a saw in a radial-tangential plane of wood and radial-longitudinal
plane of the piece. Each one of these cracks presents 2 cm, 4 cm and 6 cm depth. Wave propagation
time through crack direction was measured by using ultrasound equipment and transducers of 200
kHz with flat faces. Spacing between transducers is chosen with different values to identify how far is
possible to detect internal voids from a crack, in that wood piece.

Keywords: structure, wood, mechanical characterization, diagnostic.

Introduction

Wood is an ancient building material that presents several advantages such as potential for renewing
on nature and very low power consumption during processing. On the other hand, it is difficult to get
the raw material free of defects since wood is a biological material. Also, it will be subjected to
deterioration processes if it is not adopted proper care in design, construction, use and maintenance
phases. Periodic planning of building inspections is essential to prevent problems or act before worse
consequences arise. During the inspections, it is necessary to investigate the structural elements
integrity. The performance of non-destructive evaluations is an interesting alternative for evaluating
the conservation status of buildings. Non-destructive techniques are a way to identify physical and
mechanical properties of a structural piece without altering its use capability under service (Ross and
Pellerin 1994). Ultrasonic wave propagation is an important technique among non-destructive
evaluation ones. It is essential to understand how the ultrasonic wave propagation phenomenon works,
in materials, to use it correctly. Therefore, it is necessary to determinate relations among factors
involved in the phenomena. In general, physical and mechanical properties of wood present a high
degree of variability as a consequence of its biological formation. Also, wood may show structure
defects such as knots and cracks that interfere directly with its mechanical properties. Density and
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moisture content are quite notorious among the most important physical characteristics of wood
(Bodig and Jayne 1993). The application of ultrasound technique involves the analysis of high-
frequency sound waves characteristics during wave propagation through the material. According to
Zombori (2001), the frequency range used for timber study is relatively small (20 kHz - 500 kHz) due
to the high signal dissipation. It is a limiting factor to apply the technique in wooden structures.
Ultrasound tests are non-destructive, and ultrasonic wave velocity is one parameter used for
evaluating the elastic properties of wood. Ultrasound technique is also used for detecting internal non-
homogeneity in wood pieces. In this case, inhomogeneities could be detected by changes in ultrasonic
pulse velocity (Bucur 2006). Propagation of sound wave in the wood is considered an extremely
complex phenomenon. The wave propagation velocity is significantly affected by various factors such
as anatomical properties, density, moisture content, temperature, specimen geometric configuration,
transducer frequency and presence of internal inhomogeneities.

One of the parameters used for analyzing tests results with ultrasound equipment is wave propagation
velocity. Wave velocity can be expressed by Equation 1 (Halliday and Resnick 1991):

V=Af (1)
where V is longitudinal wave velocity, 1 is wavelength, and f is ultrasound transducer frequency.

To verify solid consistency via ultrasound, the classic method measures several points in the

piece with the aid of transducers positioned in a direct, semi-direct or indirect path, aligned over an
orthogonal or an oblique imaginary line. In a zone with a low quality material, ultrasonic pulse
velocity is lower than the values in the rest of the solid. If a linear propagation is considered, travel
time to the wave transit through that area is higher than the rest of the element. Various researchers
investigated the use of ultrasound technique for detecting no exterior apparent homogeneities
(Carrasco and Teixeira 2012; Emerson et al. 2002). Carrasco and Teixeira (2012) performed an
inspection of a glued laminated timber beam with 8.5 x 15 x 95.8 cm. According to the authors, the
propagation time measurement circa 60-80 ms represents sound wood and higher values means the
presence of some degradation. Visual examination of the beam interior confirmed the existence of
cracks and insect galleries in regions where the pulse was slow. Emerson et al. (2002) evaluated the
damage level of a timber beam from an ancient bridge. Measurements were made perpendicular to
the wood grain. Results permitted to detect the section in which there is no homogeneity; however,
they are unable to determine its location, size and shape within the section.

It was possible to observe that ultrasound technique can work in damage detection

of timber structures; nevertheless, it requires even further study. During research it was possible to
test distance influence between the measuring point and defect on the wave velocity of propagation to
evaluate the ultrasound technique sensitivity for structures inspections.

Materials and methods

Wood and equipment

The species chosen for this research was Pinus (Pinus elliottii) extracted from planted forests, in Santa
Catarina, with a specific gravity of 400 kg/m3. That species was selected since it is often
commercially available in Brazil and shows an abundant presence of nodes. Also, it was considered
its potential in prefabricated structures. Ultrasound tests were performed on a specimen of

7 x 15 x 300 m® (Figure 1 and 2). These dimensions were chosen to approach them to dimensions of a
wood piece under service conditions.
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Figure 1 — Specimen of Pinus used in the research.
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Figure 2 — Cross section of the Pinus specimen.

Just before each ultrasound test, the wood moisture content was evaluated by resistive hygrometer
equipment model H-DI-3.10 from BES-BOLLMANN to avoid affecting the specimen integrity. The
moisture content was measured at 29 points in specimen faces, and the average value was 15 %. The
ultrasound equipment used in tests is PUNDIT 6 (Portable Ultrasonic Non-Destructive Digital
Indicating Tester) whose accuracy is 0,1us. Transducers have plane faces and emit longitudinal waves
with 200 kHz frequency and a diameter of 2 cm. It was used a couplant gel from Carbogel for
minimizing the air presence in contact surfaces during ultrasound tests. Before each series of tests, the
equipment was calibrated according to the fabricator’s specification.

Method of investigation

An artificial crack was made, in the longitudinal direction of the wood (Figure 3), to analyze the
influence of cracks presence in ultrasound wave propagation velocity in the wood specimen. The
ultrasound emission was applied in a transversal section of the specimen that coincides with the
predominant radial-tangential plane of the wood. A mesh was created for indicating ultrasound
transducers position along the wood specimen as seen in Figure 4. The specimen faces are identified
as A, A’, B, B’, Cand C’. In that mesh, the columns identify different transversal sections along a
piece length, and they are numbered from face A (column 0) until face A’ (column 30), with
subdivisions named OA, 0B, 0C, 1A and 1B. The mesh had a dimension of 2.5 cm between columns,
from column 0 till column 1B, 5 cm, from column 1B and column 2, and 10 cm, from column 2 until
column 30. The line mesh position, in faces B, B’, C and C’, is identified by the Roman algorisms I,
I1, 11l and by the letters a, b, ¢, d, e and f, with 1.875 cm of distance between each other.

Figure 3 — Longitudinal crack artificially produced.

Nomenclature of columns and lines in the mesh was chosen to facilitate the understanding and
interpretation of the tests performed and their results. The specimen and its mesh are illustrated in
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Figure 4. Detail 1 (Figure 4), zoomed in Figure 5, shows the mesh of transducers positioning in the
crack proximity.
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Figure 4 — Mesh for positioning ultrasound transducers in the wood specimen.
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Figure 5 — Mesh for positioning ultrasound transducers in the surrounding area of the crack.
Experimental measurements of a nearby longitudinal crack are organized in three Stages. Stage 0
corresponds to a piece without cracks and the other Stages are classified according to the depth (d) of
the crack, with a constant length of 15 cm (Table 1) as presented in Figure 6.

Table 1 — Crack depth (d) in different stages

Stage Depth (cm)
0 -
1 2.0
2 4.0

During the tests, transducers were positioned on the specimen, in the opposite lateral faces (C and C’),
between columns 0 and 2. In Figure 6, it is possible to notice that the mesh in Stage 0 is different from
the mesh in Stages 1 and 2. That happens because it was noted the need for more measurements after

executing a crack of 2 cm (Stage 1) to improve the analysis.
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Figure 6 — Mesh for positioning transducers for testing a nearby longitudinal crack.

Results and analysis
Ultrasonic wave propagation velocities are calculated from pulse time measured on a transversal

direction in the specimen, along different positions identified by the presented mesh. Velocities
obtained are shown in Table 2 and organized by Stages of tests (0, 1 and 2), and by each mesh line in
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the specimen. As stated before, the mesh used for transducers position in Stage 0 (without a crack)
was less refined than other Stages after the crack execution.

Table 2 — Ultrasonic velocities in proximity of longitudinal crack in each Stage

Stage Ultrasound velocities aligned per column (m/s)
Position 0A 0B 0C 1 1A 1B Avg. Vel
(@) (b) (© (d) (€) (f)  perline (g)

= a - - - - - - -
§ | - 1808.8 - 1772.2 - 1818.2 1799.7
S.ov
O' g I - 2095.8 - 2114.8 - 2095.8 2102.1
[ C - - - - - - -
g i - 1781.2 - 1790.3 - 1776.6 1782.7

a 1732.7 17305 1724.1 17136 17178 1732.7 1725.2
_:‘ou | 1825.3 18229 1804.1 1792.6 18182 1806.5 1811.6
G e b 1966.3 1997.1 1966.3 1936.4 19635 1969.1 1966.4
4 3 I 21244 2118.0 2095.8 2095.8 2099.0 211438 2108.0
% c 1988.6 1969.1 1969.1 1910.0 19553 1917.8 1951.6
n 1l 17789 1776.6 1778.9 1776.6 17834 17744 1778.2

d 17348 1726.3 1719.9 17284 17073 1709.4 1721.0

a 1587.3 1587.3 1585.5 15909 1616.6 1647.1 1602.5
_:‘ou | 1781.2 1801.8 1790.3 1785.7 18018 1808.8 1794.9
G e b 1963.5 1974.6 2002.9 1920.4 19858 1969.1 1969.4
(\'J S I 2105.3 20927 2074.1 2080.2 20679 2061.9 2080.3
% c 1941.7 1904.8 1894.5 19074 1869.2 1859.2 1896.1
n 1l 17654 1756.6 1763.2 17522 1763.2 1763.2 1760.6

d 17263 17115 1709.4 1722.0 1705.2 1684.7 1709.9

The values of velocities calculated were submitted to statistics tests with a significance level of 95%
to evaluate the existence or not of significant differences between values for several lines. The
Shapiro-Wilk normality Test identified that data in Stages 0 and 1 presented non-normal distributions,
and data in Stage 2 had a normal distribution. Then, the Wilcoxon Test, indicated for non-normal
distributions, and the Paired T-Test, indicated for normal distributions, was performed to compare
results with each other in various stages. It is possible to conclude there is a difference between
measurements from Stages 1 (d =2 cm) and 2 (d = 4 cm), according to results of statistical tests. That
is, the presence of a 4 cm depth crack shows a statistically different velocity in comparison to 2 cm
depth. On the other hand, it is not possible to prove that there is a statistical difference from
comparisons between Stages 0 (d =0 cm) and 1 (d =2 cm), and Stages 0 (d =0 cm) and 2 (d =4 cm).
One possible reason for non-identification of these differences could be the data amount since there
are less measured points in Stage 0 than Stages 1 and 2. Then, it can result in less accurate analysis.

In Table 2, it is possible to observe that velocity values increase as the line position is away from the
crack and cross section edge (Face B’). It is because the transducers are positioned closer to a
discontinuity with higher interference and longer wave path. For measurements on lines that are far
away from the crack edge and Face B’, lines Il and c, a shorter propagation time means a higher
velocity. The percentage differences between Steps 0 and 1, in the velocity of each line, are analyzed,
and values are shown in Table 3.

In Stage 1, the crack is 2 cm depth (d = 2 cm) and located between the height of line a (1.875 cm) and
the line I (3.750 cm). Since line | is not crossed by the crack, it is noticed in Table 3 (line a, column g)
an increase of 4.76 % in the average velocity of propagation from the velocity in line a to the one in
line I. When comparing lines | and b (Table 3, line b, column g), it is possible to note a greater
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variation than the last situation, with an average increase of 7.87 %. The crack does not cross any of
the lines (lines I and b); however, there are different propagation velocities on each other. It means
that the line distance from the crack edge affects the velocity. Line b, which is distant from the crack
edge 3.625 cm, presents higher velocities than the line I, which is distant 1.750 cm from the crack. It
evidences that there is less influence in line b that is at a greater distance from the crack.

Table 3 — Percentage difference between each line in Stage 1 (d =2 cm).

Horizontal 0A 0B 0C 1 1A 1B Avg. Dif '::—c o —
Position (a) (b) (c) (d) (e) () % (9) e
Distance from 25 50 75 100 125 A e 2
column 0 mm mm mm mm mm 150 mm - 0A0BOC 1A 18
Dif. % ax| (a) 5.07 5.07 4.43 441 5.52 4.08 4.76 DETAIL 1

Dif. % | x b (b) 7.17 8.72 8.25 743 740 8.26 7.87
Dif. %bxl1l(c) 7.44 571 6.18 761 645 6.89 6.71
Dif. % Il xc(d) -6.83 -7.56 -644 -973 -735 -10.27 -8.03
Dif. % cxIll (¢) -11.79 -10.83 -1069 -7.50 -9.64 -8.08 -9.76
Dif. % Il xd () -2.54 -2.92 -343  -279 -446  -3.80 -3.32

Furthermore, in Stage 1, the comparison between velocity values in line b (distant 3.625 cm of the
crack) and line 11 (distant 5.500 cm of the crack) shows that there is an increase of 6.71 % (Table 3,
line ¢, column g). The value will increase if it is far away from the crack. However, the amount of
variation is lower than the last increase of 7.87 % (Table 3, line b, column g), for a position nearer to
the crack. For heights above the line 11 position (Table 3, lines d, e and f, column g), it is worth
mentioning that velocity decreases between adjacent lines. For lines Il and ¢ (Table 3, line d) the
variation decrease is 8.03 %; for lines c and 111 (Table 3, line e) it is 9.76% and for lines 11l and d
(Table 3, line f) there is a reduction of 3.32%. Decrease of variation rates of propagation velocity
between adjacent lines, in higher positions from the crack edge (line c, distant 7.375 cm; line Ill,
distant 9.250 cm and line d, distant 11.125 cm) could be justified by gradual approximation of the
cross section upper border as well as possible variations of the wood internal structure. In the same
way that propagation velocity increases in the lines that are furthest from the crack, there is a higher
velocity in positions that are farther away from the upper section border. That behavior related to the
upper face and crack edges proximity demonstrates the influence of solid discontinuities presence in
the path and propagation velocity of the ultrasonic pulse.

For Stage 2, in which the crack depth is 4 cm, the percentage variations of ultrasound propagation
velocity appear in Table 4. In that Stage, the crack edge (d = 4 cm) is between the height of line |
(3.750 cm) and line b (5.625 cm). Values observed in Table 4 have the same behavior observed in
Table 3 (Stage 1). The average propagation velocity variations show an increase when adjacent lines
values are compared.

In Table 4 (lines d, e and f, column g), the variation rate between velocities on lines Il e ¢, lines c e 11l
and lines 111 e d presents decreasing reduction. The variation rate decreases for lines that are closer to
the upper face (Face B’), that is, to lines to positions higher than the crack edge (line c, distant 5.375
cm; line 1, distant 7.250 cm and line d, distant 9.125 cm) decrease as the lines move away from the
crack. The variation rate decreased -7.7 %, from line c to line 11, and -2.78 %, from line I11 to line d.

In Stage 2, that behavior confirms the same effect observed in Stage 1 about propagation velocity of
ultrasonic pulse in the presence of discontinuities. The comparison of velocities variation values
between lines a and 1, in Stage 1 (Table 3, line a, column g, 4.76 %), and Stage 2 (Table 4, line a,
column g, 10.73%) enables to observe a higher variation in the second case. That fact can be justified
because both lines a and | are interrupted by the crack in Stage 2, and it does not occur the same in
Stage 1.
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Table 4 — Percentage difference between each line in Stage 2 (d = 4 cm). u|_‘i T
Horizontal 0OA 0B  0OC 1 1A 1B Avg.Dif. b
Position @ 0 © @ @ O %@ a
Distance from o5y 5o mm 75 mm 100mm 125mm 150 mm -
column 0 DETAIL 1

Dif. %axl(a) 10.88 1190 1144 10091 10.28 8.94 10.73
Dif. % Ixb () 9.29 8.75 1061 7.02 9.27 8.14 8.85
Dif. % bx1l(c) 6.73 5.64 3.43 7.68 3.97 4.50 5.33
Dif. % llxc(d) -842 -987 -9.48 -9.06 -10.64  -10.90 -9.73
Dif. % cxIll(e) -999 -844 -7.44 -8.86 -6.01 -5.44 -7.70
Dif. % lllxd() -227 -2.63 -3.15 -1.75 -3.40 -4.66 -2.98

In Stage 2 (d = 4 cm), propagation velocities measured in the section lines c, 11l and d decreases when
related to Stage 1 (d = 2 cm). Velocities in the height of line I11 were measured in all three Stages, and
they presented maximum values in Stage 0 (d = 0 cm), and minimum in Stage 2 (d = 4 cm). Once
measurements made in line I11, for any stage, are with the same value of 3.75 cm far from the upper
face of the wood piece, there must be another factor influencing the velocity change.

As tests were performed on the same day, it was possible to discard the influence of moisture content,
temperature variation and internal imperfections on the wood. Crack depth is the different parameter
among three stages. Thus, it is possible to conclude that ultrasound equipment had captured the
presence of a longitudinal crack situated 9.250 cm in Stage 1, and 7.250 cm at Stage 2. One possible
way of expressing these distances under a dimensionless manner is by converting values of
propagation velocity, in line 111, to some wavelengths (I) by using Equation 1. Substituting the
frequency of 200 kHz, the wavelength in each Stage is I, = 0.8906 cm, in Stage O, I, = 0.8889 cm,
in Stage 1 and I, = 0.8816 cm in Stage 2, all of them on line 111. Expressing the distance between line
111 and the crack edge as a wavelength function (1), it is possible to say that an ultrasound equipment
with transducers of 200 kHz has captured an artificial imperfection within the reach of 10.41 1,,, in
Stage 1, and 8.22 1, in Stage 2. It is possible to state from these results that the ultrasound technique
is sensitive to detect a crack distant, at least, 9.250 cm (Stage 1, line 111), and under particular
conditions of the research. That distance may be represented as the number of wavelength 10.41 I,.

It is possible to conclude, considering the result, that the ultrasound method was sensitive to capture a
wooden inhomogeneity 10.41 1, far from the measuring point. During each stage, further analysis of
velocities values in line 111 is shown in Table 5. In the same position of measurement and variable
distance from the crack edge is observed that the propagation velocity average value decreased -0.25
%, in Stage 1 (d =2 cm), and -1.24 % (d = 4 cm) in comparison to velocities in the sound wood
condition. The fail influence is more significantly in Stage 2, where the crack distance expressed in a
wavelength form is 8.22 I ,.

Table 5 — Velocities in line 111 on each Stage

Stage Distance between  Velocity in line Il per ~ Avg.Vel.in line 111 CV % Vel.
line 111 and crack column (m/s) per Stage (m/s) related Stage O
(@) 0B(b) 1(c) 1B(d) (e) ()
Stage 0 (a) 0cm 1781.2 1790.3 1776.6 1782.7 0
Stage 1 (b) 9.25cm 1776.6 1776.6 17744 1778.2 -0.25
Stage 2 (c) 7.25cm 1756.6 1752.2 1763.2 1760.6 -1.24

Conclusions

The study analyzes a piece of Pinus elliottii with a rectangular cross-section of 7 cm x 15 cm and 300
cm length. An artificial crack was made with a circular saw along the wood, in a longitudinal
direction, with a gradual depth of 2 cm and 4 cm, respectively. Ultrasound wave measurements were
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conducted on a cross-section specimen by using plane face transducers and a frequency of 200 kHz.
Ultrasound readings were performed in three stages: Stage O - without a crack; Stage 1 - with a crack
of 2 cm depth and Stage 2 — with a crack of 4 cm depth. Tests were made with transducers on
different positions to investigate the crack influence.

In line 111, the ultrasound velocities presented variations in the three Stages. It was possible to observe
that the propagation velocity average value decreased -0.25 % in Stage 1 (d =2 cm), and -1.24 % (d =
4 cm) in comparison to the velocities without a crack. The fail influence is more significantly in Stage
2, where the distance of line 111 from a crack expressed in a wavelength form is 8.22 I ,.

It was confirmed that the propagation speed progressively increases as the distance measurement
points from the crack edge are higher. The farthest position, where the influence of velocities values is
perceived, is line 111, distant 9.250 cm from a crack in Stage 1 (d = 2 cm), and 7.250 cm at Stage 2

(d = 4 cm). Converting distances to a wavelength, the values are 10.41 I, in Stage 1, and 8.22 1, in
Stage 2. The ultrasound velocity values measured in the position of line 111 suffered a decrease of -
0.25 % in Stage 1, and -1.24 % in Stage 2.
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Abstract

The goal of this paper was to analyse the mechanical properties of Castanea sativa determined using
an ultrasonic wave method. The results were compared with those obtained using the traditional static
compression and bending methods with the same sample. The results were also compared with
expected values for this species, and relationships among properties were determined to verify if there
were differences between the results and the expected behaviour of the wood. The elastic constants
determined using ultrasound did not reveal statistically significant differences compared with the
static methods, and the results were generally within the expected range for this species. This result
makes ultrasound a powerful method for determining the elastic constants of wood, in addition to its
feasibility and low cost. Future studies regarding optimisation of the specimen are important to
improve the results of the Poisson’s ratios.

Keywords

Orthotropic material, elastic constants, stiffness, wood, moduli.

Introduction

Some species with very good features are not yet being used in the Iberian Peninsula because the
mechanical properties of such species have never been determined. Castanea sativa wood is well
known among professionals and has been traditionally used for construction (with no design),
carpentry and furniture in Portugal, Italy and northern Spain. The growing importance of this species
in Spain for structural uses has raised research interest regarding identification of proprieties
(characterisation) and grading. Vega et al. (2012) presented results of grading this species by
ultrasound.

As an orthotropic material, wood presents different properties according to the direction to the grain.
Often, the longitudinal modulus (E, ) is the only known; however, many projects, due to modern
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calculation methods, require all of the elastic constants. For this reason, means or relationships
between constants are commonly used, such as the ones suggested by Arguelles Alvarez et al. (2000)
or Bodig and Jayne (1984). Currently, rapid and efficient methods for the determination of the
material properties are desired. Authors such as Bucur (1983, 2006), Bucur and Archer (1984), and
Keunecke et al. (2007) highlighted the benefits of the ultrasonic technique for the determination of the
properties of wood, among which are the capability to test small specimens and the possibility of
testing the same specimen several times due to the non-destructive nature of these measurements.

Zimmer and Cost (1970) first determined the elastic constants of a material using longitudinal and
transverse ultrasonic wave propagation and obtained the five independent elements of the stiffness
matrix for a material with transverse isotropy. The value of the Young’s modulus obtained by

inverting the stiffness matrix (37714 Nemm™) was very near its theoretical value (39644 Nemm).

Since the 1980s, there has been a search for methods that allow for the use of the Christoffel’s
equations (Bucur 2006) to determine all of the elastic constants of fibrous materials, including wood.

Preziosa et al. (1981) and Preziosa (1982) pioneered the use of the ultrasonic technique for the
determination of the stiffness matrix of wood. Francgois (1995) proposed the use of a polyhedral
specimen with 26 faces to measure the elastic constants of wood. Polyhedral specimens with 26 faces
allow for the determination of all of the elements in the stiffness matrix from a single specimen. More
recently, studies have presented results and insightful discussions regarding the use of the ultrasound
technology, with different approaches and specimens, to more completely characterise wood
(Goncalves et al. 2014, Ozyhar et al. 2013, Kohlhouser and Hellmich 2012, Longo et al. 2012,
Gongalves et al. 2011a, El Mouridi et al 2011, Dahmen et al. 2010).

Therefore, the goal of this paper was to determine and analyse the three Young’s moduli (E., Er, and
E+), the three shear moduli (G_r, G, and Ggr) and the six Poisson’s ratios (v r, VLT, VRL, VRT, VTL,
and vtg) of Spanish Castanea sativa Mill. using ultrasonic testing, and to compare the results with the
values obtained by bending (for the E. Young’s modulus) and compression testing (for all of the
elastic constants) using the same timber sample. Additionally, the results were compared with
expected values proposed by other authors

Materials and methods

Materials

We used 13 beams of Castanea sativa with a 70x150 mm nominal transversal section and a 3500 mm
length from 3 regions of Spain (Catalufia, Asturias and Galicia). The different regions of Spain were
used only to include a greater variability of the properties of the species and not for comparison.

Material was extracted from each beam to produce 13 polyhedral specimens for the ultrasound test.
The material was selected to provide pieces with no pith or knots, as well as to be well defined in the
three directions. In addition, each face of the polyhedron was sufficiently large to allow for full, direct
contact with the transducer (13 mm). For this geometry, the nominal length of the wave propagation
was always 70 mm for the measurements in all directions (Figurel).

For the compression tests, we produced 6 prismatic specimens to compose one group of tests — 3 in
axis and 3 out of axis (Gongalves et al., 2011). 3 beams were chosen to extract the 18 prismatic
specimens with dimensions of 20x20x60 mm for the compression tests. All of the specimens were
conditioned in a chamber at 20°C and 65% humidity in compliance with UNE 56528.

To conduct ultrasonic testing on the polyhedral specimens, an ultrasonic wave pulser (Olympus
/Panametrics NDT Inc. San Diego, CA) was used. The ultrasonic wave pulser has two sets of nominal
1 MHz longitudinal and transverse wave transducers. Starch glucose was applied as a couplant
between the transducers and the specimen to perform the ultrasound measurements (Gongalves et al.
2011b).
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Figure 1-Plane view of a polyhedron with 26 faces, measured in mm

The specimens used in this research were larger than those used by Bucur (1984, 1983) and Ozyhar et
al. (2013). Because of the signal attenuation in wood, the effective frequency (FEFF) is different than
the nominal frequency of the transducer, and the largest specimen is expected to have largest
frequency lost. To obtain FEFF we analysed the waveform recorded by the equipment (Fig. 2) and
used the time difference (At) between two successive wave oscillations or picks (FEFF = 1/t). To
minimise the effects of wave propagation in a finite medium, the distance between the transducers
must be greater than the wavelength (1) (Bucur 2006, Trinca and Gongalves 2009, Kohlhauser and
Hellmich 2012). Some researchers (Bucur 2006, Oliveira et al. 2006, Trinca and Gongalves 2009)
reported that values among 3 to 5 A indicate good conditions for the ultrasound test. Considering the
geometry and dimensions of the specimens used in this research and although the effective frequency
was smaller than the nominal frequency, the theoretical aspects were observed, and the distance
between the transducers was greater than 5 A in all measurement directions (Table 1). Bucur and
Bohnke (1994) and Trinca and Gongalves (2009) indicated to the importance of the propagation
phenomena occurring out of the near field (N). In the case of the polyhedral specimens used in this
research, the propagation length was almost 8 times the near field (Table 1).

Setup Recall | SelectlD | Snap Shot| Setup Recall | SelectlD |Snap Shot|
a b
Figure 2- Examples of Screen captures of Longitudinal (a) and transversal (b)
waves.

The polyhedral specimens allowed us to measure the time wave propagation, and with this time and
the length of the specimen, we calculate the velocities required to determine the stiffness matrix. The
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time of the longitudinal wave is obtained from the arrival of the first signal ( Figure 2a). For the
transversal transducer, the equipment shows the two types of waves — longitudinal and transversal
(Figure 2b). The longitudinal wave arrives firstly, represented by the first group of signals. After the
reduction of signal amplitude, there are a new peak; which represents the arrival of the transversal
waves (Figure 2b). So, the time of the transversal wave is obtained on this second peak (Figure 2b).

Table 1: Average values of velocity (V in m.s'l), effective frequency (FEFF in kHz), wave length (4 in mm), relation
between propagation length (L) and wave length and near field (N in mm) in measurements obtained on different directions
(LL,RR, TT, LR, LT, RT, LR4s, LT4s, RT4s) of the polyhedral specimen

LL RR TT LR LT RT LRss LTy RTys

\Y 4835 2188 1594 1616 1306 763 1705 1358 853
EFFF 800 400 200 200 200 150 200 150 100
A 6.04 5.47 797 808 653 509 853 9.05 853
L*/x 11.6 12.8 8.8 8.7 10.7  13.8 8.2 7.7 8.2
N 7.0 7.7 53 5.2 6.5 8.3 5.0 4.7 5.0

*nominal propagation length = 70 mm in all directions of the polyhedral specimen

N = ¢%/4x were ¢ = diameter of the transducer element (informed by the transducer manufacturer) = 13 mm

The velocities were: V|, Vrg, and V11 for longitudinal waves measured in the axial direction; Vg,
V1r, Vir, VR, V1L, and V1 for transverse waves measured in the axial direction with polarisation
along the perpendicular axes; and Vqr, Vgrr, and Vo 1 for quasi-transverse waves measured with
45° angular displacement within the plane. The first subscript letter on the velocity names corresponds
to the direction of wave propagation, and the second letter corresponds to the polarisation direction.
For quasi-transversal waves, the polarisation was in the corresponding measuring plane. The tests
were performed using direct measurements.

The stiffness matrix [C] was determined based on the velocities and by using the Christoffel tensor
(Bucur 2006).

The compliance matrix [S] was determined as the inverse of the stiffness matrix [C] ™.

Compression tests

Compression tests were conducted using a testing frame with a 200kN load cell, and data were
collected using a Quantum X-HBM data acquisition system and Microtest data collection software.
To measure the strain during testing, strain gauges (Micro-Measurements C2A-13-250LW-350 and
C2A-13-250L.T-350) were placed on the specimens according to their different arrangements in or out
of the axes.

The specimens positioned in the longitudinal axis were tested under compression according to the
UNE 56535 standard for the determination of compression stress parallel to the grain. For this
arrangement, the constants E, , vi g and v_r were obtained.

The specimens positioned in the radial and tangential directions were tested according to UNE 56542
standard for the determination of compression stress perpendicular to the grain. For this arrangement,
the constants Eg, VL, Vi, ET, VIr and vy were obtained.

Finally, the specimens positioned in the inclined longitudinal-tangential, tangential-radial and
longitudinal-radial planes were tested according to UNE 56542. For this arrangement, the constants
G.t, Gtr and G r were obtained, respectively.
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To determine the elastic constants, the data were analysed using Microsoft Excel, and lines with R?
above 0.99 were fitted to the e/c graphs. Equations aporting by Gongalves et al. (2011a) were used to
determine elastic constants.

The Young’s moduli in the axial direction (E, , Er and E+t) were determined from the slope of the
stress/strain curve (o/e) between 20 - 60% of the maximum stress with R? above 0.99.

Bending tests

Static bending tests were performed on the 13 beams (70x150x3000 mm) from which the polyhedral
and prismatic specimens were cut. The bending tests were performed according to the UNE-EN
408:2011 standard to obtain the longitudinal Young’s modulus for each beam.

Results and Discussion

The stiffness term C (dynamic modulus attending to Ifiiguez, 2007) obtained from the ultrasound
test and the E obtained from the bending test were highly correlated (R?= 0.89) what agrees well with
the values obtained by Ifiiguez (2007) who reports correlation coefficients of 0.74 for other species.
As expected and commented by Ozyhar et al (2013) and Goncalves et al (2011a and 2014), the values
of C. are larger than values obtained by static tests.

The average modulus of elasticity obtained from the bending tests of the 13 beams was 10675 MPa
(CV of 18.6%). This result is 2.9% less than the average modulus (E, ) obtained by ultrasound (10985
MPa and CV = 23.2%) using the 13 polyhedron extracted from the same beams. The t-test (95%
confidence level) applied to the 13 pairs of values shows, that there are no significant differences
between the moduli of elasticity determined by the ultrasound or by bending tests (P-value = 0.177).

To compare all the elastic parameters we must use the results of the compression tests. The results of
compression tests and ultrasound tests are numerically similar for E_, Eg, E+, Gt and G (Table 2).
The means were not significantly different between both methods (ultrasound and compression) for
any constant (Table 2). For the shear modulus (Ggr) and Poisson’s ratios (vg, viLr, and vy ), attention
must be given to the statistical equivalence because of the large coefficients of variation (Table 2) that
affect the statistical analysis (difference of means). In the case of Ggr, the large variability confirms
discrepancies observed by other authors (Kohlhauser and Hellmich 2012) in static shear testing.

Gongcalves et al. (2011a and 2014) obtained statistical equivalence between the modulus of elasticity
(EL, Er and E+) and shear modulus (Gtr, Gt and Ggr) using compression and ultrasound tests for
tree species. The results for the moduli in the longitudinal direction (E,) obtained using ultrasound
(complete stiffness matrix) and compression tests varied from 1% to 4% depending on the species,
which is very similar to that obtained by us (2.2%) for Castanea sativa (Table 2). Ozyhar et al (2013)
also obtained all of the elastic constants for Fagus sylvatica using ultrasound on cubic specimens, and
their results were in agreement with those obtained by other authors (literature data). Longo et al
(2012) used resonant ultrasound spectroscopy (RUS) on cubic specimens of Fagus sylvatica and
obtained the full stiffness matrix. The results for the diagonal elements of the stiffness matrix obtained
by Longo et al (2012) are in agreement with the elements of the stiffness matrix obtained by RUS and
values from literature data; however, the authors did not calculate or compare the elastic constants
(fongitudinal modulus, shear modulus and Poisson ratio). EI Mouridi et al (2011) used contact
ultrasound on spherical samples and obtained 28.6%, 12.5%, and 4.2% differences with predicted
values (Guitard 1987) for Cy;, C», and Css, respectively.

Using the intervals suggested by Bodig and Jayne (1982), any constant obtained by ultrasound and
compression tests presented values far outside of the expected range (Table 3).
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The differences between the results proposed by Arguelles et al. (2000) for hardwood from Spain and
the results obtained for Castanea sativa using both methods (ultrasound and compression) do not
allow us to define a best method because each presents small differences for the half elastic constants.

Table 2: Average Results for modulus of elasticity in longitudinal (E, ), radial (Eg) and tangential (Et) directions; shear
modulus in tangential-radial (Gtg), tangential-longitudinal (Gt._) and longitudinal-radial (G_g) planes and Poisson ratios on
tangential-radial (vrg and vgr), tangential-longitudinal (v, and v 1) and longitudinal-radial (vg,_ and v g) planes obtained
from Ultrasound and compression tests

Test EL Er Er Grr G Gir VRL VIL VIR VIR ViT VRT

9973 1441 790 299 760 1139 008 005 060 039 066 0.70
(22.3) (27.7) (215) (245) (14.8) (17.9) (18.7) (20.2) (50.9) (16.5) (43.2) (3.6)

Ultrasound

9757 1336 707 485 822 1082 008 0.04 047 047 052 0.82
29.6) (19.5) (6.6) (52.9) (24.5) (26.6) (55.0) (66.1) (3.7) (10.8) (11.8) (19.1)

Compression

Dif. (%) 2.2 7.9 11.7 622 8.2 53 000 250 277 205 269 171

Statistical -2084  -396 -225 -801 -491 -1065 -0.15 -0.07 -0.64 -0.17 -0.53 -0.54
Differences +2516 +605 +389 +430 +368 +1180 +0.14 +0.09 +0.91 +0.015 +0.83 +0.30

Values in brackets are the Coefficient of Variation (%)

Table 3: Relationship between terms of the compliance matrix (10°®) obtained in this research using ultrasound and
compression tests and interval obtained by Bodig and Jayne (1982)

Test VRL ViR Vri Yir VTR VRT

Er Ey Er E, Er Er
Ultrasound 4.58 5.04 7.20 7.31 48.11 47.74
compression 6.06 4.82 5.66 5.33 66.5 61.4

BOJdig and  152105.13 1.34t04.27 179t06.14 159t06.48 20.68t0128 21 to 104
ayne

Table 4: Values suggested by Arguelles et al. (2000) for elastic constants of hardwood from Spain and differences (%)
between these values and the mean values of elastic constants obtained by ultrasound and by compression tests to Castanea

sativa
EL Er Er Grr Gur Gir VRL V1L VLR VTR Vit VRT
Afg‘éggg%;ta'- 10674 E /8 E./135 366 971 1260 0.048 0.033 0.39 0.38 046 067
Ultras. Arguelles 29 88 2.2 424 232 114 375 697 421 22 746 34
et al. (2000)
Comp. Arguelles g 4 0.0 11.8 325 181 164 66.7 212 205 237 130 224

et al. (2000)

Where: E(, Eg,E1, Ggr, GL1, GLg in N-mm™

Our research and the work of other authors (Gongalves et al. 2011a and 2014, Ozyhar 2013, Longo et
al. 2012, El Mouridi et al 2011, Dahmen et al. 2010) shows that although the longitudinal and shear
moduli (or their corresponding stiffness parameters on the stiffness diagonal) present good agreement
with those obtained using static methods, the results of the Poisson’s ratio (or their corresponding
parameters of off-diagonal stiffness) are less precise. The results are affected by the deviation of the
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energy flux because the thickness of the specimen increases the influence of the grain and ring
orientations on the wave propagation. This behaviour is well explained by Kohlhauser and Hellmich
(2012) who show that the ultrasound measurements on non-principal directions are very sensitive to
errors, yielding errors in the non-diagonal components (off-diagonal stiffness) and affecting the
calculation of the Poisson’s ratio. A combined mechanical-ultrasonic method is proposed by
Kohlhauser (2012) to obtain the Poisson’s ratio of spruce, and the results agree well with results
obtained from mechanical measurements in this species.

Conclusions

The new way to characterize the wood of Castanea sativa, proposed in this research, provides
important scientifically contribution. The use of this specie in rehabilitation of traditional structures is
growing in Spain, due to its natural durability and dimensional stability. Increase this use and open
new markets is very important to the forest sector from North of Spain, where this specie is largely
found. The ultrasound wave propagation method shows great potential to determine the mechanical
properties of Castanea sativa, presenting values compatible with those obtained from a static
compression method. The polyhedral specimen allows the elastic constants to be easily obtained
because only one specimen is necessary, besides is fast, reliable and economic system. To following
contributions, we are working to propose an optimization of the specimen. We are also applying the
method to other species of wood and to engineered wood.
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Abstract

Wood, as an orthotropic material, shows different mechanical behavior depending on the analyzed angle
with its main axes. Since wood is also hygroscopic, its mechanical properties are also function of the
humidity rate. This research investigates the mechanical properties of Eucalyptus grandis specimens
using ultrasound. Ultrasonic readings through a cross section were performed at different angles with the
tangential axis at several moisture content. The gathered results were compared to the Hankinson
equation, allowing to model wood mechanical behavior.

Keywords: ultrasound, velocity, humidity, transversal.

Introduction

Currently, the use of wood as a structural material in civil engineering applications is not as frequent as it
could be. There are several reasons for this low use, among which some stand out: insufficient technology
dissemination of their structural behavior; lack of qualified professionals for project design; lack of
skilled workers; susceptibility to fungal decay and insect attack; action of water and the presence of
cracks and nodes (Calil Junior and Lahr, 2010; Pfeil and Pfeil, 2003).

As far as the physical properties are concerned, wood can be regarded as an anisotropic material. Hence,
its elastic properties vary depending on the reference system considered. However, with the choice of a
particular reference system, the axes of symmetry can be taken into account, allowing to analyze timber
as an orthotropic material. As a result, in order to investigate the mechanical properties of wood, several
experimental methods should be used. These methods can be classified in two major groups: destructive
and nondestructive ones. The latter ones have the advantage of not causing any damage to the element
under analysis, which allow an inspected structure to remain in service with a consequent reduction of
time and cost. Among the various nondestructive test methods to be used in timber structures, the
ultrasonic technique stands out.
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The propagation of the ultrasonic pulse is affected by many factors including wood species, plane wave
propagation, specific gravity, existence of empty regions or biological deterioration, humidity level,
temperature and specimen geometry (Bucur, 2006).

An experimental research with four species carried out by Sakai et al. (1990), evidenced that the
ultrasonic pulse propagation velocity is influenced by the relationship between the moisture content and
the fiber saturation point (FSP). FSP is considered to be reached when wood cell cavities contain no
liquid water, but the cell walls are saturated with moisture. Figure 1 displays the ultrasonic pulse velocity
in the longitudinal direction for different species at various moisture content.
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Figure 1 — Ultrasound pulse velocity variation in the longitudinal direction due to the moisture content
Source: modified from Sakai et al. (1990)

As can be noted in Figure 1, the behavior of ultrasonic pulse velocity is different depending on whether
the moisture content is lower or higher than the FSP. Physical and mechanical properties change when the
moisture content value is lower than FSP; in that case there is no inward or outward diffusion of free
water inside the wood. On the other hand, when the moisture content is higher than the FSP, free water
moves inside wood cells, reducing its influence on wood properties (Bucur, 2006). Figure 1 shows a
much greater rate of change in the pulse velocity values when moisture is lower than the FSP.

The ultrasonic pulse velocity values range from 5000 to 6000 m/s when the pulse propagates parallel to
the grain direction of solid wood, or in the longitudinal direction (V). When the propagation occurs
perpendicular to the grain direction, such values are usually much smaller in the range of 1000 to 2500
m/s. In that case, the pulse velocity also changes if the propagation occurs in the radial or tangential to the

growth rings. The radial velocity (V) is approximately 50% higher than the tangential velocity (V)
(Beall, 2002).

Using the ultrasonic test, Amstrong et al. (1991) apud Bucur (2006) proposed the use of the Hankinson

empirical equation to model the ultrasonic pulse velocity in the longitudinal-radial plane, as shown in
Equation 1.

V= Ve *Vp, (1)
97 Vg x sen2(6) + V, * cos2(9)
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where Vy is the velocity at radial axis, V;, is the velocity at longitudinal axis and Vj is the velocity at 6
degree from longitudinal axis.

Inspired by the Armstrong research, this research aims to confirm the possibility of use the Hankinson
equation to also model the behavior of ultrasonic pulse velocity in the radial-tangential plane, according
to Equation 2.

Vr * Vg (2)

v, =
% Vpxsen?(a) + Vg * cos?(a)

where V, is the velocity at o degree from the tangential direction.
Therefore, an experimental investigation was designed. Several ultrasonic readings at different
orientations relative to the transverse axes were performed on pieces of Eucalyptus grandis. Such

measurements were carried out with the specimen at different moisture content values in order to
investigate the influence of moisture content on the ultrasonic measurements.

Materials and methods
Specimens preparation and characterization

Eucalyptus grandis logs, with 25 cm of diameter, were extracted from the same tree and placed in the
laboratory (Figure 2 (a)). After two months of natural air drying, transverse discs were cut (Figure 2b).

(a) PR = ) = (b)
Figure 2 — Logs used in the research (a) cut in the field (b) making the transverse discs

From these discs, four specimens were extracted with dimensions of 3.9 x 3.9 x 3.8 ¢cm, 4.0 X 4.2 X
3.8cm,5.5 X 4.9 X 4.7 cm and 4.0 X 3.4 x 5.9 cm. These specimens differ from their angles between
one face and tangential axis of 0°, 15°, 30° and 45°. The same specimens provide angles of 60°, 75° and
90° if used the other faces of the specimens (Figure 3).

@ R (b)

Figure 3 — Grains orientation of specimens with angle identification (a) markers (b) specimens and markers
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In order to define the actual species of wood tested, the micrograph technique, with Microm HM 400 was
used to create the slides together with the photomicroscope Leica DM 2500 to generate the image. The
microscopic technique used Safranin, which makes the lignin appears in red color, and Astra, which
makes the cellulose appears in blue color.

Moisture content and ultrasound testing

The specimens were stored for five months in a box, without ventilation, in order to promote a slow
drying. The mass of each specimen was monitored approximate every 10 days until no further mass loss
was measured.

After reaching a constant moisture content, the specimens were oven-dried at 103 °C + 2 °C, as
established by NBR7190:1997. The dry mass of the specimens was obtained when no appreciable weight
change occurred. The value of dry mass of each specimen was used to determinate its moisture content in
each mass measurement step along the drying process.

The ultrasonic tests were performed at each mass measurement step, at all angles previously described in
Figure 3. This process allows to correlate the ultrasonic pulse velocity and the moisture content of each
specimens. A commercial ultrasonic equipment with a 200 kHz cylindrical transducer of 20 mm diameter
was used.

The experimental values of ultrasonic velocities were then correlated to the values obtained with the
modified Hankinson empirical equation (Equation 2). The values of V; (@ = 0°) e Vi (@ = 90°), used to
estimate velocities for different angles, were acquired from the ultrasound tests at angles of 0° and 90°,
respectively.

Results and analysis

The used microscopic technique provided the production of photos of the slides as shown in Figure 4. The
photos allowed the wood species to be classified as Eucalyptus grandis.

(b)
Figure 4 — Micrographs of the tested wood sample magnified by 20 times (a) the tangential-longitudinal section (b)
cross-section

During the initial air drying period, 64 measurements of the specimen’s masses were recorded with
approximate 0.4-month intervals (10 days), as shown in Figure 5.
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Figure 5 — Mass evolution of the specimens

From Figure 5, it can be noticed that the period of 4.1 to 4.7 months after cut, corresponded to the greatest
mass loss variation of the whole drying period for all specimens. In fact, that period of time coincided
with summer, and therefore increased heat intensified moisture loss rate. Between 4.7 and 7.1 months
after cut there was no significant change in mass, indicating that the moisture of the wood specimens was
in balance with the environment as a consequence oven-drying followed. An age of 7.2 months after cut
dry mass was achieved which allowed the calculation of all moisture content of each specimens at each
mass measurement step along the natural drying process (Figure 6).
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Figure 6 — Moisture content over natural drying process
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The results of the ultrasound measurements at all the angles previously mentioned were correlated with

each moisture content as shown in Figure 7. A total, of 256 ultrasonic readings were performed on this
research.
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Figure 7 — Evolution of ultrasonic readings in specimens to different angles relative to the tangential axis

From Figure 7, it can be noticed that, as the wood specimens moisture content decreased, the ultrasonic
pulse velocity increased. This behavior was particularly seen at 0% moisture content, where the
ultrasonic pulse velocities were significantly greater than at other moisture content values.

Figure 8 presents the comparison between the Modified-Hankinson Equation (Equation 2) and the
experimental values at moisture content of 0%, 16.1% and 71.4%.
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Figure 8 — Comparison between the experimental and the Modified-Hankinson curves for three different moisture
contents

The comparison between the experimental and Modified-Hankinson curves shows similar behavior, even
though the experimental values were lower than the Hankinson values for most of the curves.
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The difference between the experimental and Modified-Hankinson values were of the order of 1% to 9%.
This low magnitude would allow one to use the Modified-Hankinson equation to model the behavior of
the ultrasonic pulse velocity at different angles between the longitudinal plane and the tangential direction
of the timber. This conclusion applies only for the species sample of Eucalyptus grandis and size of the
specimens investigated here. In order to be able to apply to other species and specimens dimensions, it is
necessary to perform further investigations since differences in orthotropic material properties could
affect this relationship.

The rate of V; /V can also be correlated as a function of moisture content, as displayed in Figure 9. It is
possible to identify two groups of V;/Vy values depending on the moisture content. One is located in the
neighborhood of 16% and another 65%. This behavior can be related to the fiber saturation point (FSP),
which value is usually between 30% and 40%. Unfortunately, the FSP content of the tested specimens
probably occurred between the period of 4.1 to 4.7 months after cut, corresponding to 55.5% and 18.4%
of moisture content, which showed fast drying caused by summer heat.
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Figure 9 — Relationship between V/V  and moisture content

The data in Figure 9 show a value for V- /V approximately equal to 0.7 for a moisture content below
fiber saturation point (FSP) and approximately equal to 0.78 for moisture content above FPS.

A similar conclusion was obtained in the thesis of Costa (2005), where, among other studies, ultrasonic
readings were made in the tangential and radial axis. These readings were made in samples of Eucaliptus
citriodora, with moisture content below and above the FSP. His results showed the existence of two
defined levels of Vi /Vg, as function of moisture content. When moisture content was below FSP, the
value of V. /V, was equal to 0.81, and above FSP equal to 0.90.
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Conclusions

This paper investigated and demonstrated that there is similar behavior between the Hankinson empirical
equation and experimental values for ultrasonic pulse velocity in cross section of Eucalyptus grandis
regardless its moisture content. Such a conclusion allows one to apply the Hankinson equation when
modeling the orthotropic behavior of the ultrasonic pulse velocity for this species.

It was also observed that there is variation in the relation V- /V; depending on the moisture content of the
wood, with higher values at higher moisture content values. These results are also useful when modeling
the ultrasonic pulse velocity at different planes of cross-section. For these conclusions to be extended to
other species, it is necessary that the procedure applied here is tested to other types of wood.

Acknowledgments

The authors wish to thanks Professor Jodo de Deus Medeiros, from Botany Department of Federal
University of Santa Catarina, for their help in identifying the species of used wood.

References

ASSOCIACAO BRASILEIRA DE NORMAS TECNICAS. NBR 7190: Projeto de estruturas de madeira.
Rio de Janeiro, 1997. 107 p.

Amstrong, J.P.; Patterson, D.W.; Sneckenberger, J.E. 1991. Comparison of three equations for predicting
stress wave velocity as a function of grain angle. Wood and Fiber Science. 14: 32-43.

Beall, F.C. 2002. Overview of the use of ultrasonic technologies in research on wood properties, Wood
Science and Technology. 36(3), 197-212.

Bucur, V. 2006. Acoustics of Wood. New York: Springer. 393 p.

Calil Junior, C.; Lahr, F.A.R. 2010. Madeiras na construcao civil. In: Isaia, G.C. ed. Materiais de
construcdo civil e principios de ciéncia e engenharia de materiais. Sdo Paulo: IBRACON. 1712 p.

Costa, O.A.L. 2005. Velocidade de propagacdo de ondas de ultra-som na madeira para diferentes
condigdes de umidade. Campinas, OR: Estadual de Campinas University. 95 p. Ph.D. thesis.

Pfeil, W.; Pfeil, M. 2003. Estruturas de Madeira. Rio de Janeiro: LTC. 224 p.

Sakai, H.; Minamisawa, A.; Takagi, K. 1990. Effect of moisture content on ultrasonic velocity and
attenuation in woods. Ultrasonics. 28: 0-3.

66



General Technical Report FPL-GTR-239 « Proceedings: 19th International Nondestructive Testing and Evaluation of Wood Symposium

Changes on color and wave velocity by ultrasound of
Eucalyptus decayed woods.

Patricia Soares Bilhalva Dos Santos
Chemical and Environmental Engineering Department, University of the Basque Country, San Sebastian,
Spain, patricia.bilhalva@hotmail.com

Silvia Helena Fuentes Da Silva
Chemical and Environmental Engineering Department, University of the Basque Country, San Sebastian,
Spain,silviahfuente@hotmail.com

Pedro Henrique Gonzalez de Cademartori
Forest Engineering Department, Federal University of Parana and Embrapa Forestry, Curitiba, Brazil,
pedrocademartori@gmail.com

Roberto Lessa Pereira
Center Engineering, Federal University of Pelotas, Pelotas, Brazil,roberto-lessa93@hotmail.com

Fernanda Regina Andrade
Forestry Engineering, Federal University of Santa Maria, Santa Maria, Brazil,fernandaalpf@gmail.com

Francieli De Vargas
Forestry Engineering, Federal University of Santa Maria, Brazil,devargasfrancieli@gmail.com

Darci Alberto Gatto
Center Engineering, Federal University of Pelotas, Pelotas, Brazil, darcigatto@yahoo.com

Jalel Labidi
Chemical and Environmental Engineering Department, University of the Basque Country, San Sebastian,
Spain, jalel.labidi@ehu.es

Abstract

In this study, four non-destructive techniques methods were used to assess the natural durability of
eucalypt wood exposed to field test. Wood from two Eucalyptus hybrid clones was exposed in a field test
in southern of Brazil for 360 days. Wood samples were collected every 45 days. Changes in density,
weight loss, wave propagation, dynamic modulus of elasticity and color were investigated. The main
results showed Eucalyptus urophylla x Eucalyptus grandis wood is more susceptible to deterioration by
xylophages agents than Eucalyptus globulus x Eucalyptus grandis wood. The highest weight loss values
of wood were found after 360 days of exposure. Dynamic modulus of elasticity tends to decrease as a
function of exposure time. Color variation increased with increasing time of exposure in field test.

Keywords: natural durability, dynamic modulus of elasticity, CIE L*a*b*, velocity of propagation.
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Introduction

Wood is a natural, versatile and renewable material widely used in different industrial and commercial
sectors. Use of wood in building is essential (Ashori et al. 2012) and represents a significant market share
in many countries, especially in Northern Hemisphere.

Wood and wood-based products can be used indoor and outdoor. However, outdoor applications result in
high susceptibility to the action of climatic agents (weathering) and, consequently, photodegradation
(Feist and Hon 1984). Among the damages caused by weathering, surface cracks can significantly
changes wood properties and its durability in service. Furthermore, wood exposure in indoor or outdoor
increase the susceptibility to xylophages’ agents, which deteriorate wood chemical components
(hemicelluloses, cellulose and lignin) and could affect its integrity.

Natural durability of wood depends to the geographical location of exposure, since climatic conditions
and soil micro flora influences durability in ground. (Brischke et al. 2013). Thus, field tests are an
interesting alternative to expose wood in natural and more realistic conditions (Meyer et al. 2014).
Eucalypt is one of the most important commercial wood in Brazil. However, natural durability of eucalypt
wood is commonly lower than tropical woods. Thus, genetic improvement of Eucalyptus species are
necessary to increase both quality and homogeneity of wood.

This study aimed to characterize some physical properties and color changes of eucalypt wood after field
test exposure. Wood from two eucalypt hybrid clones (Eucalyptus globulus x Eucalyptus grandis and
Eucalyptus uruphilla x Eucalyptus grandis) are exposed to decay for 360 days in southern of Brazil.
Changes in density, wave propagation, dynamic modulus of elasticity and color were investigated by non-
destructive techniques.

EXPERIMENTAL METHODS

Selection and preparation of material

Two hybrid clones - Eucalyptus globulus x Eucalyptus grandis (GG) and Eucalyptus urophylla x
Eucalyptus grandis (UG) with 11 years old were selected from a homogenous plantation located in the
city of Tapes (30°40'24"S, 51°23'45" W), Rio Grande do Sul, Brazil.

Central plank was cut from each tree as described in ASTM D5536-94. Thickness of each central plank
was reduced from 8 to 6 cm. Wood samples were prepared and were kept in a climatic chamber (20°C
and 65% of relative humidity) to reach the equilibrium moisture content.

Installation of field test

Field test was installed in the city of Morro Redondo, Rio Grande do Sul (S 31°58'18"; W 52°63'55", sea
level of 245 m. According to Képpen classification, climate in the experimental site is Cfa (Humid
Subtropical Mild) with no dry season and hot summer. Average temperature during the warmest months
are over 22°C and average temperature of the coldest month is under 18°C. The average annual
temperature is 18.6°C. Soil temperature at 5 cm is 20.3 °C and the average annual rainfall is 1445 mm
(Embrapa - CPTAC, 2015).

Local of installation was a forest plantation of Eucalyptus spp. with six years planted with spacing of 2 x
3 m. Wood samples were put in a vertical position with half length (12.5 cm) below the soil. Spacing
between samples were 10 cm and blocks 100 cm. Seven wood samples of each species were collected
every 45 days for 360 days. All the samples were cleaned with a brush and kept in a climatic chamber at
20°C of temperature and 65% of relative humidity. Weight loss (%) was determined by Eq. 1.
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WL(%) = 1224 100 1)

1

In which: WL= weight loss (%), Wi = initial weight and WO= final weight
Ultrasonic evaluation

Wave propagation time was measured by ultrasound equipment (ps). Three readings in longitudinal
direction were performed using dry point type transducers with 54 Hz frequency. Wood samples were
tested before and after the field test exposure.

Dynamic modulus of elasticity was determined using the velocity of ultrasound wave (V) and the wood
density (D) as described in Eq. 2. The loss of ultrasonic wave was determined by Eq. 3.

Ed =V2*D (2)
VL(%) = (V; — V)V; * 100 3)

In which: VL = Loss of ultrasonic wave velocity (%) Vi = initial velocity (m.s-1) and VO = final velocity
(m.s-1).

Color measurement

Color changes were measured in radial and tangential section of five samples by CIEL*a*b* method.
Parameters L* (lightness), a* (green-red chromatic coordinate) and b* (blue-yellow chromatic coordinate)
were determined using a colorimeter (Konica Minolta- CR-400) with opening sensor of 8 mm.
Colorimetric parameters were measured in three different regions, above ground (region 1), ground zone
(region 2) and below soil (3).

I ER

3 2 1
ll Region
T

Soil

Figure 1—Scheme of color measurement in different positions in wood sample.

Results and Discussion
Physical properties

Density of UG wood (492.4 kg/m?3) was higher than value found in GG wood (537 kg/m?). Both wood
densities presented similar values observed in previous studies (Santos, 2009; Queiroz et al. 2004,
Milagres 2009). However, after field test wood density decreased, especially after 360 days exposure time
(Figure 3)

Weight loss increased with increasing time of exposure (Figure 3). Main changes in weight loss of both
woods occurred from 135 days of exposure. UG wood was more susceptible to decay than GG wood.
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This high susceptibility to decay could be attributed to soil conditions, humid climate and abundant
presence of xylophages’ organisms in the environment. In contrast of other countries, Brazil has a
propitious climate for development of these organisms, which results in high rating of decay.
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Figure 2— Density, weight loss, loss of wave velocity and E4 of eucalypt woods as a function of exposure time in
field test.

Loss of wave velocity was similar in both woods (around 16%). After exposure in the field test, elasticity
of wood tends to decrease in comparison to unexposed wood (Figure 4). Lifian et al. (2004) affirmed
elasticity loss of 10-30% implies in a maintenance or replacement of wood pieces, which could be
suggested to UG and GG decayed wood if in service. Dynamic modulus of elasticity (E4) showed a
tendency to decrease as a function of exposure time. The lowest values of E4 were found after 360 days of
exposure. This decrease of E4 corroborates with the results found by Mattos et al. (2013).

Color changes

Exposure in field testing for 360 days significantly influenced wood color. Darkening of wood is verified
as a function of time of exposure. Ground zone was the most affected region on the sample due to intense
activity of xylophages’ agents in comparison to region 1 and 3.
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Table 2—Effect of color parameters for two wood species as a function of exposure time.

UG GG
Time Region Region
(days) 1 2 3 1 2 3
L* a* b* L* a* b* L* a* b* L* a* b* L* a* b* L* a* b*
0 65.20 5.15 1555 | 66.19 5.04 1554 | 65.21 5.12 1558 | 6554 4.76 15.12 | 66.19 5.05 15.07 | 66.06 4.76 15.14
45 60.37 4.95 1733|5358 5.19 16.12 | 55.87 5.26 16.07 | 60.74 5.15 17.47 | 56.49 5.13 16.68 | 59.05 5.14 17.22
90 61.31 443 1709 | 5346 5.02 1597 | 5280 544 1591|5968 4.80 16.71 |57.03 4.93 16.28 | 58.77 4.64 16.17
135 57.63 458 16.44 | 5213 497 1548 | 50.26 4.91 1475|5560 4.09 1536 | 54.14 441 15.04 | 56.70 4.46 15.83
180 5753 412 1555|5217 4.68 1512|5532 537 1659 | 6142 3.80 1572|5502 423 1494|5731 487 1582
225 5194 470 1470 | 4949 479 1401|5478 4.42 1484 |58.08 3.72 1501 | 4700 496 1423|5411 549 1725
270 5235 437 1441 | 4752 457 1235|4733 441 1292|5010 576 16.34| 4832 532 1529|5495 387 1368
315 5893 3.69 1437|4378 473 1198 | 4401 490 1421 | 4763 547 1393|4641 5.17 1365 | 58.68 3.70 13.90
360 5533 4.44 1486 | 4947 534 1502 | 3716 7.71 1346 | 5588 395 1469 | 46.75 5.02 1399 | 46.88 527 13.84

Color variation (AE) increased with increasing exposure time. UG wood presented AE values from 7.10
to 13.7 in region 1. On the other hand, variation of AE in region 1 in GG wood was higher than in UG
(7.95 - 20.65). Region 1 (above ground) presents high color variation due to the exposure to xylophages’
agents and weathering. Likewise, region 2 (ground zone) showed high color variation because is the

position with intense decay by microorganisms.

Eucalvptus globulus x Eucalyptus grandis (GG)

Eucalyptus urophylla x Eucalyptus grandis (UG)
T T T
.-—w—-*r"T'TT R | | ‘
|

r 30

Region

Figure 6—Color variation (AE) of eucalypt wood as a function of exposure time.

Conclusions

Eucalyptus urophylla x Eucalyptus grandis wood was more susceptible to biodeterioration by
xylophageous agents than Eucalyptus globulus x Eucalyptus grandis wood. This biodeterioration was
well-characterized by weight loss, decrease of wood density and color changes on wood surface.
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Abstract

It is well known that the tracheid effect can be used for determination of in-plane fiber orientation on
timber surfaces. Recent research indicates that out-of-plane angle, i.e. diving angle can also be determined
on the basis of scanning data. This paper presents a finite element (FE) model based on knowledge of 3D
fiber orientation obtained through high resolution laser scanning of a side board of Norway spruce of
dimensions 24 x 95 x 2000 mm. For assessment, strain fields in the vicinity of knots due to a simulated
moment load case are compared to strain fields obtained from 3D displacement measurement using digital
image correlation (DIC) technique applied during a laboratory bending test. The results from simulation
and measurement show good agreement regarding the strain fields. This indicates that the 3D fiber
orientation model gives basis for an FE model that can be used for accurate assessment of local strains.

Keywords: diving angle, FE-model, grain angle, machine strength grading, Norway spruce, wood

Introduction

Today high resolution scanning of timber is often performed at sawmills in order to detect defects that are
not allowed in applications for which the timber is intended to be used. Information regarding fiber
orientation can be collected on a very local scale and such information may be used for prediction of
stiffness and strength of timber, but it has not until very recently been utilized for timber strength grading.
Olsson et al. (2013) presented a new method for strength grading of timber based on a combination of
laser scanning, dynamic excitation and weighing of boards. The scanning of face and edge surfaces was
performed using a scanner of make WoodEye® equipped with four sets of multi-sensor cameras and dot
lasers. The system is based on the so called tracheid effect, where one of the principal axes of the light
intensity distribution around a laser dot indicates the fiber orientation in the plane of the surface (e.g.
Matthews and Beech 1976, Nystrém 2003). An initial type testing procedure (ITT), see EN 14081-2, were
performed and in March 2015 the method and procedure were approved by the technical group (TG1)
established under the technical committee (TC 124) within the European Committee for Standardization,
and the method is now available on the market. The suggested IP of the new method can predict the
bending strength with high accuracy. On a sample consisting of more than 900 boards of Norway spruce
of various dimensions the coefficient of correlation between IP and bending strength was R? = 0.70 (cf.
R? = 0.53 obtained for dynamic longitudinal MOE vs. bending strength).

75


mailto:jan.oscarsson@lnu.se
mailto:marie.johansson@lnu.se
mailto:anders.olsson@lnu.se
mailto:min.hu@lnu.se

General Technical Report FPL-GTR-239 « Proceedings: 19th International Nondestructive Testing and Evaluation of Wood Symposium

One of the simplifying assumptions made in the new method was that the angle between a wood fiber and
the scanned surface, i.e. the so called diving angle, was ignored. It has been shown that the tracheid effect
may be utilized for determination of the diving angle by considering the ratio between the two principal
axes of the elliptically shaped light spots on the wood surface (Simonaho et al. 2004). It has not yet been
investigated, however, if this can be utilized for accurate and robust high-speed identification of the
diving angles on timber surfaces of e.g. spruce consisting of a mixture of early wood and late wood,
knots, compression wood and so on. Nor has it been shown that fiber orientation on surfaces identified
using the tracheid effect give basis for accurate 3D fiber orientation for the entire volume of a wooden
board.

The aims of the present study are 1) to investigate the potential of establishing full-field 3D fiber
orientation within the entire board volume using the surface fiber orientation indentified from the laser
scanning; 2) to assess the significance and usefullness of such determined full-field 3D fiber information
by applying it in a Finite Element (FE) model of a wooden board subjected to bending and comparison of
calculated results in terms of strains with those obtained from laboratory tests with the aid of digital
image correlation (DIC) system.

Material

In the study a board of Norway spruce with dimensions 24x95x2000 mm is used. The board was flat
sawn taken far from the pith with annual rings almost parallel to the wide face of the board. One of the
wide faces of the board was planned while the rest of the surfaces were fine sawn. The studied board has
an edge knot at about the mid-length of it. Before tests, the boards had been stored in a climate room at a
temperature of 20 °C and 65 % relative humidity for about eight months. After that, the average moisture
content was 12.9 %.

3D modelling of fiber orientations
Scanning and calculation scheme

The board was fed through a scanner of make WoodEye® in a speed of about 75 meters per minute, by
which all four longitudinal surfaces of the board were exposed to laser rays and photographed. The raw
data from the scanning consists of images of elliptic laser dots. The resolution achieved regarding the
laser dot information was approximately 1.3 mm in the longitudinal board direction and 4 mm in the
transversal direction for each of the examined surfaces. The reason the laser dots are elliptic rather than
circular in shape is that the light spread more along the tracheid cells, i.e. along the fibers, than across.
The elliptical shape of the laser dots can be used to determine the full field 3D orientation on the wide
faces of the board using the following five steps:

1. Finding the in-plane fiber angle. Truncation at a fixed threshold value of the light intensity was
applied to determine the directions and lengths of the main axes of the elliptical spots. The
direction of the longer axis is interpreted as the local direction of the fibers in the plane of the
investigated surface.

2. Finding the diving angle. The ratio between the shorter and the longer axis of an elliptical light
spot is used to determine the angle between the surface and the local fiber, i.e. the diving angle.
The ratio was calibrated by the diving angle seen on the edge faces of the board. The ratio can
however only give the absolute value of the diving angle; to find the direction of the fiber it is
necessary also to determine the location of the pith of the log and the piths of knots.
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3. ldentifying knots and their piths. Areas where the diving angle is larger than 50° is set to be
knots. When knot areas are found on both the wide faces with a distance between the centroids of
the knots being smaller than 24mm (the board thickness) they are assumed to be parts of the same
knot. The pith of the knot is defined as the line through the centroid of each of the knot area.

4. ldentifying pith in the log. The lines through all the knots in a board are used to find the pith of
the log. An estimated intersection point of all the lines representing the knot directions, as seen
from the end of the log/board is set as the pith position in the log.

5. Determining the direction of the fiber angle. The fiber is then assumed to be orientated such that
with respect two ends of a fiber, the end closer to the pith of the knot has a longer distance to the
pith of the log.

A thorough description for the method to establish the size and orientation of the diving angle can be
found in Olsson and Oscarsson (2014).

Obtained 3D fiber angles

An example of resulted 3D fiber orientation is shown in Figure 1. The fiber orientation that can be seen in
the xy-plane, Figure 1b and Figure 1e, follow the longer main axis of the elliptic laser dots on the surface
from the scanning and it is known that the result is reliable in this plane in clear wood areas (Olsson et al.
2013). The ratio, R, that determines the diving angle, only affects the result in the xy-plane in the sense
that the length of the lines representing the local fiber orientation are shorter in positions where the diving
angle is substantial, which is in the area of the knot. In the xz-plane (c) and in the yz-plane (d) the picture
depends more directly on the values of R. The results show that the calculated orientation of fibers around
the knot agrees quite well with what is known about the fiber orientation around/with some distance to
knots in general (Shigo 1990 for example). The rule applied to decide the sign of the diving angle also
works well.

Comparison of strain fields from measurement and simulation
Measurement of strains

A test is arranged as four-point bending, loaded edgewise, to apply a constant bending moment to a 570
mm long part of the board located between two point loads. The edge knot in the middle of the board, the
same one as displayed in Figure 1, is placed at the tension side. Both sides of the board were
photographed during loading with a DIC system (ARAMIS) to register the complete displacement field
around the knot on both the wide faces. The bending test was run up to ultimate failure of the board and
the time-force-displacement history was recorded all along. The ARAMIS systems work with triggers to
ensure that the registration of images on both sides of the board is done simultaneously- the systems take
the images and sample load signals approximately at every 15 seconds time increment and every 100 N
load increment.
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Figure 1- Identified 3D fiber orientation on the two wide faces of a part of the board including a
knot; (a) schematic perspective image, (b) fiber orientation of the top surface in the xy-plane, (c)
fiber orientation of both surfaces in the xz-plane, (d) fiber orientation of both surfaces in the yz-
plane,(e) fiber orientation of the bottom surface in the xy-plane and (f) - (g) photographs of the two
wide faces of the board.

FE Model based on 3D fiber orientation
The FE modeling is performed using the commercial software ABAQUS in which a 3D model of the

board, using linear solid elements, were created. The material is defined as linearly elastic and
transversely isotropic, with detailed material properties with respect to the local directions as presented in
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the row with “Nominal value” in Table 1. A distinction is made between stiffness in the fiber direction
and the across fiber directions but not between the tangential and the radial direction.

From the images of the board, see Figure 1, it was possible to see that there was a crack through the
center of the knot already before loading. The crack goes almost perpendicularly throughout the board in
the thickness, i.e. z-direction. The crack will influence the strain behavior of the board and was therefore
included in the FE-model as an area with lower stiffness. The solid FE model was therefore prepared such
that the elements marked with red in Figure 2 may be assigned either the nominal value for the material
parameters, just as the material in all other elements of the model, or the “Reduced stiffness” defined in
Table 1 in order to mimic the locally reduced stiffness caused by the crack.

In the practical handling the identified 3D fiber orientation on the two wide faces of the board as
described in the previous section are sufficient inputs to represent the 3D fiber orientation model all over
the board volume. The fiber angles between the two surfaces are calculated through linear interpolation
between the values on the two surfaces. The data supplied consists of five parts, x-, y-, z-coordinates and
two angles ¢, and gguing. The input files organize the position and fiber angle information in such a way
that one pair of specific values of ¢,, and gging are allocated for each position (X, y, z) on the board
surfaces.

Table 1- Material parameters adopted in the FE model, where 1, 2 and 3 correspond to the tangential, longitudinal and radial directions
of the fibers, respectively.

E; E, Ey U2 U13 Uz3 Giz Gi3 Gy
Parameter [MPa] [MPa] [MPa] [ -] [] [MPa] [MPa] [MPa]
Norminal value 533 14300 533 0015 045 045 1000 50 1000
Reduced stiffness 5.3 143 53 0015 045 045 10 05 10

y

Figure 2-The FE-model of the board with a possibility of introducing an initial crack. The material
property of the red part is defined either by nominal value or redueced stiffness in Table 1.

Strains calculated based on 3D fiber orientation

Figure 3 shows normal strains in the longitudinal board direction according to (a-b) a FE model and
simulation employing only the nominal material stiffness properties (cf. Table 1); (c-d) the DIC results;
(e-f) the FE model with reduced material stiffness, i.e. with consideration to the initial crack in the knot.
The left images of Figure 3, i.e. (a), (c) and (e), display strains for the pith side surface and the right
images, i.e. (b), (d) and (f), displays the strains for the bark side surface. The FE models employed had an
in-plane element size of 1.5x1.5 mm but the strains displayed in Figure 3 (a, b, e and f) are average values
over surrounding areas of 6x6 mmZ.

Comparing the different strain plots of Figure 3 there is an obvious resemblance between the results from
the FE models based on the fiber orientation model and the result from the DIC measurement, regarding
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both the strain pattern and the strain levels. The FE model that ignores the initial crack in the knot (a-b)
gives large positive strains over an area slightly larger than the knot itself. Of course, this is due to the low
stiffness in positions where fibers are directed perpendicularly to the longitudinal direction of the board.
Thus, locally this model gives a different strain pattern compared to the other strain plots. In this respect
the FE model that takes the crack into account (e-f) shows better agreement with the DIC results (c-d).
Note, however, that the crack only causes a local effect. Apart from an area only slightly larger than the
knot there is hardly any difference between (a-b) and (e-f). Both FE models and the DIC images show
concentrated positive strains just below the knot, both to the left and to the right of it. Also, the
concentrated negative strain on the compression edge of the board, slightly to the right of the knot on the
pith side surface (caused by a hole visible in Figure 1a) can be distinguished in (a), (c) and (e). However,
the FE model also shows a few local strain concentrations, far away from the knot; those are not shown
by the DIC results. These can be explained by laser dots in the scanning that detect fiber deviation in
single measurement position. A chip or some sawdust on one of the board surface may be the cause and,
since a single laser dot represents a width of 4 mm in the vertical direction, this may explain the small
strain concentrations.

95 5
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| ———, | —
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47.5 F 40
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Figure 3- Longitudinal/horizontal normal strains valid for the board corresponding to a nominal
stress level at the outmost fiber of the board about 33MPa obtained from (a-b) a FE model
considering only the nominal material stiffness properties, (c-d) the DIC results and (e-f) the FE
model with reduced material stiffness, i.e. with consideration to the initial crack in the knot. Left
images (a), (c) and (e) display strains for the pith side surface. Right images (b), (d) and (f) display
the strains for the bark side surface.

Figure 4 shows, for the same load case as for Figure 3, normal strains in the transversal board direction,
i.e. vertical direction, according to (a-b) the DIC results; (c-d) the FE model with reduced stiffness, i.e.
with consideration to the initial crack in the knot. Figure 5 shows the corresponding shear strains. As for
the normal strains in longitudinal direction there is, both for transversal normal strains and for shear
strains, an obvious resemblance between the results from the FE model and the result from the DIC
measurements. Regarding transversal normal strains, see Figure 4, large positive strains appear just
beneath the knot on all the plots. Bending tests of sideboards with a knot on the tension side also show
that the failure mode in most cases consists of the development of a horizontal crack beneath the knot that
propagate along the fiber direction, i.e. almost horizontally, on both sides of it.
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Figure 4-Transversal/vertical normal strains valid for the board corresponding to a nominal stress
level at the outmost fiber of the board about 33MPa obtained from (a-b) the DIC results and (c-d)
the FE model with reduced material stiffness, i.e. with consideration to the initial crack in the knot.
Left images, (a) and (c), display strains for the pith side surface. Right images, (b) and (d), displays
the strains for the bark side surface.
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Figure 5-Shear strains valid for the board corresponding to a nominal stress level at the outmost
fiber of the board about 33MPa derived from (a-b) the DIC results and (c-d) the FE model with
reduced material stiffness, i.e. with consideration to the initial crack in the knot. Left images, (a)
and (c), display strains for the pith side surface. Right images, (b) and (d) display the strains for the
bark side surface.

Discussion and Conclusions

A modelling scheme for the 3D fiber orientation of the entire volume of a side board of Norway spruce,
based on data from dot laser scanning and utilization of the tracheid effect, was presented. The diving
angle was determined based on the ratio between the shorter and longer axis from the tracheid effect.The
direction of the diving angle was set to follow the direction of the pith of the knot in question defined as
areas where the diving angles were larger than 50°. The fiber orientation derived in areas around knots
seems to be in fair agreement with the actual fiber orientation seen on such surfaces.

The 3D fiber orientation models established were conveniently integrated with the FE model using the
software ABAQUS. The model was used to simulate four point bending test on the board with
transversing knots located at the tension edge. The same board as evaluated and modelled with respect to
their individual fiber orientation in 3D were also tested in four point bending in laboratory and strains on
the wide faces were estimated using DIC technique which enabled comparison to strains calculated on the
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basis of the FE model including fiber orientation information. Comparisons of strain fields, i.e. normal
strains in longitudinal and transversal board direction and shear strains, from the measurement and
simulations showed close agreement regarding both strain patterns and strain levels. The large positive
normal strains in direction perpendicular to grain that occur beneath a knot located on the upper/tension
edge of the board, and normally cause fracture in the board subjected to bending, were well captured by
the FE model. Also, small defects in the wood, e.g. a very small hole on one of the wide faces rather close
to the edge in compression, caused local strain concentrations that were clearly detectable both on the
strain plots from the laboratory measurement and from the simulations.

In conclusion the modelling approach presented using the 3D fiber orientation information shows
promissing results. It can be used for accurate calculations of strain fields and it could be used also for
assessment of stresses, provided that sufficient knowledge of the stiffness parameters of wood material in
direction along and across fibers is available.

Further work would be (1) to make the modelling scheme more general, i.e. to make it able to handle
wooden boards also from the centre part of logs and not only side boards, (2) to address the fiber
orientation in the transit zone between knots and clear wood and (3) to evaluate the usefulness of the fiber
orientation model on more challenging applications such as prediction of strength and failure modes of
timber.
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Abstract

Most machine strength grading methods of today result in limited grading accuracy and poor yield in
higher strength classes. A new and more accurate grading method utilizing laser scanning technique to
determine the in-plane fibre directions on board surfaces was recently approved for the European
market. In this, however, no consideration is taken to the out-of-plane direction of the fibres. A first
step towards scanning-based 3D models of the fibre orientation is the establishment of 3D knot
models. In this investigation laser scanning was used to identify knot surfaces on longitudinal board
surfaces. By means of developed algorithms knot surfaces that belonged to the same physical knot
visible on different sides of the board were identified. All knots with surface areas larger than 100
mm? were correctly identified and modeled in 3D. This is a promising starting point for further
development of the new grading method based on laser scanning.

Keywords: structural timber, knots, laser scanning, tracheid effect, local fibre direction, diving angle

Introduction
Background

Destructive testing of structural timber typically results in the conclusion that failures are strongly
related to the occurrence of knots. For example, Johansson (2003) evaluated results from about 1800
boards tested in bending or tension and found that more than 90 % of the failures were connected to
the existence of this kind of defects. On the contrary, other investigations highlight the fact that the
statistical relationship between strength and indicating properties (IPs) reflecting size and position of
knots is rather weak. The coefficient of determination (R®) between such IPs and bending strength
typically vary between 0.16-0.27 (Hoffmeyer 1995), which is poor in comparison with common
grading methods in which modulus of elasticity (MoE) measures based on axial dynamic excitation or
flatwise bending are applied as IPs. Such methods, which typically result in R? values of about 0.5
(Johansson 2003), utilize the fact that the best single predictor of strength is stiffness expressed in
terms of different MoEs.

There is in a sense a contradiction between, on one hand, failure of timber being dependent on the
occurrence of knots and, on the other hand, the statistical relationship between knot measures and
strength being poor. However, this can be understood from the fact that failure in bending or tension
is typically not initiated in an actual knot, but in adjacent clear wood areas where the fibre orientation
deviates strongly from the longitudinal direction of the tested piece (e.g. Boughton 1994).
Furthermore, Foley (2003) concluded that the strength reducing effect related to knots was most likely
caused by a combination of inter alia fibre deviations and reduced area of clear wood in the cross-
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section. Thus, development and application of new IPs that include the strength- and stiffness-
reducing effect of both knots and fibre deviations could be expected to be very useful in the
development of new strength grading methods.

It is well known that dot laser scanning and utilization of the so called tracheid effect, see below, can
be applied for the purpose of determining local fibre directions with high resolution on board surfaces
(Astrand 1996). Commercial equipment for laser scanning carried out at sawmill production speed has
been available on the market for several years but it is not until very recently that such information
has been used for strength grading purposes. A new grading method based on dot laser scanning using
an optical scanner of make WoodEye (Innovativ Vision 2015), in combination with axial dynamic
excitation and weighing using a grading machine of make Precigrader (Dynalyse 2015), was approved
on the 3" of March 2015 by the technical group TG1 set up under the technical committee TC 124
within the European Committee for Standardization. The method, which is presented in Olsson et al.
(2013), is based on the fact that local fibre directions deviating from the longitudinal direction of a
board result in a reduction of local stiffness in longitudinal board direction. By means of integration
over cross-sections, a bending MoE profile is calculated across a board and the lowest local bending
MoE found across this profile is used as IP. It has been shown that the new method will provide
grading with high accuracy (Olsson et al. 2013; Oscarsson et al. 2014) in spite of the fact that the
method, as approved, is based on several assumptions. For example, it is assumed that measured fibre
directions are 1) located in the longitudinal-tangential plane, 2) valid to a certain depth, and 3)
coinciding with the scanned board surface. The latter means that the so called diving angle, i.e. the
out-of-plane angle, is set to zero, which it is not in reality. A further assumption is that the occurrence
of knots is not considered, i.e. scanned fibres within knots are assumed to be clear wood fibres, but
with directions that strongly deviate from the longitudinal board direction. Consequently, the intricate
three-dimensional (3D) fibre pattern that occurs in the transition zone between knot and clear wood
(Shigo 1997; Foley 2003) is neglected, although failures are frequently initiated in, or close to, such
areas.

If the present two-dimensional (2D) fibre orientation model implemented in the grading method
described in Olsson et al. (2013) was replaced by an accurate 3D fibre orientation model in which also
the occurrence of knots was included, it is very likely that a further improvement of the relationship
between IP and strength would be achieved. Such a fibre orientation model would also enable even
more advanced calculations for assessment of strength, considering the development of cracks and
fracture. The purpose of this paper is to initiate the development towards accurate knot and fibre
orientation models in 3D.

Tracheid effect and determination of fibre direction

The in-plane fibre orientation on surfaces of softwood timber can be determined using the so called
tracheid effect, which means that the tracheids (fibres) in softwood conduct concentrated light such as
laser light better along the fibres than across. When a beam of such light illuminates a board, some of
the light will penetrate the surface and scatter within the wood. A part of the scattered light will be
reflected back to the surface and due to the tracheid effect the reflected light will take the shape of an
ellipse with the major axis following the direction of the fibres at the surface. The left image in Figure
1a shows a softwood surface in which a knot is included; the right image displays the light scattering
on the same surface when illuminated by dot lasers. By determining the major axis of each light spot
the in-plane fibre orientation at the surface can be determined. Inside the knot, where the fibre
direction is close to perpendicular to the surface, the fiber direction is determined more or less at
random. This is a consequence of the fact that the shape of the ellipse becomes close to circular when
fibres with a large diving angle are illuminated by a dot laser and, hence, making it difficult to
determine the major axis of the ellipse that corresponds to in-plane direction of the fibre.

Methods based on the tracheid effect have also been developed for the purpose of determining the

diving angle on board surfaces. Simonaho et al. (2004) suggested that the diving angle could be
interpreted by a shape factor ratio determined as the ratio between the minor- and major axis of a
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reflected light spot. Olsson and Oscarsson (2014) used this in an attempt to model the 3D fibre
orientation on the wide faces on sideboards of Norway spruce. The value of the diving angle (5) was
calculated as

I +1 2
.3=cos‘1<<12 2—R>lz_ll), L <R<I, 1)

where [, and [, are the ratios between the lengths of the minor- and major axis below and above
which diving angles are assumed to be 0° and 90°, respectively, and R is the shape factor ratio of the
studied ellipse. A consequence of this equation is that the more circular the ellipse, the higher the
value of the diving angle. The mapping suggested by Olsson and Oscarsson (2014) for Norway spruce
is shown in Figure 1b, in which the boundary values [, and [, are set to 0.54 and 0.82, respectively.

The theories presented above regarding determination of in-plane and out-of-plane angles must be
adopted with caution when modelling fibre orientation in timber and there are two reasons for this.
Firstly, in the 3D fibre orientation modelling carried out by in Olsson and Oscarsson (2014) the
complicated 3D fibre pattern that occurs around knots, in the transition zone between knot and clear
wood, was not captured accurately since no distinction between fibres that integrate with the knot and
fibres that grow around the knot was made in the model. Thus, the result is not consistent with
theories concerning growth such as Shigo’s knot formation theory (Shigo 1997). Secondly, the
mapping between the shape factor ratio and the diving angle, see Figure 1b, may be sensitive to the
roughness and the colour of the wood surface. Still, however, the method is useful and reliable for
certain purposes.
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Figure 1— a) Left: surface of softwood timber including a knot. Right: spread of light
(tracheid effect) due to dot laser illumination. Figure originates from Petersson (2010).

b) Mapping between shape factor ratio and value of the diving angle. Figure originates from
Olsson and Oscarsson (2014).

Purpose, aims and limitations

The purpose of the present paper is to define a scheme for how models of the 3D orientation of knots
in boards can be established on the basis of data from high speed laser scanning and utilization of the
tracheid effect. Since the orientation of a knot is decisive for the orientation of fibres flowing around
or integrating with it, the development of 3D knot models is regarded as an important step towards
modelling the entire 3D fibre structure within a board. The aims of the present research are

¢ to determine positions and areas of knot surfaces visible on different sides of a board,

¢ to identify knot surfaces belonging to the same physical knot and create a complete 3D model
of all knots within the board (knots smaller than 10 mm? are ignored).
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Material and equipment

The test sample used in this study comprises in total 10 boards of Norway spruce with dimensions
45x145x4800 mm delivered from Sodra Wood’s sawmill in Torsas, Kalmar County, Sweden. All
surfaces were planed prior to scanning but the planing was not satisfactory everywhere on all surfaces
since limited areas on some of the boards were left raw even after the planing. In two of the boards the
pith was located within the cross-section. The boards contained both live and dead knots. The dot
laser scanning was performed by a high resolution laser scanner of the make WoodEye. The
WoodEye also contains an end scanning camera that may be used to determine an approximate
location of pith for the first board end leaving the system.

Methods and measurements

Detection of knots on timber surfaces using the tracheid effect

Dot laser scanning using the tracheid effect means that the fibre orientation is determined with a
certain resolution across flatwise and edgewise board surfaces. The resolution was in this study set to
1 mm in the longitudinal direction and 4 mm in the transverse direction. To create smooth transitions
between local dot laser observations a moving average of 5x5 mm? was applied to both the in-plane
angle and the shape factor ratio determining the value of the diving angle. The latter value was
calculated according to Equation (1). The values used for [, and [, in this equation were set to 0.54
and 0.82 which are the same values as suggested by Olsson and Oscarsson (2014). It should be
mentioned that the diving angle could be defined as either positive or negative. For example, if 3D
fibre directions determined on wide surfaces of a board are projected to the yz-plane, see Figure 2f,
then a positive diving angle is assigned to those projected fibre directions that present a positive slope
in the yz-plane. Consequently, a negative slope results in a negative sign of the mentioned angle. For
fibre directions determined on edge surfaces the sign of the angle can be determined in a similar way,
but in this case on the basis of projections to the xy-plane. A different method for determining the sign
of the diving angle is presented in Olsson and Oscarsson (2014). However, for the purposes of this
investigation the sign is not important since only the magnitude of deviation between the fibre
direction and the longitudinal direction of the board is actually considered.

In order to identify all knots of various types along board surfaces by means of high resolution laser
scanning, both the in-plane angle and the diving angle should be considered. To do this a 3D vector,
based upon both these angles, was created for each dot laser observation, which means that an
assumed local 3D fibre orientation was established for each such observation. Further, by assuming
that the pith of the log was parallel with the longitudinal direction of the board, a new local angle
between the assumed 3D fibre orientation and the pith of the log was calculated as

@ = cos™! (|uu| rv|) (2)

where u and v are the local 3D fibre orientation vector and the pith vector, respectively. All such new
local angles (¢) determined over a board’s surfaces were then used to identify where the 3D fibre
orientation deviated substantially from the pith direction. Such deviations exceeding a set threshold
value was interpreted as indications that the dot laser observation belonged to a knot surfaces. On the
basis of repeated trials, it was found that an optimum relationship between indicated and actual knot
surfaces was achieved for a value of ¢ equal to 56°. This value was subsequently used as threshold
value for determination of both the position of knot surfaces and their corresponding areas on the
board’s longitudinal surfaces. The practical procedure for subsequent identification of knot surfaces
can be summarized as follows; (a) for every dot laser observation the position in the coordinate
system was defined by the scanning, (b) by using a binary numbering system, all observations for
which the threshold value (56°) was exceeded, the binary value was set to 1, c) all observations which
had a binary value equal to 1 and was located next to each other on a board surface was regarded as
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one coherent knot surface, and (d) even if two such knot surfaces were not located exactly next to
each other, but had a distance between the centroids of them that was smaller than

Terit = \/Al/ﬂ + \/AZ/T[ (3)

where A; and A, are the areas of the two knot surfaces, the two knot surfaces were considered as a
single knot of size A; + A,. Figure 2a shows photographs of four longitudinal surfaces of a part of one
of the investigated boards. Figure 2b shows colour plots, for the same surfaces, of the calculated angle
@ between the assumed fibre orientation in 3D and the direction of the pith. The colour bar describes
the angle between the direction of the pith and the assumed fibre orientation; colours from
yellow/orange to red implies a large angle, which indicates a knot surface, whereas blue colour means
that the angle is small, i.e. indicating clear wood areas. The viewing principle of these figures is that
the images can be folded around their longitudinal direction, i.e. the y-direction and thus, creating a
3D view of the board. The results displayed in Figure 2b show good resemblance with the actual
surfaces of the board shown in Figure 2a.

Three-dimensional modeling of knots

In the following it is described how it can be concluded whether knot surfaces that are visible on
different board surfaces are actually parts of the same physical knot. It is common knowledge that
branches grow outwards from the pith of the log and usually slightly upwards and it is assumed that
the centroid of a knot area correspond to the location of the pith of the branch at a distance r; from the
pith of the log, see Figure 2c. As mentioned in section Material and equipment, the WoodEye scanner
may be used to determine the location of the pith of the log at the first board end leaving the system.
However, due to poor calibration of the end scanning camera in the WoodEye scanner used in this
investigation, the described determination of the pith location had to be carried out manually. Having
knowledge of an approximate location of the pith of the log (illustrated by the filled circle in Figure
2c), the positions of the centroids of the knot areas identified could be transformed to a polar
coordinate system. Then, by comparing the position of two knot surfaces that are visible on different
sides of the board, with respect to their tangential and longitudinal coordinates, respectively, it
becomes obvious if the two knot surfaces belong to the same physical knot, see Figure 2c. The
difference between two tangential coordinates can be denoted A6, see Figure 2c. Of course, depending
on 1) limited accuracy regarding the assumed location of the pith of the log, 2) limited accuracy in the
interpretation of knot surfaces 3) limited knowledge regarding the actual growth direction of the
branch and 4) misinterpretation of the location of the pith within the knot, e.g. because the knot
surfaces may be cut off at an edge of the board, some difference in the polar and longitudinal
coordinates, i.e. some tolerance that can be expressed as 46imir and Aljimit, respectively, have to be
allowed for when comparing tangential coordinates and longitudinal position. Thus it is assumed that
two knot surfaces, i and j, visible on different surfaces, are parts of the same physical knot if

|6; — 6;] < MGy (4)
and
lvi — vj| < Aljime (5)
in which
Alyiie = a - |1 — 17 (6)

where 40,imi: was set to 18.5° and a was set to 0.8. The constant a is dimensionless and can be

changed if another species of timber is examined in a similar way. Both these values where set by
repeated trial. With knowledge of which knot surfaces that were parts of the same physical knot, it
was then possible to model knots in 3D as convex hulls, i.e. with the smallest convex volume that
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connected the different knot surfaces as shown in Figure 2d—e. Figure 2f shows a complete 3D knot
model for a part of one of the investigated board. The four knots with the highest y-coordinates
correspond to the knots visible in Figure 2a.
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Figure 2—a) Photographs of a part of one of the investigate boards. b) The angle ¢ between
the assumed 3D fibre orientation and the longitudinal direction of the board, for the same
surfaces as in (a). The colourbar indicates the size of ¢. ¢) Projection onto the xz-plane of the
assumed 3D fibre orientation for the uppermost knot shown in (b). The knot is marked on two
surfaces and indicated with respect to position with polar coordinates. d) A three dimensional
view of the uppermost knot surfaces visible in (b). €) The knot volume inside the board
modelled as convex hull. f) A complete 3D knot model for a part of a board. The four knots
with the highest y-coordinate correspond to the knots visible in (a).

Results and discussion
Validation of identified knot surfaces areas

The ability of the algorithm to determine areas of knot surfaces were verified by manually measuring
the knot area on photographs of the board surfaces in the software AutoCAD Architecture. The knot
areas measured on photographs and the knot areas assessed by means of the algorithm, for all the
knots that are visible on the part of a board that is shown in Figure 2a-b, respectively, are presented in
Table 1. In this part of the board there are in total seven round knots, i.e. knots that are cut off in a
plane that is fairly close to an It-plane, and one oval knot, i.e. a knot that is cut off in a plane between
the It-plane and Ir-plane. In some photograph, the size of the knot areas is difficult to assess manually
since the border between the knot and the surrounding clear wood is fuzzy. Such knots are indicated
with an approximately-equal-to sign in Table 1 and the knot area is rounded off to the nearest fiftieth
mm?. The radius given are, for the round knots, simply the square root of the knot area divided by ,
and the lengths given for the major- and minor radius of the oval knot were determined manually by
approximating the oval knot area with an ellipse of the same size. As shown in Table 1, the radius of
the round knots, estimated by means of the algorithm and manually from photographs, respectively, is
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quite similar. Considering the knots with well-defined boundaries the largest error of the radius is
only 2 mm. The mean error of the radius is smaller than 1 mm and it can be concluded that the
algorithm that is based on a criterion for the angle between the assessed fibre direction and the
direction of the board is able to determine the areas of the knot surfaces accurately.

Table 1—Knot areas measured on photographs and knot areas assessed by means of the proposed algorithm. The knots
considered are those of the part of the board that is shown in Figure 2a—b. Numbering starts with the knot having the lowest

y-coordinate on each side.

Knot

Knot

y-coordinate

Knot area

Knot area

Radius round knots

Major and minor radius of elliptically shaped knots

no. type (mm) algorithm photograph Algorithm Photograph Algorithm (mm) Photograph (mm)
(side) (mm?) (mm?) (mm) (mm) Major Minor Major Minor
1(s1) Round 1040 99 7 6 5 - - - -
2(s2)  Round 998 118 114 6 6
3(s2)  Elliptic 1082 616 ~350 . 19 10 16 7
4(s2) Round 1144 181 179 8 8
5 (s2) Round 1204 218 190 8 8 - -

6 (s4) Round 1013 54 93 4 5
7 (s4) Round 1155 616 ~ 400 14 11 - -
8 (s4) Round 1225 670 515 15 13

Validation of the 3D knot model

In section Three-dimensional modelling of knots it was explained how it can be concluded if knot
surfaces that are visible on different surfaces of a board are parts of o the same physical knot, and how
3D models of knots can be established on the basis of such knowledge. A complete 3D model of knots
for a part of a board was shown in Figure 2f. An account of the knots identified by means of the
proposed algorithm and by manual inspection, respectively, is given in Table 2 for two different
boards. The comparison show that all knots with surface areas larger than 100 mm? were identified by
the algorithm and also that all knots having at least one surface larger than that 100 mm? were
correctly associated with other surfaces of the same knot. For knot surfaces with areas between 10—
100 mm? approximately 60 % of them were correctly associated and modeled in 3D by the algorithm.
In two cases spots on the board surfaces that were poorly planed were erroneously identified as knot
surfaces. This also led to a connection between one such spurious knot surface and a real knot surface
which meant that one knot was modelled as a volume in an incorrect manner. The reason why a rough
clear wood surface could be identified as a knot is that the laser dots illuminating such a surfaces may
display more round shapes than what they would have done on a corresponding planed clear wood
surface. The result is, of course, that large diving angles of fibres are incorrectly identified on such
surface.

Table 2—An account of knot surfaces and knots in 3D identified
by means of the proposed algorithm and by manual inspection,
respectively, for board number 7 and board number 9.

Board no. 7 9*

Knot surface area (mm?)

10-
100

>100

10-
100

>100

No. of knot surfaces (determined
visually)
No. of knot surfaces identified
by the algorithm
No. of knots in the board
(determined visually)
No. of knots correctly identified
by the algorithm
No. of knots incorrectly
identified by the algorithm

40

11

0

44

44

14

14

0

36

19

15

8

1

50

50

20

20

0

* One 20 cm long section of board number 9 is excluded due to a
large and uncommon defect.
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Conclusions and further research

The method used in this paper to identify knots through laser scanning and 3D modelling has proven
to work well. For the two boards closely examined all knots with surface areas larger than 100 mm?
were correctly identified and modelled in 3D. Further, for knots with surfaces between 10-100

mm? approximately 60 % were correctly identified and modelled. However, it has also been found that
when utilizing the tracheid effect for the purposes of identifying knots it is important that the surfaces
are thoroughly planed. Otherwise there is a risk that a poorly planed surface will be identified as a
knot surfaces. A limitation of the described method for 3D modelling of knots is that it only works
when the pith of the log is placed outside the cross-section.
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Abstract

Among the major irregularities and defects in solid wood, knots and woods specks, which affect its
quality and limit the production of laminated wood for exportation. Nowadays wood industry needs a
diversity and variety of technology to detect these irregularities, being important extract relevant
information in order to determine a good classification of quality. The electromagnetic radiation
reflected and absorbed fields in the Near Infrared (NIR), its frequently used to identify different
features and properties in the wood. This work, through multivariate statistical techniques, studies the
average spectral behavior from different zones of the wood samples in a rank from 900 to 1700 (nm).
This was made by using an optoelectronic sensor for two different defects: knots and wood specks.
The infrared images obtained from the sensor were studied by spectral signature and infrastructure
graphs.

Keywords: Defects, NIR, statistical.

Introduction

Currently, in the ranges of the electromagnetic spectrum, visible, ultraviolet, and infrared, different
cameras are widely used in various industrials processes for both quality control and automation of
production lines. The principle used is to consider the information that comes from the reflected ligth,
as a function of the source, and the reflectivity and absorption properties of material. The light
reflected from a surface, its luminance, has a spectrum given by:

L(A) = EMRQA) [Wim] )

where E(1) is the incident light from the source, and R (1) is the reflectivity of the surface, both are
functions of wavelength. In the range of near infrared (NIR) between 750-2500 [nm] various studies
related to the forest industry are found (Kelly et al 2004), specifically for characteration of the wood
properties. There are many studies in the literature related to the prediction of physical properties such
as density, microfibrillar angle, tracheid length (Schimleck et al. 2001, 2002, 2003, 2004, Via 2004,
Jones et al. 2005), mechanical properties, modulus of rupture (MOR), modulus of elasticity (MOE),
chemical (glucose, lignin and extractives content) and different studies for a number of softwoods and
hardwoods (Bailleres et al. 2002, 2003 Kludt, Yazaki Schimleck and 2003, Kelley et al. 2004ab). In
general, these techniques used for classification of wood defects are based on changes in the
mechanical properties, mainly the changes in wood density and fiber orientation (Echols 1973; Cowen
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and Clement 1983; Kanowski 1985. Others have demonstrated the ability of NIRS to measure flexural
strength and modulus of elasticity for the radiata pine for moving samples at 900 [mm/min] (Thumm
2001 and Gindl Meder et al. 2004).

The quality of the data recorded by the camera depends on the response of the photodetectors, which
capture the reflected light. In the construction process of the image the following mathematical model
of focal plane array is used (FPA). In this process the photodetector array is found, delivering a first-
order relationship between the irradiance input and output for the (i, j) is - th detector in the FPA
arrangement. Then k-th time sample is expressed as:

Y ap[KI=AGne X+ Bapt NejlK] 2

where Y (i, j) - radiation measured in the (i, j) detector, A(i, j) - gain of (i, j) detector, X(i, j) - actual
radiation incident on the (i, j) detector, B (i, j) - of the offset (i,j) detector and N (i, j) [K] - temporal
noise for (i, j) detector in frame k. The gain and offset are based on the parameters obtained with the
two-point calibration (TPC) which takes a diffuse body at two different temperatures T1 and T2. By
combining these measurements the individual response of each photodetector is calibrated. The values
of gain and offset are given by:

Ty Tq
Vi Vi

A= 3
2 XZ;.Z+XZ;.2 (3)

T, T,
Bij=Y;—Aij X (4)

The spectral response for these samples using the average and standard deviation of the calibration
matrix is achieved. This matrix is correlated with vector Ln (Number of pixels in different positions of
the sample) and characterizes the reflectance values for each one of the areas according to the
wavelengths involved.

Multivariate statistics can work with large volumes of data, such as information contained in the
infrared images. Given the complexity in obtaining spectral signatures, the method Biplot Principal
Component (Gabriel, 1971; Clark 2007) is applied to characterize the various irregularities study
(wood specks and knots). To perform the Principal Component Biplot, considered the covariance
matrix between the reflectance of the areas under study. Indeed S is the covariance matrix, then the
breakdown in values and eigenvectors of S, is given by:

S=vVDVt (3)
vty =1 (4)

where V - matrix of eigenvectors, D - diagonal matrix of eigenvalues. Finally, the Biplot Principal
Component reflectance zones are obtained by plotting on a two-dimensional space H the following
coordinates:

1
He) =75V D (5)

where H, — zones coordinate averages in the two dimensional space Biplot, V, - matrix of
eigenvectors in the two dimensional space and n - number of k-frames from 1 to 253.

Materials and Methods

Solid wood samples of Pinus Radiata D. Don with dimensions 10x30x1.5 [cm] and irregularities like
knots and wood specks are studied. The next optical parameters for measurement were used: sampling
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height of 13 [cm], instantaneous field of view (IFOV) of 0.055 [rad], field of view (FOV) 17.6 [rad],
sampling rate 0.375 [cm/s]. For measurements an excitation source based on a calibrated quartz lamp
and tungsten halogen QTH ORIEL Model 100 watt was used. This lamp covered from ultraviolet to
near-infrared range. The spectral reflectance was performed by a multispectral camera in the near
infrared range between 700-1700 [nm] Fig 1.

Figure 1— Image Acquisition System

The camera spectral range of work defined by the difference between the maximum and minimum
wavelengths was AA=800[nm]. For the image analysis 236 pixels were used in the spectral axis
reaching a resolution of 3 [nm] and stored in image files with extension Raw Fig2.
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Figure 2— Structure of hyperspectral images
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Results

Some of the results are shown as graphs of spectral reflectance v/s wavelength in the figures 3-6. In
Figure 3 the average reflectance and standard deviation is shown for an area with knots given by the
vector Ln4 in comparison with three zones free of knots Ln1, Ln2 and Ln3.
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Figure 3— Reflectance in areas with knots (Ln4) and without knots (Ln1, Ln2 and Ln3) and
standard deviation.

For wavelengths between 1400-1700 [nm] the reflectance intensity decrease in all this spectral region
with lower values for the intensity in the zones with knots. Moreover, the standard deviations of the
Ln vectors show increased values for areas with knots in the wavelength range from 1350 to 1700
[nm].

In the Fig. 4 the multivariant analysis applied shows the two first Biplot principal component of
reflectance and represent the 98.9% of total variance. A clear discrimination between areas without
knots (Ln, Ln2 and Ln3) respect to the area with knot (LN4) is observed. The three areas free of knots
present a reflectance strongly correlated with each other, interpreted as areas of similar texture.
Instead, LN4 reflectance area is not correlated with the above three areas, and has a higher dispersion,
reflecting very different texture area.
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Figure 4— Biplot principal Component of reflectance for areas with and without knots
(covariance structure).

The reflectance and standard deviation for woods specks zones are shown in Figure 5. Here Ln and
Ln2 areas are free of woods specks while Ln3 y Ln4 areas contain woods specks. The results of the
correlation with the average shows that areas with woods specks have lower intensity values in
reflectance in comparison with woods specks free zone. Furthermore, for the standard deviation
occurs otherwise.
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Figure 5— Reflectance average and standard deviation without specks (Ln and Ln2) and with
specks (IN3 and IN4).
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Finally, the first two dimensions of Biplot principal components of reflactancias (Fig. 6) for
the areas with and without woods specks, account for 97.8% of the total variance. The
differentiation between areas with Specks (Ln3 and Ln4) and areas without Specks (Ln and
Ln2) is notorious.
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Figure 6— Principal Component Biplot reflectance for areas without specks
Conclusions
The analysis of this works show that the use of infrared technology in conjunction with a multivariate
statistical analysis allows detection defects in solid wood due to their characteristic patterns.

Certainly, a future research more accurate in this direction should be made in order to confirm or
reject the potential of these techniques.
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Abstract

The present project describes a method of measuring moisture content in wood chips based on
infrared absorption spectroscopy of water. The theoretical basis of this technique is that in the
near-infrared range, liquid water has absorption bands around 1950 nm (5128 cm ), 1450 nm
(6896 cm ™), 1200 nm (8333 cm ™) and 970 nm, (10300 cm™), Giinzler (2003). The electrical
signals generated by the reflection on wood chips of three infrared lasers with very narrow wave
lengths, provide a value that depends on the quantity of water contained in the measured
material. This value will increase when concentration of water in chips decreases, Dalal (1986)

At the present time, there are instruments applying this kind of technique to determine moisture
in wood chips, makers are: JWII (Australia), M.C.TEC (The Netherlands), and NDC
Technologies (USA) These instruments are composed of NIR lamps and filters in such a way
that reflection light at different wave lengths, can be measured. The objective of this project is
to offer an alternative to determine moisture content in wood products by a non contact method
and providing higher accuracy by removing filters.

Material and Methods

The infrared device is composed of three near-infrared laser diodes with the following
wavelengths, 1450 nm, 1310 nm and 980 nm. These wavelengths are close to the main
absorption bands of liquid water. The three laser diodes are emitting infrared light which is
absorbed by the material providing a value of the reflected light that is proportional to the
concentration of liquid water.

The reflected light is collected by a receiver diode placed on the centre of a parabolic mirror
whose main objective is to increase the signal of the received reflected light.
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Figure 1. The internal structure of the infrared device

The electronic device can be connected to the PC using a Serial to USB converter cable; the
electrical signals of the emitted and reflected light are displayed on the computer through a
simple software called Putty. (Figure 2)
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Figure 2. PUTTY software display window

Putty software shows three different data for each diode which are represented by channels A
(1450 nm), B (1310 nm) and C (980 nm). Thus, the first column presents the current of the laser
diode in mA (mili Amper) ; the second one, the emitted light and the third one, the reflected
light intensity. The parameter that is sensitive for moisture content is the one on the third
column.

Wood chips of two distinct seizes were measured. The chips were received from Company
FALCO, producer of particle boards, they were originally green material, which means, that
their moisture content was above 30%. The first step was to obtain samples with different
moisture content, for that, it was necessary to dry or moist the chips until they had reached the
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equilibrium humidity. To make sure the equilibrium humidity was reached, we made three
moisture content measurements picking distinct samples of the same sum of chips. In this
procedure it was utilized a special particle-moisture meter (KERN MLS 50-3).

The next step was to measure the reflected light parameter of the amount of chips in evaluation
with its specific moisture content, that would be, the average of the three measurements
previously made. The infrared device used to measure the reflected light, had to be placed
opposite to the holder that contains the chips, so that they are directly exposed to the emitted
infrared light. For the collecting of data it was important to utilize the same holder and to apply
the same distance between the upper layer of the chips and the infrared device. This is because
distance has a significant effect on the readings of the reflected light, in such a way that when
the distance increases; the electric signal of the reflected light loses intensity. By means of Putty
software, these data were recorded into the PC and exported to Excel were the calibration was
made.

The presence of water in wood chips increases the absorption of infrared light and consequently
the reflected light parameter decreases. The resultant lineal regression is based on this idea and
it was obtained representing MC in percentage as a function of the ratios a/b, a/c and b/c. Where
a, is the average of the readings of the reflected light parameter of diode A (1450 nm), b is the
average of the same readings of diode B (1310 nm) and c is the average corresponding to diode
C (980 nm).

Results and conclusions

The results of the collected data are presented in the table below where a/b, a/c and b/c show the
averages of the reflected light parameter with its corresponding MC percentage in the left.

Table 1. Summary of results, moisture contentMC and reflected infrared light intensity ratios

MC (%) a/b a/c b/c
2,87 1,311 4,196 3,202
8,58 1,301 4,003 3,076
11,55 1,253 4,039 3,222
18,25 1,211 3,893 3,214
30,01 1,121 3,345 2,985
31,17 1,218 3,534 2,901

107,81 0,784 1,990 3,693

Three lineal regressions were obtained by plotting the points on Table 1. They represent the
relationship between moisture content of chips in percentage and each of the ratios mentioned
above.
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Figure 3. Relation between MC (%) and reflected infrared light intensity ratios. 0,5-2 cm chips.

Figure 3 above shows that the ratio between b and ¢ does not follow a lineal proportion
therefore it is not a reliable value to estimate the MC as a function of the readings given by the
infrared device. However, the regression got from ratios a/b and a/c have a R® value close to 1
and show a clear relation between MC and the reflected light intensity.

As mentioned before, two distinct sizes of chips were evaluated. This appeared to have
influence on the measurements and the final results were not the same in each case. The graph
below (Figure 4) was generated with the measurements of 2-3 cm chips, the one above was
generated by 0,5-2 cm chips. It is clear how the resultant equations of MC vary, depending on
the kind of chip size.
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Figure 4. Relation between MC (%) and reflected infrared light intensity ratios. 2-3 cm chips.

The main objective of the data collecting was to create an equation that presents the MC as a
function of the calculated ratios, to this end statistical software was used, namely STATISTICA.
To take into consideration all the variables that had been measured we worked with the multiple
regression model. The result of the analysis is shown on figure 5.
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Regression Summary for Dependent Variable: Var1 (Spreadsheet1)

R=,99988895 R*= 99977792 Adjusted R*= 99944480

F(3.2)=3001.2 p=.00033 Std_Error of estimate: ,92643

b* Std Err. b Std.Err. t(2) p-value
N=6 of b* of b
238,1324  29,16250 8,16571  0,014668
Var2 -0,352427 0130411 -69.9245 2587463  -2.70244  0.113987
Var3 -0.668119| 0.106172| -31,8977 5,06893 -6.29278 0.024335
Vard -0.021774  0.035024 -3.2531 523264 062170 0.597563
Summary Statistics

Statistic Value
Multiple R [ 0.9998889531
Multiple R? 0,999777919
Adjusted R? 0,999444797
F(3,2) 3001,24007
p 0,000333103118
Std.Err. of Estimate 0.926431625

Figure 5 . Results of the multiple regression analysis with STATISTICA, VAR2=a/b, VAR3=a/c and
VAR4=h/c

Resulting function: MC (%) = —69.924% — 31.898% — 3.253§+ 238.132

The standard error of moisture content determination is less than 1%! The last step was to
compose a software which displays the final MC in percentage from the readings of the
reflected light that get to the PC. It was programmed by means of the resulting function above.

The conclusions of the measurements and the data calibration were the following:

- Distance between the surface of the volume of chips and the device affects the signal
received of the reflected light by the detector and it is a critical factor. Therefore, when
measuring, it is important to keep the same distance.

The density of the material is also an influencing factor. This was demonstrated by
measuring different chip sizes; as a result, we got distinct relationships between MC and
channel ratios.

- The infrared device is a good estimator of MC in chips because it is sensitive for

changes in concentration of water in the material.
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Abstract

Chemical detection, mapping, and imaging in three dimensions will help refine our understanding of
wood properties and durability. We describe here a pioneering infrared method to create visual 3D images
of the chemicals in wood, providing for the first time spatial and architectural information at the cellular
level without liquid extraction or prior fixation. Analysis used high-resolution Fourier transform infrared
(FTIR) microspectroscopy that obtains infrared light from a synchrotron beamline facility at the
University of Wisconsin Synchrotron Radiation Center that is equipped with a unique design for
illuminating samples. An advanced detector allows multiple mid-infrared spectra to be collected
simultaneously. Chemical images were generated in 3D for cell wall layers of Populus deltoides Bartr. A
complete mid-infrared spectrum was obtained for each data point in the 3D image.

Keywords: wood, tomography, Populus, infrared, FTIR, synchrotron, 3D imaging

Introduction

A nondestructive three-dimensional (3D) infrared imaging technique has been developed that allows
generation of color images depicting spatial distribution of the chemical constituents of wood. The
tomographic images provide structural and chemical information that can be missed by a monolayer
approach that may result from manual slicing and staining. We published the first infrared tomographic
images of wood in Nature Methods (Martin et al. 2013).

This infrared tomography technique was developed at the specialized synchrotron beamline IRENI
(InfraRed Environmental Imaging) at the Synchrotron Radiation Center (SRC), University of Wisconsin,
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Madison, WI, USA. The technique couples the IRENI rapid 2D spectral image acquisition capability
(Hirschmugl and Gough 2012) to a system that enables acquisition of transmission images as a sample is
precisely rotated. A tomographic data set corresponds to projection images as a function of sample angle
and includes the complete mid-infrared spectrum for each data point. A full 3D image of the sample can
be reconstructed for one or more infrared wavelengths. The combined Fourier transform infrared (FTIR)
spectroscopy and tomography create color images where colors can be assigned by specific spectral
identification or spectral changes. Each data point on the 3D grid (voxel) provides a wealth of information
for advanced spectral analysis. A 3D image of the object can be visualized by a number of methods,
including volume rendering or digitally slicing through the sample along any arbitrary plane.

Tomographic chemical images will provide information about wood artifacts, adhesives, weathering,
coatings, and fungal decay. Knowledge about chemical identification and distribution will aid the design
of protocols to breakdown cell walls for conversion of lignocellulose to bioplastics, liquid biofuels,
nanocellulose, and chemical feedstock for industry (lllman et al. 2013).

We describe here the nondestructive 3D infrared imaging approach, revealing distribution of the
chemicals throughout an intact solid wood sample. The objective was to determine the architectural
distribution of lignin, hemicellulose, and cellulose in a sample of Populus wood.

Methods

Commercial kiln-dried poplar wood (Populus deltoides Bartr.) was hand sectioned (50-100 um thick)
longitudinally with a scalpel or cross-sectioned with a Reichert sliding microtome (5-10 um thick), stored
at room temperature and transferred to the microscope stage for infrared data collection.

The novel IRENI synchrotron beamline configuration collects a section of synchrotron radiation (320 x
27 mrad) generated by a bending magnet, collimates 12 light beams that are arranged side by side to
illuminate the sample (Nasse et al. 2011a; Nasse et al. 2011b). Infrared microspectroscopy was performed
at the IRENI beamline facility using a Bruker Optics Hyperion 3000 and a Santa Barbara (Santa Barbara
Infrared, Inc., Santa Barbara, CA) focal plane array detector (FPA) coupled to a Fourier Transform
Infrared (FTIR) vertex 70 spectrometer. The FTIR spectra from every pixel in the 128 x 128 pixel
detector array was collected and processed by OPUS 6.5 software (Bruker Optiks, Billerica, MA). The
infrared microscope stage with sample rotation mount is described in Figure 1.

Figure 1—Infrared microscope where the sample is held by a pin on a tip-tilt alignment stage at
the focus position of the 15x% condenser (NA = 0.5). Sample and stage are rotated by a computer-
controlled Agilis rotation mount. The angle of rotation is measured by a potentiometer. Sample
and stage above are mounted on an x-z-y stage to position and focus the point of interest on the
axis of rotation and at center of the field of view of the FPA detector.
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Computed tomography, sample rotation, and tomographic and spectral reconstructions are described by
Martin et al. (2013). Briefly, spectral images were acquired in transmission mode with a 15x (humerical
aperture (NA) = 0.5) condenser and a 36x (NA = 0.5) objective resulting in an effective projected sample
pixel size of 1.1 x 1.1 pm. A series of Java scripts were written for reconstruction of one (or all) mid-IR
wavelengths. Reconstruction of the transmission image of an infrared wavelength is similar to x-ray
tomography (Illman 2013), using Open Source imaging software such as Fiji.

Wood cellulose, lignin, and hemicellulose were identified by characteristic absorption bands (Pandey
1999, Marchessault 1962, Fengel 1992, Gorzsas 2011).

Results and Discussion

The full mid-IR spectrum was collected for each data point in poplar wood, giving more accurate data
than traditional techniques where a single spectrum is collected and averaged. A representative spectrum
for lignin, hemicellulose, and cellulose were selected from the full spectrum for analysis. Color images
were generated to reveal the distribution of lignin, hemicellulose, and cellulose in 3D.

Computer assisted tomography (CAT) scans based on x-ray energy sources do not provide the range of
chemical detection that are obtained with infrared. This new ability to rapidly obtain high quality FTIR
spectral images provides complementary information to the density differences of chemicals in x-ray
tomography (lllman and Dowd 1999).

Representative FTIR images of Populus wood are given in Figure 2, where three virtual slices of wood
are taken at different locations along the sample (d-f).

&

Norx ™

Figure 2—Populus wood: 2D representations of 3D reconstructions. (a) Visible
microscope image of a longitudinal sliver of wood (80-um diameter) (b through f).
Tomographic images, where red and blue-green colors are spectrally associated
with lignin (1523-1627 cm™) and hemicellulose (1689-1781 cm™), respectively.

d and f show digital cuts through the middle of the wood cells. e and f show two
views of reconstructions of hydrocarbon stretching absorption modes between
2804-3023 cm™, similar to views a and b (b—c in Martin et al. 2013).
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Conclusions

Tomographic mid-infrared chemical images were obtained with the IRENI synchrotron beamline facility.
Sample preparation required no fixative, staining, or special storage. This FTIR spectro-microtomography
provided spectrally rich 3D visualizations of lignin, cellulose, and hemicellulose in wood samples. The
large data sets contain the full mid-infrared spectrum for each data point, allowing future comprehensive
analysis of all chemicals in the sample. This technique addresses the challenging problem of determining
the 3D molecular architecture of wood cell walls, and promises to be a tool for analysis of wood decay,
chemical modification of wood. and many other applications.
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Abstract

This study used near infrared spectroscopy coupled with partial least squares regression to rapidly and
non-destructively predict the density, modulus of elasticity, modulus of rupture, extractives content and
higher heating value of Pinus taeda genetic families that have been selectively bred to be disease
tolerant.

Calibration models were developed with 1%-derivative treated NIR spectra collected from six positions of
southern pines solid wood specimen. Smaller errors of NIR models, as compared to the relatively larger
standard deviations associated with the conventional methods gave RPD values greater than 2.5. The Rzad,-
values of cross-validated models ranged from 0.81 for MOR to 0.89 for MOE. One-way anova used to
determine statistical differences (at 95% confidence level) between means of conventionally-measured
and NIR-predicted property for each of the loblolly pine families showed that, all models were able to
accurately estimate the various properties of at least eleven out of the fifteen families.

Keywords: Near infrared spectroscopy, Pinus taeda, tree improvement, wood strength, density, chemical
composition, bioenergy

Introduction

Pinus taeda (loblolly pine) is the most economically important tree species in the USA. It provides
110,000 jobs and contributes approximately $30 billion to the economy of the southern US alone, where
some 30 million acres of this species have been planted. Reduced growth, decline and eventual mortality
have however been associated with loblolly pine trees over the past five decades (Eckhardt and others
2010). In a bid to control this disease complex, stakeholders are selecting and deploying genetically
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superior families that have been selectively bred to be disease tolerant. It is vital that we do not
compromise other important properties while breeding for disease tolerance; the only way to determine
this is to measure them. However, with the large number of trees involved in tree breeding programs, it is
not feasible to determine these properties with the conventional methods that require considerable sample
preparation and analysis that are time consuming, expensive and mostly destructive. There is therefore the
need for alternative analytical tools that have high throughput and are cost effective.

In this study, near infrared spectroscopy (NIRS) coupled with multivariate data analysis was used to
characterize and then rapidly predict the basic density, modulus of elasticity (MOE), modulus of rupture
(MOR), extractives content and higher heating value (HHV) of loblolly pine families that have been
selectively bred to be disease tolerant. These properties are important because any changes in them will
impact the yield and/or quality of final products — whether it be paper, lumber, engineered wood product
or bioenergy. Furthermore, it is essential that strength is not compromised else mortality due to reasons
other than forest disease such as wind failure could occur.

Materials

Fifteen loblolly pine families (one tree per family) were used in this study. Trees were harvested in the
winter of 2014 from two forest sites; seven families from Yulee FL and eight from Waycross GA. The
average diameter at breast height (DBH) of the trees was 16.8 cm. Trees were crosscut into 1.5 m bolts
along the bole, then 50 cm “disks’ were taken from the mid portions for further processing into the final
test specimen. Nominal 2 x 4-in southern pine boards were also acquired from West Fraser Inc., a sawmill
located in Opelika, AL.

Methods

Conventional Testing

Three-point bending test, as specified in ASTM D143 was used to determine the strength properties of
samples. Test specimens (2.5 x 2.5 x 41 cm) were conditioned to an average moisture content (MC) of 9
% in a control chamber (temp: 22 °C; relative humidity: 55 percent) before testing. Basic density was
determined as the ratio of the oven-dry mass of a test specimen to its volume. Samples were loaded into a
Zwick-Roell load frame equipped with 10KN load cell and a computer controlled screw-drive crosshead.
Force was applied to the tangential surface at a loading speed of 1.3 mm/min. The MOE (i.e. Stiffness)
was computed as the slope of the linear portion of the load-deflection curve; and the MOR (i.e. Ultimate
strength) was calculated as the breaking load divided by the cross-sectional area. After failure, test
samples were ground to pass a 40-mesh screen size and used for extractives content and higher heating
value determination. Extractives content of test samples was determined following NREL/TP-510-42619
and TAPPI T- 204. Industrial grade acetone (150 ml) was used to extract 5 g of test sample for 6 hours in
a Soxhlet Apparatus. For the energy content, approximately 0.5 g of material was pelletized and
completely combusted in the presence of oxygen, as specified in ASTM D5865. An IKA C-200 bomb
calorimeter was utilized.

Near Infrared Spectroscopy (NIRS)

NIRS measures the amount of near infrared light a sample absorbs, transmits or reflects based on its
chemical composition. Spectra (10000 — 4000 cm™) was collected from six positions (encompassing the
cross-sectional, radial and tangential surfaces) on a 2.5 x 2.5 x 41 cm test specimen using the fiber optic
probe of a PerkinElmer Spectrum Model 400 NIR spectrometer. Each position was scanned thirty-two
times at a resolution of 4 cm™. Spectra from all positions were then averaged into one spectrum for
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analysis. NIR spectra were acquired before the same specimen were used in the destructive three-point
bending tests.

Multivariate Data Analysis — Model Calibration and Validation

Raw NIR spectra were preprocessed with 1%-derivatives (5-point filter) before analysis. The PerkinElmer
Spectrum Quant” software was used to develop Partial Least Squares regression (PLS) models. First
derivative treated spectra (i.e. independent X variables) were regressed against parameters determined
with conventional testing methods (i.e. dependent Y variables). Thirty-five southern pines samples were
used for calibration and a leave-one-out cross-validation (LOO-CV). LOO-CV uses all samples except the
first to build/calibrate a model which is used to predict the property of the interest for the first sample.
The process is iterated so that all samples are used as single-element test sets.

To assess the performance of calibration models, several statistics were employed. The standard error of
calibration (SEC) was used to evaluate how precisely the regression line fitted the data, whereas standard
error of cross validation (SECV) measured a model’s predictive ability during validation.

- 2
SRy —xi)

n
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S P -yi)
n—-lv-1

SEC = (1) SECVy = (2
Where i is the value estimated for sample i by the calibration model; y:is the known value for sample i;

n is the number of samples used in model development; and Iv is the number of latent variables used to
develop the model: xi is the known value for sample i; and X;, is the value for sample i predicted by the
model (without sample i) developed with lv factors.

Latent variables are successive linear combinations of the x and y variables chosen such that variations in

both the dependent and independent variables are optimally explained (Acquah et. al 2015).

The residual predictive deviation (RPD) was used to evaluate the SECV with respect to the standard
deviation of the reference data; and the coefficient of determination (R?) was used to measure the total
variance between measured and predicted that could be modeled linearly.

Selected models were then applied in the prediction of some physical, mechanical, chemical and thermal
properties of genetically superior loblolly pine families. One-way anova (with MS-Excel) was used to
determine the differences between means of conventionally-measured and NIR-predicted property of
interest for each of the fifteen loblolly pine families. Tukey pairwise comparison test was used to identify
significant differences between treatment (i.e. method) means at 95% confidence level.

Results and Discussion

Conventional Lab Results

Descriptive statistics of density, MOE, MOR, percent extractives and HHV of southern pines (used in
model calibration) and loblolly pine determined by the conventional methods are presented in Table 1.
The density for the calibration set ranged from a low of 0.38 cm™ to a high of 0.63 cm™®; whereas for the
prediction set, the range was 0.42 to 0.73 cm™. The average MOE and MOR were respectively 9935 MPa
and 82 MPa for the southern pines and 9684 MPa and 93 MPa for the selectively bred loblolly pine
families. The range of the stiffness and extractives content were not as wide as has been reported in the
literature -- 2200 to 26000 MPa; 2.6 to 26.9 % respectively (Kelley et. al 2004). Wide and overlapping
ranges are known to generally improve the performance of models in the prediction of future unknowns.
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Table 1 - Conventional lab results used for model development and independent prediction

Calibration/ Cross-validation set (n=35) Prediction set (n=15)
Min Max Average SD Min Max  Average SD
Basic Density (g/cm®) 0.38 0.63 0.49 0.06 0.42 0.73 0.54 0.07
MOE (MPa) 5780 14300 9935 2094 5830 15100 9684 2361
MOR (MPa) 41 113 82 15 26 132 93 28
Extractives (%) 0.4 9.4 4.0 2.2 0.4 3.7 2.3 0.9
HHV (MJ/kg) 16.7 19.3 17.9 0.5 175 19.2 18.2 0.5

NIR Spectra

Raw and 1%-derivative treated NIR spectra characteristic of the calibration/cross-validation set, and
prediction set are shown in Figure 1; spectra of both sets followed a general pattern. Several important
peaks that have been assigned to specific chemical components of wood have been highlighted. For
example, peaks occurring at 4063 cm™ is known to result from carbohydrates; 5220 cm™ from water,
5245 cm™ from hemicelluloses; 6945 cm™ from lignin; 7092 cm™ from phenolic hydroxyl groups either in
lignin or extractives; and 8425 cm™ from CHs — groups in cellulose or lignin (Schwanninger et. al 2011).
These chemical constituents form the basis on which NIRS is applicable in the prediction of other non-
chemical properties such as density, strength and HHV. It has for instance been shown that, cellulose has
a strong relationship with density, which in turn has an influence on the stiffness and ultimate strength of
wood (Via et. al 2003); and the amount of extractives in biomass affect its calorific value (So and
Eberhardt 2010). NIR spectra typically have broad overlapping bands that can limit analysis. Raw spectra
was thus pre-treated with 1¥-derivatives to narrow bands, as well as to correct baseline shift and reduce
the non-linearity and multicollinearity between factors (Via et al. 2013).

a Calibration/Cross-validation set | Calibration/Cross-validation set
— — = Prediction set - — = Prediction set
0.8 - 0.003 - 5245
0.6 - 0.002 - 4063
(]
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2 2
2 <
< 02 -
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Figure 1 — Raw (a) and 1*-derivative treated (b) NIR spectra characteristic of the
calibration/cross-validation and prediction sets.
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Performance of calibration models for property prediction

The best performing models were developed with 1¥-derivative treated spectra using three or four LVs.
Fit statistics showing how models performed are presented in Table 2. The small differences between
SEC and SECV is an indication that the validation sets were well predicted by calibration models.
Calibration and cross-validation errors were 723 MPa and 697 MPa for the stiffness; and 0.9 % and 0.8 %
for extractives content.

Table 2 - Fit statistics of calibration models using 1¥-derivative-treated NIR spectra

Property LVs SEC SECV SD RPD R® Rai
Basic Density (g/cm®) 4 0.02 0.02 0.06 2.9 0.88 0.88
MOE (MPa) 4 723 697 2093 3.0 0.89 0.89
MOR (MPa) 3 7 6 15 2.4 0.82 0.81
Extractives (%) 3 0.9 0.8 2.2 2.6 0.85 0.84
HHV (MJ/kg) 3 0.2 0.2 0.5 2.7 0.86 0.85

R? values for the five propetries studied ranged from a low of 0.81 for MOR, to a high of 0.89 for MOR.
R? is a measure of the total variance between measured and predicted that can be modeled linearly: it
usually keeps increasing as more LVs are added in the development of a model. The adjusted R? (R%q;) of
calibration models were thus calculated to ensure that insignificant LVs were not included in model
development. Rzad,- values were very similar to, or even in some cases same as the R? values. Another
statistic that was also employed in model diagnostics was the RPD. A higher RPD is an indication of a
robust model; a model with an RPD greater than 2.5 can be used for preliminary screening in tree
breeding programs (Hein et. al 2009). Except for MOR, the RPD of all calibration models passed the 2.5
threshold.

Fit statistics of validated models developed in this study compared well with other results as reported in
literature. So and Eberhardt (2010) used NIRS coupled with PLS to predict the HHV of seventy year old
Pinus palustris (Longleaf pine). Their model for extractives (acetone-soluble) had an SEC of 1.75 %,
standard error of prediction (i.e. SEP which is synonymous to SECV in this study) of 2.51 % and R? of
0.88, using 2 LVs. For HHV, the fit statistics were as follows: SEC = 0.32, SEP = 0.41, R? = 0.37 and
LVs = 2. Schimleck et. al (2005) also developed models to predict the specific gravity, MOE, and MOR
of solid clear wood samples of loblolly pine obtained from 81 plantation sites across southern United
States. For MOE, the authors reported that the model developed from NIR spectra collected from the
radial surface had SEC, SECV, R?and RPD of 1450 MPa, 1570 MPa, 0.82 % and 2.19 respectively;
whereas model developed with NIR spectra acquired from a cross-sectional surface (cut with a band saw
and designated ‘rough’) had 1240 MPa, 1250 MPa, 0.87 % and 2.74 respectively. MOR models had 9.61
MPa (SEC), 10.16 MPa (SECV), 0.84% (R?) and 2.4 (RPD) for the radial surface; and 9.55 MPa (SEC),
9.65 MPa (SECV), 0.84% (R2) and 2.69 (RPD) for the rough cross-sectional surface. The models the
authors developed for specific density also had good diagnostics -- radial surface: SEC = 0.03, SECV =
0.03, R>=0.90, RPD = 2.88; rough cross-sectional surface: SEC = 0.03, SECV =0.04, R?=0.88, RPD =
2.77.

Partial least squares regression models validated in this study were used to predict the aforementioned

properties of the fifteen disease-tolerant loblolly pine families. One-way anova was used to determine
differences between means of NIR-predicted and conventionally-measured property of interest, Figure 2.
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Figure 2 — Bar charts of conventionally-measured versus NIR-predicted properties of the 15 loblolly pine families.
A: MOE, B: MOR, C: Basic density, D: Extractives and E: HHV. Note: NIR-predicted and conventionally-
measured property are statistically the same for families with an asterisk (*) (Tukey Test, P > 0.05).
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Figure 2 — Bar charts of conventionally-measured versus NIR-predicted properties of the 15 loblolly pine families.
a: MOE, b: MOR, c: Basic density, d: Extractives and e: HHV. Note: NIR-predicted and conventionally-measured
property are statistically the same for families with an asterisk (*) (Tukey Test, P > 0.05).

With respect to prediction, the best performing model was for extractives, and the worst was for MOR.
Developed models were able to accurately estimate the extractives content of all but one of the families,
whereas for the MOR, four out of the fifteen families were wrongly predicted. The model for HHV was
able to rightly predict thirteen out of the fifteen families; and the models for MOE and density correctly
predicted all but three of the families.

Conclusions

In this preliminary study, PLS regression models were developed with 1%-derivative treated NIR spectra
of southern pines and reference data acquired through standard methods. These models were used to
rapidly predict the basic density, Modulus of Elasticity (Stiffness), Modulus of Rupture (Ultimate
strength), extractives content and higher heating value of fifteen Pinus taeda families that have been
selectively bred to be disease tolerant.

Mean density and MOR for the calibration/cross-validation set were 0.49 g/cm® MPa and 82 MPa
respectively; and 0.54 g/cm?® and 93 MPa for the independent prediction set. The range of the stiffness and
extractives content were not as wide as has been reported in the literature (i.e. 5780 to 15100 MPa, and
0.4 to 9.4 % respectively). The average HHV of all samples used in this study was 18.0 MJ/kg (SD= 0.5
MJ/kg). The Rzad,- values of cross-validated models ranged from a low of 0.81 for MOR, to a high of 0.89
for MOE. With the RPD values being over or very close to the 2.5 threshold, all models were expected to
meet the criteria as a preliminary screening tool in tree breeding programs. When the various models were
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applied in the rapid and non-destructive prediction of properties, all models were able to accurately
estimate the various properties of at least eleven out of the fifteen loblolly pine families.

Further studies is ongoing to improve the predictive capability of these calibration models. At the
completion of this project, models should be able to rapidly predict not only the studied properties of
these 15 families, but also other genetically superior loblolly pine families that are currently being
deployed by stakeholders. The long term goal of this study is to make the right feedstocks available for
the conventional forest industry, as well as to support the emerging bioeconomy.
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Abstract

In this work the speckle interferometry is applied for measurements of surface roughness for MDF or
trupan (Chile). The recorded images are saved in a lineal array and then, processed to obtain the
correlation level between each and other using a correlation algorithm. Different surfaces are measured
using laser speckle interferometry and compared with mechanical measurements. The values for
roughness were between 21.84 um and 26.63 um and a good correlation between both experimental
measurements was obtained.

Keywords. Speckle interferometry, surface roughness, MDF.

Introduction

In the Chilean forest industry there is a very important production of wood composites, flake boards,
particle boards and others. These wood products are widely used in Chile and also exported to other
countries. The majority of these wood boards are used in walls, furniture and other applications.
Sometimes without treatment, but usually different surface coatings are applied. In the latter case, the
adhesion of these coatings and wood panels presents some problems due to the formation of gaps between
surfaces. In the last case, the adhesion of this covers present problems due to flaws between the surface
and the cover increasing the percentage of product rejection. This problem can be solved if the roughness
values are known with high accuracy.

Traditional measurements of surface roughness of materials are based on the use of a mechanical
profilometer, however non-contact techniques are also used for rugosity measurements. Thus, the speckle
interferometry is widely used for roughness determination of different materials ™. In this work this
technique is used for determination of the surface roughness of a wood board !,
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Theory

We suppose a rough surface with a Gaussian amplitude distribution g(x) and variance o. When a plane
wave of a coherent light incides on the surface under an angle 8, the distribution of reflected light under
a reflection angle 6, is given by

4) = 52 [ tex sty &
. 2, . . 2m
where: V., = - (sinf, —sinf,) and V, = — - (cos B, — cos 8,)

where 4, -Amplitude of incident wave, A-wavelength, 2L-iluminated pupil dimension.

Under an angle rotation 56 of the sample, a correlation between the amplitude distribution
A(8,) and A(6, + 50) is given by!":

(A(6,)A"(6; + 66))
A(62)A7(6,)

(2)

0.2
y(66,) = = sinc(AV, L) e(_TAVZZ)

where A*(6, + 60) , is the conjugated wave amplitude in the new direction of reflection

2

s (3)
AV, = - (664 cos6, — 66, cosB,)

when AV, = 0, we have sinc(AV;L) = 1 and 66, = 66, = Zl . Then
2

21 ) ) 2w sin(64 + 6,) (4)
AV, = 7(691 sinf; + 66, sinf,) = 7691 TBZZ
This way, the next expression for the correlation y is obtained
_9pp2 (5)
y(66;) =e 277%

This expression shows that the amplitude correlation is related to the roughness. When the speckle is

observed in the specular direction we have 8; = 6, =6 and 6§60, = 66, = 68 (Figure 1).
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Figure 1— Optical geometry.

The intensities are recorded for both angle positions and the correlation between them is given by

(1(0) 1(6 + 66)) —(I(B)KI(6 + 66))

:(66) = = intensity correlations

V{12(8)) — (182 (I2(6 + 66)) — (1(6 + 56))?)

(6)

where 1(6) = (A(8) A*(8)) e 1(6 + 68) = (A(6 + 60) A*(6 + §6)) , and
v1(66) = v4(66) (7)
Finally, the next equation for roughness measurements is obtained

o 2
VI(SH) _ e—oz(Tnsme 59) (8)

Experimental setup

The experimental setup was realized using two concentric goniometers with a sensibility of 1/60 degrees.
On the goniometers both, the sample and the CCD camera were mounted (fig 2). Using an optical system
of lenses a coherent beam of light incides on the rough surface. The system of optical lenses consists of a
spherical one L; and, and a cylindrical lens L, . The first lens L, determines the Fourier plane on the
detector, and the second lens L, is focused on the sample
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Figure 2—Experimental setup.

The sample is mounted on the goniometer allowing a rotational movement around the axe centered on the
middle rough plane. A CCD camera also mounted on the goniometer is used for register of the
distribution of the speckle pattern intensities in the specular direction of reflection. Different speckle
intensities are registered by the CCD camera under various reflection angles and the images are recorded
using a PC. Using an algorithm to find the intensity correlations of speckle patterns, and adjusting the
experimental data by mean of a numerical regression the roughness values are obtained.

Results and conclusions

The speckle pattern results of roughness measurements in boards using speckle interferometry are shown
in figures 3 and 4, and Table 1 for two different samples. In both patterns a laser beam of 1 = 0.520[um|]
was used.

Figure 3: Speckle images obtained for sample 1 using a laser beam of A=520 nm.
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Figure 4: Speckle images obtained for sample 2 using a laser beam of A= 520 nm.

In the Table 1 the values of roughness using the speckle interferometry (o) and the mechanical testing
(R, ) are shown. The values obtained by mean of the mechanical roughness meter were 26.12 pum for
sample 1 and 21.84 um for sample 2, while using the speckle interferometry were 26.63 pm and 23.7 um
respectively.

o [um] Ry [um]
26.63 26.12
23.7 21.84

Table 1: Results obtained for roughness values using both methods.

In the figure 5 the Gaussian theorical curves are shown using ¢ experimental data. The difference
between the theorical curves and experimental data is due to the surface roughness of the real boards does
not have an exactly Gaussian form.
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Figure 5: Gaussian theorical functions f(x) = y;(68) (----) and experimental data (+++).
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This way, the application of the speckle correlation techniques allowed a preliminary calculation of
surface roughness of this type of boards. To improve this research, future studies should be performed.
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Abstract

Modulus of elasticity of wood is a stiffness property that needs to be known for developing engineering
designs. Methods to determine this property that requires the extraction of specimens shows difficulties in
some applications. In this study, we evaluated the correlations between rebound coefficient obtained by
sclerometry and the modulus of elasticity parallel to the grain. We used two species of tropical wood:
Cedrela ssp and Apuleia leiocarpa, and for each species were extracted 12 prisms of different beams.
These prisms, with moisture content stabilized, were subjected to the sclerometric test. One specimen of
each prism was obtained to test the compression parallel to the grain, from which we obtained the
modulus of elasticity. The results allowed us to conclude that the correlation between elasticity modulus
and rebound coefficient is significant (r = 0.82), showing that the sclerometric method can be used to
estimate this property of wood.

Keywords: sclerometry, compression parallel to the grain, stabilized timber

Introduction

To develop timber designs, several properties are required, for example, the modulus of elasticity that is
associated to the behavior of the material stiffness. This property is also of fundamental importance to the
classification of wood (Kretschmann and Hernandez, 2006), as well as to evaluate the performance of
structures in situ.

According to ABNT NBR 7190 (1997) the modulus of elasticity can be obtained by the test of
compression parallel to fibers of specimens, with cross section equal to 5 cm x 5 cm and 15 cm in length
or, by three point flexural testing, requiring specimens with section measuring 5 cm x 5 cm and with span
equal to 105 cm. Therefore, in both testing methods, the confection of specimens is required. According
to the ABNT NBR 7190 (1997), the relationship between the flexural elasticity modulus and the
compression parallel to the fibers is equal to 0.85 for softwood and 0.90 for hardwood, respectively.
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Researches have been made to generate correlations between modulus of elasticity of wood and the
results of nondestructive methods. Del Menezzi et al. (2010), working with six Amazonian species,
established correlations between the results of the dynamic elastic modulus obtained by the stress waves
and flexure test. In that study, considering all species, they obtained correlation coefficients greater than
0.91. However, when considering the species separately, the correlation coefficients were less than 0.75.

Baar et al. (2015), using five species of tropical timber in stabilized moisture condition (8% moisture
content), evaluated the correlation between the dynamic modulus of elasticity (obtained by ultrasound, by
longitudinal resonance and resonance in flexion) with the static modulus of elasticity (obtained by three-
point flexural method). In the case of ultrasound elastic modulus and the static modulus of elasticity, the
established correlation resulted R = 0.83. For the results obtained by the resonance method correlated to
the static modulus of elasticity, correlation coefficients obtained were between 0.86 and 0.87. Sales et al.
(2011) evaluated beams of the species Goupia Glaba, and concluded that the dynamic elastic modulus
obtained by ultrasound and the static modulus of elasticity obtained by flexural by 4 points have strong
correlations with R = 0.94. With the same order, the authors obtained the correlation between the modulus
of elasticity for transverse vibration and static modulus of elasticity.

The combination of several techniques has been used to predict properties of wood by artificial networks.
With this methodology, Esteban et al. (2009) by associating properties such as density, moisture content
and dimensions of the cross section with the ultrasonic wave velocity, were able to predict the elastic
modulus of timber with R? = 75%. Cavalli and Togni (2013) evaluated the use of old structures, showing
that the pylodin method associated with the stress wave method is capable of estimating the modulus of
flexural elasticity, by four points, with a correlation coefficient higher than 0.87.

The sclerometry is a nondestructive testing method used to evaluate the homogeneity of the concrete and,
its results may also be correlated to estimate of compression strength, according to ASTM C805 (2013).
The method has been researched at the Non-Destructive Testing Laboratory (LabEND) at the College of
Agricultural Engineering of University of Campinas and, some results showed that the method has great
potential to estimate some of the wood properties, such as compressive strength (Soriano et al., 2011) and
the density (Soriano et al., 2013).

The objective of this study was to evaluate the correlation between the values of sclerometric index and
the elastic modulus obtained by compression parallel to fibers of two species of hardwoods.

Material and Methods

To reach the objectives of this study two species of tropical wood with different densities were used,
Cedrela ssp and Apuleia leiocarpa. For each species we selected twelve beams cross-section measuring
80 mm by 200 mm. Of each beam, we cut a prism free from defects with length of 300 mm.

At these prisms, in the wood stabilized condition, the esclerometric impacts were applied, with a total of
10 impacts in the direction parallel to the fibers, 10 in the tangential direction and 18 in the radial
direction.

In Figure 1 are shown the anatomical directions and points marked for application of impacts, with the

same number of points were marked to the corresponding opposing faces. The distance between the
points of impact is equal to 25.4 mm.
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Figure 1. Prism and marked points for application of sclerometry

As proposed by Soriano et al. (2011) during application of impacts, each prism that was fixed to the
universal press by a load estimated at 15% of the normal to the fiber strength, considering the timber in
the saturated condition. For Apuleia leiocarpa species was applied a load of 20 kN, whereas for Cedrela
odorata was applied a load equal to 4kN. For the application of this load, in both cases it was considered

an area of approximately 114 cm2. The application of impacts in the tangential direction is shown in
Figure 2.

Figure 2. Application of sclerometric impacts.
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In order to obtain the static modulus of elasticity, according to Brazilian standards ABNT NBR 7190
(1997), after the performance of esclerometrics tests, of each prism was extracted a specimen of 50 mm x
50 mm x 150 mm (Figure 3), which was submitted to the parallel compression to fibers test.

To obtain the moisture content, of each prism it was also extracted a specimen (20 mm x 30 mm x 50
mm). The specimens were kept for drying in an oven at a temperature of 103 £ 2 ° C, i.e., to stabilize the
mass, given by the difference between two consecutive measurements less than 0.5%.

Figure 3. Specimens. a) Parallel compression strength to the fibers, b) Moisture content.

Results and discussions

The results presented refer to the specimens in equilibrium with the environment, whose moisture content
was verified equal to 17% for Garapa and 24.5% for Cedar.

To obtain the esclerometric indexes, the normality of the data was analyzed and the average of impact
was used for each anatomical direction of the wood. For the statistical analysis we used the Minitab
software (16.1.0), were considered normal data with p-value less than 5%, thereby ensuring 95%
confidence in the data normality.

The analysis of results of the static modulus of elasticity generated two groups, indicating that the species
used had different mechanical properties as shown in Table 1. The groupings of sclerometric indexes for
each species were performed, thus enabling differentiating the three anatomical directions (Table 2).

Table 1. Groupings generated for the static modulus of elasticity.

Specie Mean (MPa) StDev (%) Grouping (*)
£ Apuleia leiocarpa 17384 1597 A
- Cedrela odorata 11949 1639 B

*Similar letters indicate homogeneous groups. StDev = Standard Deviation.
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Table 2. Groupings generated for esclerométricos indices relating to anatomical directions.

Specie Direction Sl Mean StDev (%) Grouping (*)
Tangential 36.1 1.62 A
Apuleia Leiocarpa Radial 32.6 2.23 B
Longitudinal 28.5 2.02 C
Tangential 27.6 3.36 A
Cedrela odorata Radial 23.9 2.93 B
Longitudinal 17.0 2.99 C

*Similar letters indicate homogeneous groups. StDev = Standard Deviation..

Given the normality of the data, correlations were established between the values of sclerometrics indexes
(obtained for each of the anatomical directions: longitudinal, radial and tangential) and the values of
modulus of elasticity parallel to the fibers (Figures 4 to 6).

In the abscissa (Fig. 4 to 6) each value represents the average of impact obtained on a prism. The value of
the sclerometric impact is dimensionless to represent the relationship between restored and applied
energy. For each anatomical direction with the linear adjustments taking into account the data of both
species, the correlations between the properties studied were established.

The use of distinct species favors stronger correlations than those generated with the data of the same
species. The example of this can be seen by the results presented Del Menezzi et al. (2010), reaching
correlations with R>0.8 (considering different species) and R<0.75 (for the same species).
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Figure 4. Modulus of elasticity parallel to the fibers versus Sl in the longitudinal direction.
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Modulus of Elasticity (MPa)

Figure 5. Modulus of elasticity parallel to the fibers versus Sl in the radial direction.
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Figure 6. Modulus of elasticity parallel to the fibers versus Sl in the tangential direction.
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The correlations established that the behavior differs for each anatomical directions, given that the values
of the different sclerometry resulted for each of the three anatomical directions. Therefore, three different

equations are generated. The radial direction (Fig. 5) showed stronger correlation with R = 0.83. While
the weaker correlation was observed for tangential direction with the R = 0.82. These results can be
considered satisfactory as compared to correlations between NDT results and the static modulus of

elasticity, established by Sales et al. (2011), Cavalli et al. (2013) e Baar (2015).

With the results obtained in this study was shown the possibility of using sclerometry to predict the wood

elastic modulus. However, it is necessary to continue this research to increase the confidence of the
proposed method. Therefore, other species should also be evaluated and included in the generation of

these correlations. The effects of moisture content in these results should also be studied.
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Conclusions
With analysis of the results obtained for tropical wood species we concluded that:

e The rebound hammer method has a great potential to be used in estimating the modulus of
elasticity of wood. The corresponding correlation coefficient for each anatomical direction was
greater than 0.8, with the highest value obtained for the radial direction.

e The equations established to correlation of modulus of elasticity parallel to the fibers and the
sclerometric index resulted differently for each anatomical direction.

e Other wood species should be included in this analysis in order to increase the reliability of the
proposed method.
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Abstract

In Europe the most widely used method for determining wood hardness is the Brinell test, whereas in the
Americas the Janka test is predominant. More recently, international studies have reported the use of
dynamic hardness for wood, claiming as main advantage the feasibility of tests under field conditions.
This paper presents results obtained in the development of the third generation of a portable hardness
tester for wood, which uses displacement transducer and embedded electronic processor in order to
automate the dynamic hardness measurement. Functional tests of the equipment, carried out using seven
species of Eucalyptus, revealed strong correlation to Janka hardness and the possibility of its prediction
by dynamic hardness. Beyond that, the classical problems of “sinking-in” and recovery of the indented
area where solved by the equipment using under-load measurements of indentation’s depth. Furthermore,
this paper introduces a new methodology for dynamic hardness calculation.

Keywords: dynamic hardness, wood, portable hardness tester, Janka hardness, Brinell hardness

Introduction

The quality of wood can be assessed by several different properties, depending on their importance to the
end-use of the material (Herdjarvi 2004). For parquet flooring, the hardness is considered to be one of the
most important surface property (Meyer et al. 2011), affecting the resistance against abrasion, scratching
and wearing (Grekin and Verkasalo 2013). The hardness is also accounted among the major indices of
wood quality, due to its good relation with other mechanical properties (Ibama 1993, Hirata 2001,
Colenci 2002).

Basically, the hardness expresses the material resistance to the indentation (or penetration) of a body. In a
typical test, a hard tool of known geometry is pressed into the body, and the hardness is given by the ratio
between the applied force and the size of the indentation (Doyle and Walker 1985). In Europe the most
widely used method for determining wood hardness is the Brinell test, whereas in the Americas the Janka
test is predominant (Herdjarvi 2004, Grekin and Verkasalo 2013).
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Despite of the proven effectiveness of Janka tests, the method has been criticized because of the
deformation promoted when the indenter is embedded beyond a certain limit of the material (Doyle
1980). In accordance with International Standard ISO 3350-1975E, the Polish standard PN 90/D-04109
admits Janka Hardness test with half of the original indentation, considering that with the full indentation
there is the possibility of wood rupture under and around the indenter (Helinska-Raczkowska and
Molinski 2003). For the same reason, the Janka test has not been accepted in Europe (Niemz and Stibi
2000).

The Brinell test is also associated with some inconveniences, especially the difficulty to measure
accurately the diameter of the indentation promoted in the material (Niemz and Stubi 2000, Hergjarvi
2004, Colenci 2006, Hansson and Antti 2006). Beyond the sinking-in phenomena around the edge of the
indenter tool, the elastic portion recovery of the indentation affects significantly the accuracy of those
measurements (Doyle and Walker 1985, Holmberg 2000, Grekin and Verkasalo 2013).

Regardless of advantages or inconveniences of each methodology, traditional hardness tests don’t support
mobility. The Janka test is predominantly applied in laboratory conditions (Dubovsky and Rohanova,

2007) due to the high forces demanded by the method and difficulty to control the indenter depth under
field conditions (Colenci 2006, Ballarin et al. 2012). On the other hand, the Brinell test, which involves
lower magnitude forces, is dependent on precision both to control the loading rate and measure the
indentation diameter.

More recently, international studies have reported the use of dynamic hardness for wood, claiming as
main advantage the feasibility of tests under field conditions (Augutis et al. 2005, Colenci 2006,

Dubovsky and Rohanova, 2007, Meyer et al. 2011, Ballarin et al. 2012).

This paper presents results obtained in the development of a portable hardness tester which uses
displacement transducer and embedded electronic processor in order to automate the dynamic hardness
evaluation in wood. Two previous generations of this equipment were developed reporting great
functionality and good correlation with Janka hardness (Colenci 2006, Ballarin et al. 2010, Ballarin et al.
2012). Despite of their remarkable progress, these previous generations were not automated and thence,
led the development of the present generation. Beyond the basic aspects of the third generation, which
were already introduced in Ballarin et al. (2013) and Ballarin et al. (2014), this paper brings forward new
findings, specifically the methodology for dynamic hardness calculation.

Materials and Methods

The portable hardness tester — DPM3 (Figure 1 - patent pending), is an electro-mechanical equipment
whose operating principle is similar to Brinell hardness test, i.e., a cap with spherical format and known
diameter is indented into wood using a known force. In this case, the force mobilized to promote
indentation is obtained by the free fall of a mass and the hardness value is determined by the ratio
between the average impulse force promoted by the indentation and its depth according to equation:

AV
_F _ At (1)
zDh  zDh

where HD is the dynamic hardness (MPa), F is the average impulse force promoted by the indentation
(N), D is the diameter of the metal sphere (mm), h is the indentation depth (mm), m is the mass of the
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dropping component, including the indenter (kg), Av is the velocity variation during the
indentation  (m.s™) and At is the duration time of the indentation (s).

Figure 1 - Portable Hardness Tester - DPM3: a) electronic display, b) equipment in the operation
position and c) general view

Both the previous generations of the equipment and the early introduction of the third generation used the
energy mobilized by the dropping mass instead of the force presented in Equation 1 (Colenci 2006,
Ballarin et al. 2010, Ballarin et al. 2012, Ballarin et al. 2013, Ballarin et al. 2014). In the same way,
another researcher introducing similar equipment suggested the momentum instead of that force

(Meyer et al. 2011). These approaches take into account just the dynamics before the impact between the
indenter and the wood; therefore the impulse force of the indentation (reaction force) is ignored. The
reaction force is very significant to be disregarded because the harder the material, the lower the duration
time to promote that indentation, consequently the impulse force of the indentation varies for each
different hardness levels. In order to provide a reasonable meaning to the dynamic hardness, the current
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progress of the third generation regards the impulse force of the indentation in the dynamic hardness
calculation, as presented in the Equation 1.

An embedded electronic processor was employed in order to record the indentation readings, calculate the
velocity variation and duration time of the indentation, and hence compute the dynamic hardness
according to Equation 1. The indentation readings were gauged with a displacement transducer linked
directly to the processor and the results were displayed in a LCD colored screen.

The dynamic hardness HD (Equation 1) measured by the DPM3was associated with Janka hardness
obtained by a universal servo controlled testing machine EMIC, model DL 30000 according to
requirements of the Brazilian standard NBR 7190 (ABNT, 1997). Both hardness were determined
classically, i.e., direction perpendicular to the grain of wood.

An additional association was performed between the dynamic hardness HD and Janka read with half
indentation depth (2.82 mm) in order to verify the correlation of tests with similar indentation depths.
Another reason to perform this association was the limitations reported about the Janka hardness, which
are related to the over-indentation and consequently possibility of material’s failure (Doyle 1980,
Helinska-Raczkowska and Molinski 2003, Niemz e Stiibi 2000).

The experimental tests were conducted on sixteen specimens (50 mm x 50 mm x 150 mm) obtained from
seven species of eucalyptus (Table 1), totalizing 112 specimens.

Table 1 - Main characteristics of the groups of Eucalyptus wood

Age of the Average
Group Specie Plantation density!”
(years) (kg.m™)

1 E.maculata 35 810

2 E.microcorys 35 770

3 E. tereticornis 40 950

4 E. citriodora 44 980

5 E. saligna 50 690

6 E. dunnii 20-23 750

7 E. viminalis 20 720

(*) — Apparent density based on mass and volume at 12%MC — values
reported by suppliers

Results and discussion

As already reported in the early introduction of the equipment (Ballarin et al. 2013, Ballarin et al. 2014),
the DPM3 promoted quick and effortless operation, revealing consistent indentation readings. The
dynamic hardness HD (Equation 1) was calculated by the electronic processor and showed immediately
after the test, as well as additional data as velocity variation and duration time of the indentation.

The procedure for dynamic hardness evaluation using the DPM3 took nearly five seconds, since the
placement of the equipment on the specimen until the accomplishment of the test. On the other hand, the
Janka test performed by the laboratory machine spent two minutes, excluding the placement of the
specimen into the machine.
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The indentation was determined under load, avoiding the influence of elastic recovery of the indentation
| area. Furthermore, by measuring the indentation depth instead of the indented area, the influence of
“sinking in” phenomenon was also avoided.

The association of the dynamic hardness HD and Janka expressed moderate to strong correlation

(R2 = 0,873 — Figure 2) furthermore, the similarity of the coefficient of variation for both hardness (Table
2) revealed a fine sensibility of the DPM3 to the Janka hardness variations. This sensibility could be
related to the new methodology adopted for dynamic hardness calculation, since the previous
methodology (Ballarin et al. 2013, Ballarin et al. 2014) presented half of this coefficient variations for the
same specimens set.
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Figure 2 — Hardness Janka versus dynamic hardness HD evaluated by the portable hardness tester
- DPM3

Table 2 - Main characteristics of the groups of Eucalyptus wood

Descrip. Janka Hardness Dynamic hardness HD

Stat. (Mpa) (Mpa)
Mean 69,75 34,84
sd 24,86 12,16
Min 26,70 12,63
Max 135,40 57,96
CcVv 35,64 34,89
N 112 112

Another positive aspect in considering the reaction force to compute the dynamic hardness is the
interrelationship of this hardness and the Janka test. Previously, disregarding the reaction force, the
exponent of the power model fitted were expressive (x*** - in Ballarin et al. 2013 and Ballarin et al 2014)
providing necessarily a curvilinear fitting, but using the current methodology, the exponent (x*%°) denoted
tendency to linear regression.

The Figure 3 compares the regression models for the association between the dynamic hardness HD* and
HD with the Janka hardness. The HD* hardness was fitted by y = 0,052 x **°, stated in previous reports
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cited above, in turn, the HD was fitted regarding the reaction force, according to the model presented in
the Figure 2 (y = 2,353 x *%?),
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Figure 3 — Fitting model comparison in the association between dynamic hardness HD* and HD
versus Janka hardness.

The HD hardness regression tending to linear, expressed in Figure 3, implies a suitable adequacy of this
hardness to the Janka hardness, so those higher hardness values of the first one are related to the higher
values of the second one likewise the lower values are for both hardness. A nonlinear regression model
usually include an extra meaning, in such a way the higher values are not only a magnified version of the
lower ones.

The association of the dynamic hardness HD and Janka obtained with half indentation (2.82 mm)
expressed a strong correlation (R2 = 0,912 - Figure 4) and low dispersion of results in comparison with
those seen in Figure 2. These results could be, in a first moment, explained by the similarity of the
indentation depths of the associated data but, the already mentioned limitations associated to Janka test
(Doyle 1980, Helinska-Raczkowska and Molinski 2003, Niemz and Stiibi 2000) suggest the possibility of
divergence in the traditional Janka test (performed with full indentation). Therefore, the better correlation
of the dynamic hardness with Janka in half indentation (instead of full) could be also explained by the
ruptures promoted in the specimens when using the full indentation of Janka test, fact observed in this
experimental set.
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Figure 4 — Hardness Janka (indentation of 2,82 mm) versus dynamic hardness HD - DPM3
The alternative use of shallower indentation depths instead of traditional Janka test were reported in
Lewis (1968), where the hardness modulus (obtained from the slope force-penetration) was achieved with
2.5 mm of indentation’s depth. In the same way, the American standard ASTM D1037-78 advocates the
hardness modulus with 2.5 mm in depth, especially for thin materials, where the traditional Janka test
could not be performed.

Conclusions
The following main conclusions can be pointed:

e The Portable Hardness Tester — DPM3 promoted quick, easy and reliable readings of the indentation,
as well as evaluation of hardness HD;

o Classical problems of Brinell hardness related to “sinking in” phenomenon and recovery of indented
area were solved by the equipment using under loading measurement of the indentation;

e The hardness HD measured from the equipment revealed moderate to strong association to
conventional Janka Hardness (R? = 0.87) and stronger association (R* = 0.91) to Janka hardness test
performed with half the conventional indentation (2.82mm);

e The suggested equation for dynamic hardness calculation, using the reaction force of the indentation,

provided a reasonable meaning for the dynamic hardness and suitable adequacy of it to Janka
hardness.
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Abstract

The purpose of study was to predict wood strength through analysis of strain distribution. Transversal
tension test with specimens of China fir (Cunninghamia lanceolata) was conducted and global strain
was measured by DIC (Digital image correlation). Then, the data was drawn strain-area cumulative
curve and benchmark strain location curve that could quantize strain concentration.

Results show the maximum strain at pith is 0.36, far greater than 0.002 of that at latewood both were
discontinue of material lead to strain concentration.

It was hard to categorize the characteristic of each specimen from different cutting location by area
ratio of strain integral-time curve calculated from strain-area cumulative curve. Only specimens with
pith curve type could be found. There is significant positive linear relationship between area ratio of
strain integral and strength expect the specimens with defects beneath the wood surface which
severely deteriorated the strain concentration.

Both ultimate strain gradient calculated from benchmark strain location curve and the distance of
maximum strain area to crack showed positive correlation to strength exponential with R-square
values 0.78 and 0.68, respectively. The slope of maximum strain gradient-time curve could predict
strength before failure which has negative correlation to strength exponential with R-square values of
0.82. Thus, strain concentration owing to wood structure transition determined the fracture type and
failure time.

Keywords: Digital image correlation, strain concentration, transversal tension

Introduction

The knowledge regarding wood mechanical properties is fundamental in determining structural
applications of wood. However, predicting stress distribution in wood is difficult. Stress concentration
could occur because of many reasons, such as knot, notch, pith, internal void structure, earlywood
-latewood boundary, juvenile-mature boundary (Oscarsson et al.,2012). Digital image correlation
(DIC) techniques can be employed to observe and measure the deformation or displacement of
materials, and consequently obtain the overall strain distribution, there by facilitating determining
strain concentration areas and the degree of strain concentration.

DIC offers a highly accurate means for measuring strains in wood. Specifically, the advantages of
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DIC are that it enables a noncontact measurement; moreover, such measurement process is not
affected by the deformation or failure of a specimen. These advantages render DIC suitable for
detecting wood deformation during strength testing. Tensile strains of wood were typically determined
by measuring deformations of specimens; conversely, DIC detects the intensity change of pixels on a
specimen image to estimate strain. For example, summing up the pixel change of all grid points along
the longitudinal direction of a specimen provides the overall longitudinal change of the specimen.

The occurrence of wood defects is associated with the orthotropic, cellular structure of wood.
Samarasinghe and Kulasiri (2000) used a DIC technique to observe wood tensile strain distribution.
They revealed that despite the direction of loading, the variation of displacement in longitudinal
direction was greater than that in transversal directions. This phenomenon can be explained that
buckling of wood cell walls and internal shear forces caused an uneven stress distribution in wood. In
addition, connecting parts in wood internal structure may contain various contents and voids,
therefore resulting in a change of failure occurring at such locations.

Buksnowitz et al.(2010) employed DIC to compare the strain distribution of wood knots and artificial
holes and concluded that the local fiber orientation at defects could affect load transfer and strain
distribution in wood. Dill-Langer (2002) proposed a model to monitor micro fracture in wood.

According to Dill-Langer, cracks in radial direction propagated in the interface zone between adjacent
tracheids, whereas tangential tension caused rupture in radial direction. Furthermore, some studies
(Jernkvist and Thuvander, 2001; Farugia and Perré, 2000) have applied DIC to measure the radial
deformation behaviors of spruce and indicated that the lowest and highest strains occurred at the
latewood and the adjacent earlywood, respectively. Therefore, the correlation between strain variation
and material failure was confirmed.

The variation of displacement is more readily to be determined in transversal directions than in
longitudinal direction (Samarasinghe and Kulasiri, 2000).Therefore, this study explored transversal
tensile behaviors of wood by using a DIC technique and investigated strain distributions generated
because of structural variability and defect existence. In addition, this study determined the change of
strain concentration with time and provided a reference for the prediction of wood tensile strength and
other basic mechanical properties.

Materials and Methods

The specimens were fabricated using the heartwood of 25-year-old China fir (Cunninghamia
lanceolate), which was obtained from National Taiwan University Experimental Forest in Xitou,
Taiwan. Forty tensile specimens were machined by centering the log pith and cutting specimens at the
locations marked as LO-L3 (Figure 1-a). All the specimens were sampled from one tree log.

The procedure of Wood-Determination of Tensile Properties, CNS 456, was adopted to fabricate
tensile specimens (Figurel-b). The specimens had the length of 150 mm, width and thickness of same
20 mm, radius of curvature of 145 mm, and curve length of 75 mm. The specific gravity (SG) and
moisture content (MC) were determined according to Wood-Determination of Density for Physical
and Mechanical Tests, CNS 451, and Wood-Determination of MC for Physical and Mechanical Tests,
CNS 452, respectively. Concurrently, the specimens were prepared by using particular white and
black inks to produce a random dot pattern (speckle pattern) to their cross-sectional surfaces.
Therefore strains on such surface scan be measured using DIC (Figurel-c).

141



General Technical Report FPL-GTR-239 « Proceedings: 19th International Nondestructive Testing and Evaluation of Wood Symposium

Figurel--Tensile test specimen: (a) Scheme of specimens cut location on disk; () clear surface; (c)
random speckle pattern cover.

Tension tests were conducted using a universal testing machine (Shimadzu UH-10A). Loading speed
was set to 2mm/min. A charge-coupled device (CCD; GRAS-20S4M, Lens M5018-MP2; f= 50mm
and F= 1.8, pixel size 4.4 um, and resolution is 2 megapixel, 1624 x1224)) was used to capture
images. To conduct the DIC analysis, a single light source was used, and images were capture at a
frequency of 2Hz. Images were captured using a DIC software, Vic-2D. By comparing the images of a
specimen before and after its deformation, the full-field strain distribution of the specimen can be
determined.

Because of the mechanism of DIC, the internal strain of specimens cannot be calculated. However,
breakages of specimens did not always take place on the surface. Therefore, this study involved two
methods to explore how strains distributed on the surface change with time and space and how such
strains affect specimen strength.

To determine the variation of strain distribution at various time points, the images were arranged
according to the strain value and employed to plot the strain-area cumulative curve (SACC) at each
time point (Figure 2).Point B has the maximum strain value of the curve. By differentiating the curve,
the inflection point A was identified, which was also the median point of the overall strain range.
Strains whose value was higher than that of point A were integrated along the curve to calculate the
area of the high-strain zone. As shown in Figure 2, the points A and B define an A-B rectangular zone.
Through dividing the calculated the area of the high-strain zone by the A-B total area, an area ratio of
strain integral (ARSI) was obtained. The function of calculating such ratio was also shown in Figure 2.
The ARSI can be used to describe the path of the strain curve, thereby presenting the changes of

strain.
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Subsequently, by using DIC, the maximum strain location on the specimen surface was identified.
Moreover, strains along a line normal to the tensile direction of the specimen were averaged at the
middle point of the line. By plotting all the average strains along the tensile direction, a benchmark
strain location curve (BSLC) was formed (Figure 3). Such curve was then applied to determine the
gradients at the measured maximum strain location and the actual failure location. The maximum
strain and failure location on the BSLC was marked with dash lines.
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Figure3--Schematic graph of strain gradient determination
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Specifically, the strain gradient of a peak strain on the BSLC was estimated by calculating the strain
difference between the peak and adjacent valley values and dividing the difference by the distance
between the peak and valley. The strain gradient generated quantified the degree of strain change of
the specimen. The maximum strain gradient and strain gradient at failure location were demonstrated
in Figure 3.

Results and Discussion

The physical and mechanical properties of the specimens were summarized in Table 1. The tensile
strength of the specimens ranged from 0.5 to 6.3MPa; the mean value was 3.649MPa and the
coefficient of variation (COV) was 38.73%. The strength was found clustered at a range of 3.5—
4.5MPa while the first and third quartiles being 2.7 MPa and 4.5 MPa, respectively. Moreover,
obvious defects or strain concentration was observed in the specimens whose strength is lower than
2.7 MPa. The mean of Young’s modulus and COV of all the specimens were 270MPa and 36.3%,
respectively. Furthermore, specimens obtained by cutting the log at the LO and L1 locations (Figure
1-a) exhibited a relatively large tensile strength variation.

Table 1-- Physical and mechanical properties of the specimens

Young’s modulus  Tensile strength G MC
(MPa) (MPa) (%)
264(34.2%) 3.64(41.1%) 0.464(12.2%) 23.63(10.1%)

Numbers in parentheses are coefficient of variation

The strain distribution and occurrence of strain concentration on the specimen surface were affected
by defects, grain orientation, and earlywood-latewood boundary on the surface. In the full-field strain
distribution images captured by DIC, different colors were used to demonstrate distinct strain levels;
namely, the color varies from red to purple indicates the strain ranges from the highest to lowest
(Figure 4). The red and yellow colors indicate the high-strain zone, which accounts for one-fourth of
the overall strain range. Most the specimens in this zone possessed structural flaws on their surfaces,
such as pith, earlywood-latewood boundary, thereby resulting in strain concentration.

According to the specimen cut location, the variation of strain distribution on the specimen surface
caused by defects was readily to identify. For example, regarding the specimens obtained from LO
location of the log (Figure 1-a), their critical defect was the pith. The strain values of these specimens
were higher than 0.3, and the maximum was 0.36; which indicated a strain concentration and strength
reduction among these specimens.

However, when the pith did not present on the specimen surface, the strain value of the specimen was
relatively low, and no strain concentration was detected. Moreover, the earlywood-latewood boundary
was commonly observed in the specimens sampled from the L1 and L3locations of the log. When a
load transferred from the earlywood to latewood, strain absurdly decreased, conversely, a sudden
strain increase occurred when the load transfer process reversed. In addition, the strain of the
latewood ranged 0.002-0.005 in the specimens, whereas that of the earlywood had a broader range of
0.02-0.065.

In this study, DIC was employed to acquire images of the specimens at various time points throughout
the loading process until the specimen failure; therefore, the strain distribution at each time point was
determined. By arranging these images in a strain increasing order, SACCs were plotted (Figure 5).
As Figure 5 shows, the SACC was affected by time. A long loading time generated a large high-strain
integral area, therefore resulting in a large ARSI, vice versa. Consequently, a large ARSI indicated the
occurrence of strain concentration. Therefore, time critically affected the strain distribution of the
specimen.

144



General Technical Report FPL-GTR-239 « Proceedings: 19th International Nondestructive Testing and Evaluation of Wood Symposium

DS

il

ooiEeLs

o0IE!

00141375

S 00175

o0IeLE

Figured4--Strain distribution in a DIC image

Strain
0.118 -
time=4 sec |
0.098 - )
time=70 sec |
0.078 - )
eeeee time=133 sec |
0.058 -
|
0.038 - o
- = -
0.018 - ....‘_-—
L0.002 s - ‘ p—r—
0% 20% 40% 60% 80% 100%

Accumulation of strain area

Figure5--Strain accumulation over time

The structural characteristics on the specimen surface (e.g., pith, earlywood-latewood boundary)
caused maximum strain gradient values. By applying a regression analysis, the maximum and failure
strain-gradient-to-strength relationship curves were obtained (Figure 6-a, b). Both the maximum and
failure strain gradients were highly correlated the strength with the R-square of 0.78 and 0.68,
respectively. Moreover, both strain gradients specimens exhibited a negative exponential relationship
with the strength (Figure 6-a,b). Furthermore, the specimens with low strength values were observed
to fail at the maximum strain gradient location, which closed to the maximum strain location. This
observation indicated that strain variation caused by defects.

By comparing the strain distribution with the derived BSLC, relatively detailed strain differences can
be observed. Depending on where the specimen acquired from the log, the maximum strain and
possible strain concentration could occur at three locations, namely the pith, central area of the
earlywood, and earlywood-latewood boundary. Such distinct locations indicated that the load transfer
in wood was affected by wood structural characteristics. For example, the maximum strain occurred at
the pith in only the specimens acquired from the LO location and at the central area of earlywood for
most the specimens from the LO and L1 locations. Among the specimens from L2 location, high
strains (including the maximum strain) existed at both the central area of the earlywood and
earlywood-latewood boundary. In addition, most the specimens from L3location exhibited high strains
at the earlywood-latewood boundary.
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Figure 6--Relationship between strength and (a) maximum strain gradient; (b) failure strain gradient

By differentiating the specimen strain gradient in the maximal strain zone with respect to time, a slope
at each strain point was obtained. Through a regression analysis, a slope-strength relationship at the
time point right before failure was determined, and the R-square was 0.82, indicating that the change
of strain gradient was highly correlated with the strength (Figure7). Additionally, the results showed
that the change rate of strain gradient increased during loading and the strain concentration occurred
would affect the ultimate strength.
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Figure 7--Relationship between strength-maximum strain gradient change rate

Conclusion

This study aimed to investigate the relationship between the wood transversal strain distribution and
tensile strength. For this purpose, this study adopted a DIC technique to measure the full-field strain
distribution data, and such data were presented in the SACCs and a BSLC.

The ARSIs were calculated from the SACCs; small ARSIs indicated a high degree of strain
concentration. The regression between ARSIs and wood tensile strength generated an R-square value
of 0.66. Moreover, the BSLC was an explicit presentation of strain distribution and was applied to
determine strain changes in wood.

The maximum strain and the strain gradient at the failure location on the verge of failure were
calculated. The maximum and failure strain-gradient-to-strength curves derived showed a negative
exponential relationship between the strain gradient and strength, and the R-square value was0.78 and
0.68, respectively.

The relationship of the slope of time-dependent maximum strain gradient and strength also showed a
negative exponential correlation with as R-square value 0f0.82.Such high correlation implied that the
change rate of the maximum strain gradient may predict wood transversal tensile strength; namely an
increased strain gradient change rate indicated a decrease of wood strength.
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Abstract

This study aimed to investigate the effect of plasma treatment on wettability of furfurylated pine wood
using contact angle technique. Free-defect Loblolly pine samples were immersed at atmospheric pressure
in two different furfuryl alcohol solutions to obtain two levels of weight percent gain, 15 and 40%.
Surface of untreated and furfurylated wood samples were modified by plasma treatment in a RF cold-
plasma reactor. The argon plasma treatment were performed in low-pressure at 80 W for 120 s.
Wettability parameters were measured by non-destructive sessile drop type contact angle at 1, 4, 8, 12 and
20 days after the plasma treatment. Apparent contact angle, work of adhesion and surface free energy
were determined. The wettability of untreated and furfurylated wood was enhanced significantly.
Apparent contact angle decreased and the pine wood surface became highly wetted. The plasma
treatment converts the hydrophobic furfurylated wood surface into a hydrophilic surface. Furfurylated
wood partially recovered their natural hydrophobicity after aging. Nevertheless, even after the aging
effects, the high degree of wettability may be important for future applications in industrial processes.

Keywords: glow discharge, furfurylation, contact angle, wood surface, wood technology.

Introduction

In the last decades, many alternatives have been developed to improve wood properties,
especially related to mechanical strength, dimensional stability and decay resistance. Nevertheless, some
of these alternatives could inactivate wood surface, which is undesirable for coating and adhesion aspects.
In situ polymerization (Mattos et al. 2015; Venas and Rinnan 2008), heat treatment (Cademartori et al.
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2013; Missio et al. 2015) and wax impregnation (Scholz et al. 2010) are examples of treatments that
improve wood properties — especially hydrophobicity - but could inactive wood surface. This
phenomenon of surface inactivation reduces the materials’ surface free energy, resulting in liquid poor
wettability (Nussbaum 1999). According to Christiansen (1991), some mechanisms of attractive reduction
on wood surface influencing wood inactivation, such as migration of wood extractives to surface,
micropores closure, surface oxidation and reorientation of molecular surface.

Taking the surface inactivation into consideration, changes on wood surface are interesting to
increase wettability and adhesion without modify their bulk structure. Plasma technique is a high-tech
alternative to improve the performance of materials’ surface. Among the applications in forest sector,
plasma has been widely used to increase surface adhesion of wood-based panels (Cademartori et al.
2015), solid wood (Acda et al. 2012, Asandulesa et al. 2012) and natural fibers (Xiao et al. 2015).

One of the most simple and efficient tools to evaluate plasma changes on materials’ surface is the
non-destructive contact angle. This technique has been commonly applied in recent studies of plasma
treated wood-based products (Magalh&es and Souza 2002; Aydin and Demirkir 2010; Liu et al. 2010;
Poaty et al. 2013; Cademartori et al. 2015). Contact angle of polar and nonpolar solvents could infers
changes on surface free energy, which is in relation to coating characteristics of wood and wood-based
products (Pétrissans et al. 2003). Nevertheless, determination of contact angle should considers both
chemical nature and roughness of surface (Adamsom 1990). Among the methods for non-destructive
contact angle measurement, sessile drop is commonly applied to evaluate surface of wood and wood-
based products. Sessile drop directly measures a droplet of a liquid resting on a flat surface of a solid
(Adamsom 1990).

In this study, pine wood was treated with furfuryl alcohol to create a hydrophobicity surface with
poor wettability. The effect of argon plasma treatment on wettability of furfurylated wood was evaluated.
Plasma-treated furfurylated wood samples were stored at room environment for 20 days and the effect of
aging was evaluated by contact angle technique.

Material and Methods
Raw material

Free-defect Loblolly pine (Pinus taeda) wood was cut into small pieces of 50 x 50 x 25 mm (length,
width and thickness, respectively). All the samples’ surface were sanded and kept in a climatic chamber
(20°C and 65% of relative humidity) to reach the equilibrium moisture content.

Furfurylation

Loblolly pine samples were kept immersed at atmospheric pressure in two different furfuryl alcohol
solutions. Wood samples were impregnated with furfuryl alcohol (Aldrich, 98% purity) for 4 and 72
hours to obtain two levels of weight percent gain, 15 and 40%. Citric acid at 4% wi/v was used as the
catalyst of the polymerization. After the impregnation, wood samples were kept wrapped in aluminum
foil and were oven-dried at 90+2°C for 24 hours. These steps are based on the methodology described by
Magalhdes and Silva (2004).

Plasma treatment
Plasma treatment was performed in a cold plasma stainless steel cylindrical reactor previously described

in Cademartori et al. (2015). This reactor was developed in Embrapa Forestry and works at low-pressure
in a RF (radio frequency, 13.5 MHz) system (Figure 1A).
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Before the plasma treatment, argon was introduced inside the reactor to remove contaminants.
Subsequently, glow discharge (Figure 1B) was performed at ~0.3 torr pressure with a gas flow of 20
sccm. Power applied was 80 W and time of discharge was 120 seconds. After plasma treatment, all the
wood samples were kept in a desiccator to avoid contact with air humidity.
For gases mixture
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Figure 1—Schematic of cold-plasma reactor (A); Glow discharge app
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Wettability

The sessile drop type contact angle technique was used to measure changes on wettability of plasma
treated pine wood. Apparent contact angle, work of adhesion and surface free energy parameters were
determined in a goniometer Kriiss DSA25 as a function of the time of droplet deposition. The first
measurement was twenty-four hours after the plasma treatments by depositing three droplets of deionized
water (surface tension of 72.80 mN m™) with 5 ul volume on the surface of each sample. The apparent
contact angle was measured after 5 s and 15 s of droplet deposition on samples’ surface.

Aging effects on untreated and plasma-treated furfurylated wood surface were evaluated after storage in a
room at 20+5°C and 65+5% of relative humidity for 20 days. Wettability parameters were measured after
1, 4,8,12, 20 and 20 days of storage.

Results and Discussion

Before the plasma treatment, apparent contact angle (CA) at 5s of droplet deposition of untreated wood
was similar to CA of furfurylated wood. Nevertheless, CA of furfurylated wood showed a stabilization
after 15s on wood surface, while CA of untreated wood decreased around 14%. This confirms the
efficiency of treatment with furfuryl alcohol to improve hydrophobicity of wood surface.

Table 1— Apparent contact angle of untreated and furfurylated wood before the plasma treatment.
Contact Angle (°)

Treatment After 5s After 15 s
Untreated 95.18 +17.13 82.48 + 16.36
15% load level (15% FA) 107.54 + 9.66 105.28 +8.16
40% load level (40% FA) 101.28 + 6.67 99.33 +5.,55

Plasma treatment affected significantly wood surface of untreated and furfurylated wood. Plasma
treatment converts hydrophobic furfurylated wood into a hydrophilic material, especially 15% FA
samples (CA reduction of ~93%). Wood samples with 40% FA were less susceptible to the plasma
treatment, wherein CA reduction was ~68% in the first day after the surface activation (Figure 2A).
Work of adhesion (W0A) and surface free energy (SFE) presented an inverse behavior of CA (Figure 2B
and 2C). Activation of surface reduces apparent contact angle, which results in higher wood surface
reactivity. Thus, efficiency of finishing steps — coating and bonding — should be better. Previous studies
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infer this CA decrease to introduction or formation of oxygen-containing functional groups on materials’
surface (De Geyter et al. 2007; Liu et al. 2013; Cademartori et al. 2015).

—¢—Untreated =ll=FA 15% FA 40%
120

100 ﬁ A
80 ’ TS
60
40 =
20 [ ] H

0
0 4 8 12 16 20

Storage time (days)

Apparent Contact Angle (°)

140 H n u ]

120 [

100
80

60

Work of Adhesion (mN/m)

—l

40
0 4 8 12 16 20

Storage time (days)

80
70 MW N ] [ ]
60
50
40
30
[ /]
20 =
10

Surface Fre Energy (mJ/m?)

0 4 8 12 16 20
Storage time (days)

Figure 2—The effect of aging on apparent contact angle (CA), work of adhesion (WoA) and
surface free energy (SFE) of untreated and furfurylated wood before (time=0) and after plasma
treatment.
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Figure 2A illustrates the aging effect on untreated and furfurylated wood surface after the plasma
treatment. CA of both woods increased with increasing storage time. This loss of plasma effect during
aging was described by previous studies with polypropylene (Yun et al. 2004), synthetic fibers (Liu et al.
2013) and solid wood (Novak et al. 2015). Plasma treatment is not permanent, since species generated by
plasma are high instable (Sanchis et al. 2008). The same authors concluded partial hydrophobic recovery
occurs due to the rearrangement of polar species on materials’ surface.

The effect of aging is more intense in untreated samples, mainly after 8 storage days. After 20 storage
days, furfurylated wood samples recovery part of their surface hydrophobicity. Nevertheless, CA average
values are significant lower than CA measured before the plasma treatment. From industrial process point
of view, this behavior is interesting, in the course of which the plasma treated wood samples remain with
high surface reactivity for application of finishing products. This is also proved by the WoA behavior of
plasma treated furfurylated wood after 20 storage days (Figure 2B).

Conclusions

Wettability of untreated and furfurylated pine wood increased significantly after plasma treatment.
Apparent contact angle, work of adhesion and surface free energy clearly showed loss of plasma effects
during aging, wherein untreated and furfurylated wood recovery part of its hydrophobicity after 20
storage days. Surface of furfurylated wood was less susceptible to the plasma treatment due to its natural
water repellence in comparison to untreated wood.
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Abstract

Drilling resistance measurement is widely applied since several years for detecting internal decay and
cavities in trees and construction timber. When drilling hard wood with high density, such as tropical
hardwoods, the drilling curve tends to rise with drilling depth. This is due to the shavings from the
drilling which remain in the drilling hole causing friction on the needle shaft.

This rising drilling curve makes it difficult to identify a dropdown in drilling resistance due to decay
especially when it is an early stage of decay. Operators often struggle with the interpretation of the
drilling curve results. Having this in mind, in this study tropical hardwood trees with different stages of
decay were drilled with the drill resistance device IML-RESI PD® which simultaneously records drilling
resistance and feed force with two independent motors. The feed force which is needed to enter the needle
into the wood is measured and recorded in a feed curve. Results of this study clearly indicate the high
potential of this feed curve which is only marginally affected by shaft friction and therefore improves the
identification of decayed areas within the resistance drilling profiles.

Keywords: IML-RESI PD®, drilling resistance, shaft friction, feed curve, decay

Introduction

In urban areas trees have to be controlled to assure public safety and to avoid damage to humans and
properties. Next to visual tree inspections in selected cases technical inspections with specialized
equipment are necessary to clearly determine the internal wood condition of a tree and to derive
conclusions about its breaking stability.

Drilling resistance is a semi destructive testing technique widely applied for identifying internal decay or
cavities in trees and timber constructions (Brashaw et al. 2015; Brashaw et al. 2005; Fruewald et. al 2011;
Johnstone et al. 2010; Kubus 2009; Wang et al. 2008). A drilling needle with 3mm needle tip diameter
(1,5mm needle shaft diameter) is being drilled into the wood measuring drilling resistance (drilling
torque) (Wang et al. 2005). Resistances are electronically or mechanically recorded depending on drilling
device and changes in wood resistance illustrated on a graph as changes in amplitude. Sound wood has
higher resistance than decayed wood.

When the needle drill cuts its way through the wood, wood chips remain in the drilling channel causing
friction on the rotating needle shaft (Rinn 2012). Also internal stresses in the stem may cause that the
wood closes the drilling hole and this way squeezes the needle. This so called shaft friction increases
drilling resistance causing a rising drilling curve with deeper drilling depth. The rising drilling resistance
curve (drilling trend) make the identification of decayed wood difficult. Especially when it is an early
stage of decay shaft friction can overlay and cover resistance dropdowns (Rinn 2012; Tannert et al. 2013).
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Shaft friction on the drilling curve is only clearly determined when the drilling needle exits the wood on
the other side of the tree or timber and the difference between beginning and end height of the drilling
curve amplitude is recorded. In urban tree inspection needle penetration through the tree diameter is a
case that nearly never occurs, hence software correction of shaft friction is only possible on construction
timber of minor diameter (Rinn 2012). Furthermore shaft friction may not have a linear trend.

The electronically recording drilling resistance device IML RESI PD® from IML records additionally to
drilling torque the feed force that is needed for needle penetration into the wood.

Experiences on wood with high density show that this second feed force measurement of the feed motor
recorded on a feed curve is only marginally affected by shaft friction.

In this study the feed curve information was examined and tested on standing hard tropical trees
commonly found in urban areas of Brazil. With the results authors hope to give further information about
the improvement of decay detection with feed force measurement. This will improve drilling resistance
profile interpretation for the operators.

Material and Method

Drilling resistance

Drilling resistance is measured with a rotating wood cutting needle penetrating the wood. The rotating
needle cuts the wood which results in resistance amplitudes in the resistance curve. Intact or sound wood
has higher resistance than decayed wood. The wood chips being cut at the front tip remain in the drilling
channel causing friction on the drilling needle shaft (Figure 1). Hence drilling resistance is a combination
of drilling torque resistance and shaft friction (Weber and Mattheck 2001). Feed force measurement with
the IML RESI PD® is displayed in a separate feed curve.

Y T

R L
d chips

Me of drill 2
*notor (rota

Mr
2 to shaft friction
Figure 1 -- Rotating needle cuts wood at needle tip. Remaining wood chips cause friction on needle shaft leading to
an increase in drilling resistance amplitude with deeper drilling depth. Drilling resistance (Mg) is a combination of
drilling torque (M2) and shaft friction (Mg)

Feed and drilling speed adjustment depending on wood hardness

The IML RESI PD® has different feed (cm/min) and needle speed (rounds per minute) stages. Feed speed
can be adjusted from 15 cm/min to 200 cm/min depending on wood hardness, needle rotation speed
between 1500 r/min and 5000 r/min. Operators should have basic knowledge about the tree species wood
hardness to correctly select feed speed. In soft wood high feed speed is necessary to produce sufficient
amplitude to identify curve dropdowns. In hardwood feed speed has to be reduced and needle speed
increased to enable the needle penetration into the wood. If the operator selected the feed speed too fast
for the wood hardness, the drilling needle will automatically retract and the operator advised to reduce
feed speed.

In the present study feed and needle speeds were adjusted according to wood hardness of the trees.
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Needle sharpness and its effect on shaft friction

Blunt needles are visually identified by a less sharp blade and rounded needle tip edges. A reduction in
needle tip diameter results in a higher shaft friction due to a narrower ratio between drill bit and needle
shaft diameter. For this study only sharp drilling needles were used.

Hardwood tree species selected for this study
The effect of shaft friction and inclining drilling curve increases with average wood densities above 600
kg/m3 (Tannert et al. 2013). Five tree species commonly found in urban areas of Brazil were selected to

match the criteria of hardness (density > 600 kg/m?) and presence of defects (Table 1).

Table 1 — Hardwood species selected and feed and needle speed selection

Common name Scientific name Average wood feed speed [cm/min]  needle speed [r/min]
density [kg/m3]
Pau Ferro Caesalpinia ferrea 982 25 5000
Rosewood Tipuana tipu 670 - 750 100 2500
Arueira Lithraea molleoides 725 100 2500
Imbuia Ocotea porosa 660 100 2500
Pitangueira Eugenia uniflora 765 100 2500
Parana Pine Araucaria 418 - 537 175 2000
angustifolia

Source: Paula and Alves (1997)

Results

In the following drilling resistance profiles of the IML RESI PD® are shown, where the feed curve and
drilling curve of a variety of hardwoods show differences.

Drilling resistance profile of Pau Ferro (Caesalpinia ferrea)

Amplitude [%]
100

490 3% 36 34 3z 30 28 26 24 22 20 18 16 14 12 10 B 6 4 2 o
Drilling depth [cm]

Figure 2 -- Drilling resistance profile of Pau Ferro. Drilling curve = grey; feed curve = black

Drilling resistance curve rises steeply being strongly affected by shaft friction (Figure 2). The amount of
shaft friction is visible when the drilling needle exits the tree at 33 cm of drilling depth. Drilling curve
amplitude remains at 70% amplitude while the feed curve drops down to 0% not being affected by shaft
friction.
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Drilling resistance profile of Pau Ferro (Caesalpinia ferrea)

Amplitude [%]
100

a0 38 6 34 32 30 28 26 24 22 20 18 16 14 12 10 8 5 4 2
Drilling depth [cm]

Figure 3 -- Drilling resistance profile of a smaller diameter Pau Ferro tree. Drilling curve = grey; feed curve = black

Drilling resistance curve rises steeply being strongly affected by shaft friction (Figure 3). The amount of
shaft friction is visible when the drilling needle exits the tree at 26 cm of drilling depth. At 17 cm drilling
depth a dropdown of the feed curve and to minor extend also of the drilling curve is detected. In Pau
Ferro this phenomena is often observed when the needle passes directly through the pith, where wood
density is extremely low. In other cases the dropdown may indicate a crack or bark inclusion.

Drilling resistance profiles of a Rosewood (Tipuana tipu)

Amplitude [3%]
100

a0 38 6 34 3z a0 28 26 24 22 20 18 16 14 12 10 8 6 4 2 ]
Drilling depth [em]

Figure 4 -- Drilling resistance profile of a Tipuana tree.
Drilling curve = grey; feed curve = black

Drilling resistance curve is less affected by shaft friction due to lower wood density of the tree (Figure 4).

At 12 to 18 cm drilling depth both curves, drilling and feed curve drop down, indicating a mayor defect.
The abrupt dropdown indicates a good compartmentalization of the wood at this measurement position.
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Drilling resistance profiles of a fresh Rosewood crosscut (Tipuana tipu)

Amplitude [%]
- 100

Figu'Fg 5-- D'ri'I.Iing resistance profile of a Tipuaa stem disc with central ecay.
Drilling curve = grey; feed curve = black

Drilling resistance curve and feed curve drops down in the central decayed area (Figure 5). The dropdown
is not abrupt indicating an ongoing decay activity towards the outside of the tree.

Drilling resistance profile of Arueira (Lithraea molleoides)

Amplitude [%]
100

a 38 3 34 32 0 28 2 24 22 20 18 16 14 12 10 8 3 4 2 o
Brilling depth [cm]
Figure 6 -- Drilling resistance profile of Arueira.
Drilling curve = grey; feed curve = black

Drilling resistance curve and feed curve show no sign of defect (Figure 6). The tree showed significant
reaction wood formation with higher wood density due to a leaning stem. After 33 cm of drilling depth
needle exits the tree and both curves drop down. The drilling curve increases from 20% to 40% amplitude
due to shaft friction.
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Drilling resistance profile of Imbuia (Ocotea porosa)

Amplitude [%]
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Figure 7 -- Drilling resistance profile of a Imbuia.
Drilling curve = grey; feed curve = black

Drilling resistance curve and feed curve show no sign of defect (Figure 7). After 31 cm of drilling depth
needle exits the tree and both curves drop down. The drilling curve increases from 25 to 45% amplitude
due to shaft friction.

Drilling resistance profile of a Imbuia crosscut (Ocotea porosa)
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Figure 8 -- Drilling resistance profile of an Imbuia stem disc with decay area.
Drilling curve = grey; feed curve = black

Drilling resistance and feed curve drop down between 8 cm and 13 cm drilling depth indicating decay
(Figure 8). At 30 cm drilling depth needle enters drying crack and resistances drop down.
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Drilling resistance profile of Pitangueira (Eugenia uniflora)

Amplitude [%]
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Figure 9 -- Drilling resistance profile of Pitangueira.
Drilling curve = grey; feed curve = black

Drilling resistance curve and feed curve rise steeply in the first 8 cm of drilling depth before dropping
down in 9 cm to 14 cm visualizing a central decay. After 16 cm of drilling depth drilling needle exits the
tree and drilling resistance amplitude remains at a 40% level due to shaft friction. The steep rise of the
feed curve in the first 8 cm is due to high dense wound wood formation of the tree trying to compensate
stability loss of the internal damage.

Drilling resistance profile of a Parana pine stem disc (Araucaria angustifolia)

Amplitude [%]
100
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Figure 10 -- Drilling resistance profile of a Parana pine stem disc.
Drilling curve = grey; feed curve = black

Drilling resistance curve is less affected by shaft friction due to low wood density (Figure 10). At 15 cm
drilling depth drilling hits the pith area and resistances drop down. Drilling and feed curve show high
oscillation, indicating latewood and early wood variation inside the year ring.

Conclusions

The feed curve (feed force information) is only marginally affected by shaft friction and improves the
identification and interpretation of defect (decayed) areas in wood especially when it is hard wood.

In Softwood with low wood density feed curve information is often not crucial for decay detection since
shaft friction is of minor appearance. Nevertheless feed curve gives additional information for decision
making if the tree has a defect or not.

The shaft friction and feed force information can be derived to other tree species of other countries that
have similar hardness’s. More research has to be done using drilling resistance with feed curve
information on other tree species.

It has to be taken into account that site quality and growing space influence wood quality and wood
density of the same tree species hence resistances amplitudes. It is recommendable to do more research
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including cross cuts of the at measurement height, to complete the results of the drilling and feed curves
with a visual identification of decayed areas in the tree.
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Abstract

The nano-mechanics of wood and bamboo treated by several modification methods, an improved
nanoindentation technique, and potential applications in wood science field were overviewed in this
paper. With nanoindentation, the influence of thermal modification and genetic modification on
nanomechanical properties of cell walls have been investigated. The quasi-static mechanics (modulus
and hardness), dynamical mechanics (storage modulus and loss modulus), and creep behaviour of cell
walls measured by nanoindentation provide a deeper knowledge of the cell wall properties and a
theoretical support for developing a high-performance advanced design for wood and bamboo.
Moreover, nanoindentation technique working at high temperature was attempted to evaluate the
effects of temperature on the modulus and hardness of wood cell walls. This nondestructive testing
method has proven to be an accessible and straightforward approach to analyze
temperature-dependent materials.
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Introduction

As a biopolymer composite, both wood and bamboo have been extensively used for homes and
other structures, and furniture due to their good machinability and good strength with its light weight.
They, however, are prone to degrading, warping, and cracking under changing environmental
conditions. Therefore, improving the environmental resistance of wood and bamboo, such as
mechanical strength, dimensional stability, or resistance to biodegradation and to expand its
application fields is of critical interest.

Both wood and bamboo consist of different cell types that are oriented in axial direction or in
radial direction. The cell walls of fibers built up of layers of different thickness, spiral microfibril
angles (MFA), and chemical components dominate the natural properties of wood and bamboo. To
better understand the mechanism of weathering degradation and modification of wood and bamboo,
investigating the mechanical and physical response in cell wall level is essential.

Nanoindentation with high-resolution testing equipment facilitates the measurement of properties
at the micrometer or nanometer scales (Oliver and Pharr 1992). Accordingly, nanoindentation makes
it possible to investigate the mechanical properties of small and heterogeneous biomaterials (Wimmer
et al. 1997). During the past decade, a large number of useful engineering properties of biomaterials,
such as wood (Xing et al. 2008; Wu et al. 2009; Meng et al. 2013), bamboo (Li et al. 2015), crop
stalks (Wu et al. 2010; Wang et al. 2013; Li et al. 2013), cellulose fiber and others (Lee et al. 2007,
Nair et al. 2010; Liu et al. 2014), have been investigated by means of nanoindentation in our previous
study, including quasi-static properties (modulus, hardness, and fracture toughness), and viscoelastic
properties (creep and stress relaxation). The primary purpose of this article is to provide an overview
on how we implement the method to evaluate the effects of several modification methods on the
mechanical and physical properties of wood and bamboo.

Quasi-static nanoindentation

Basic method

Nanoindentation experiments were performed at the Center for Renewable Carbon (University of
Tennessee, USA); The instrument is a Tribolndenter system equipped with a diamond Berkovich tip
(a three-sided pyramidal tip). The locations for NI experiments were chosen with precise positioning
performed from scanning probe micrographs (SPM) taken with the indenter tip. Experiments were
performed in load-controlled mode using a three-segment load ramp: loading, load holding, and
unloading. When the indenter tip is driven into the material, both elastic and plastic deformations
occur, generating an impression in the material that follows the geometric shape of the indenter and
produces a contact depth. The test system will record some important quantities, such as peak load
(P max), maximum depth (h..), and the slope of the upper portion of the unloading curve (S = dP/dh) ,
as shown in Figure 1. Young’s modulus and the hardness can be obtained by analyzing the
load-displacement curve according to the method of Oliver and Pharr (2012).
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Prnax Load holding

S=dP/dh

Load, P

Loading

Unloading

Displacement, h

Figure 1 Schematic sample plot of load vs. displacement for Nanoindentation
Experimental applications
Wood genetic modification

Poplar trees including their hybrids have been considered as alternative wood source due to their
characteristics of fast growth. However, there are few literatures regarding the mechanical and
physical properties of hybrid poplar in cell wall level. In this experiment, two-year-old Populus
deltoides, hybrid P.deltoides x P.maximowiczii, and hybrid P.deltoides x P.trichocarpa were selected.
Microstructure, microfiber angle (MFA), and mechanical properties of cell wall in juvenile wood
were investigated using Sliding section, X-ray diffraction, and Nanoidentation (NI), as shown in
Figure 2. The relationship among the growth trait, the anatomical parameters and micromechanics of
wood cell walls of the three kinds of poplar was discussed. The results indicated that P.Eltoides x
P.maximowiczii grew fastest, whereas P.deltoides x P.trichocarpa grew slowest; the hybrid poplar
with low growing rate has a smaller MFA and the hybrid poplar with high growing rate has a bigger
MFA. The average reduced elastic modulus of P. deltoides, P.deltoides x P.maximowiczii and
P.deltoides x P.trichocarpa is 7.59 GPa, 9.03 GPa and 12.58 GPa, respectively. The value of reduced
elastic modulus of three kinds of poplar wood has the positive correlation relationship with value of
their hardness. The bigger reduced elastic modulus and hardness have been found in hybrid poplars. It
can be concluded that the poplars with a slower growth rate, thicker cell wall and smaller MFA, which
present a higher mechanical properties in cell wall.

Figure 2 Microscope images showing the position of indents: (a) Poplar; (b) Hybrid poplar.
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Bamboo thermal modification

Thermal treatment has been widely adopted in woody materials production and application to
deepen the material’s color for aesthetic purposes, and to improve the dimensional stability. An
investigation of the mechanical properties of bamboo in cell wall level is of great importance to
understand the thermal treatment mechanism.

Bamboo was thermally treated at 130°C, 150°C, 170°C, and 190°C for 2, 4, 6 h, respectively. The
micromechanical properties of its cell walls were investigated by means of quasi-static
nanoindentation (NI). The locations for NI experiments were chosen with scanning probe micrographs
(SPM), as shown in Figure 3. With increasing treatment temperatures, the average dry density and
mass of the bamboo decreased, whereas the already reduced elastic modulus increased. This finding
agreed with Wang et al. (2014) that the increment of relative lignin content and crystallinity due to
hemicellulose degradation and melting at elevated temperature has a positive effect on the mechanical
properties of cell wall.

Furthermore, bamboo products always show significant viscoelastic effects under oscillation
stress or strain condition (Jiang et al. 2009). The creep behaviour of thermal treated bamboo in cell
wall level was also measured using nanoindentation. Figure 3d shows the influence of thermal
treatment on the strain rate of bamboo with different treatment times at 190 °C. A slight decrease in
strain rate occured after treatment. In other words, thermal modification is beneficial to improve creep
resistance of bamboo. In addition, the treatment time has no significant effect on the creep behaviour

of cell wall.
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Figure 3 Nanoindentation of termal treated bamboo cell Wall: (a) Test area; (b) Positioning of
indents; (c) Reduced elastic modulus; (d) Strain rate.

Dynamic nanoindentation

Basic method

Dynamic nanoindentation can reveal the viscoelastic properties of materials at the small scale
(Herbert et al. 2008) and the viscoelastic properties of wood cell walls (Zhang et al. 2012). For this
purpose, various instrumental setups can be used, and corresponding data can be analyzed to obtain
the frequency domain measurements at ambient temperatures.
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The nanoDMA tests were taken by the same Berkovich tip and Triboindenter equipped with a
nanoDMA model transducer. The test was operated in a ramping dynamic frequency mode. The
quasistatic load was 100 uN and the dynamic load was 10 pN. The harmonic frequencies were varied
from 10 to 200 Hz with 100 cycles at each frequency. Data were recorded at 20 points for each
indentation. At least 30 indentations were taken in five or six adjacent cells for each point. The
analysis is based on the dynamic model introduced by Pethica and Oliver (1987) and developed by
Asif et al. (1999).

Experimental applications

Combining dynamic and quasi-static indentation methods can provide more information about
the elastic and viscoelastic properties of bamboo cell walls. Bamboo was thermally treated at 130 °C,
150 °C, 170°C, and 190 °C for 2, 4, 6 h, respectively. The results of the dynamic indentation of
bamboo cell walls for harmonic frequencies are presented in Figures 4. Figure 4a shows the storage
modulus (E;”) and loss modulus (E,”) as a function of frequency at different temperatures. The E,’
and E,”of heat-treated bamboo were higher than those of untreated bamboo cell walls and increased
with increasing temperature. This was due to the increase in degree of crystallinity of cell walls.
Moreover, the E,” of heat-treated bamboo increased steadily with increasing frequency, whereas the
E,” decreased significantly. At lower frequency, the smaller E,” was assigned to the relatively flexible
molecular chains; at higher frequency, the main chain movements were probably frozen and small
scale movements were dominant, resulting in a stiffer material (Zhang et al. 2013). The gradual
decrease of E,” with increasing harmonic frequency was attributed to the stiffening of the material
due to the short time available for molecular chain rearrangement (Chakravartula and Komvopoulos
2006). Figure 4b gives the influence of E,” and E,” on the frequency of bamboo with different
treatment times at 190 °C. It can be observed that the treatment time did not significantly affect the
dynamic mechanical properties anymore.
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Figure 4 Dynamic indentation results of bamboo cell walls: (a) at different temperatures and

0.0

(b) with different treatment times.
High-temperature nanoindentation
Basic method

Nanoindentation (NI) experiments were performed using a Hysitron Tribolndenter system with
some proprietary modifications to enable its operation in a certain temperature environment. The
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general arrangement of instrument components is shown schematically in Figure 5a. The sample stage
was equipped with a temperature control stage allowing temperature control from room temperature
to 200 °C by means of electric heater elements.

Experimental applications

The most nanoindentation tests are conducted at room temperature, in spite of the fact that wood
materials are sensitive to temperature when they were put into service. There are rare study of the
properties of treated wood under high temperature level, which is important to understand thermal
behaviour of heat treated wood used in radiant heated floor.

Wood samples were treated at 180°C, 210°C, and 240°C, respectively. This improved technique
was used to track changes in the micromechanical properties in the longitudinal direction and to
obtain measurements for both the temperature-dependent reduced elastic modulus and hardness. The
average reduced modulus of the cell wall slightly increased, while hardness tended to increase after
heat treatment under room temperature conditions. The nanoindentation tests showed that both the
reduced modulus and hardness of the wood cell walls tended to decrease as the load-temperature
increased from 100°C to 180°C. Moreover, it was shown that heat treatment resulted in better heat
resistance compared to that of untreated wood, especially in the samples indented at 180°C.
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Figure 5 (a) Schematic of high temperature nanoindentation instrument; (b) Positions of

5 pm RT 100 120 140 160 180  Cool RT 100 120 140 160 180 Cool
Test temperature("C) Test temperature("C)

indents; (c) Reduced elastic modulus; (d) Hardness
Conclusions

In this paper, the use of depth-sensing indentation to measure the mechanical properties of
modified wood and bamboo cell walls was reviewed, including discussions of the applications of
quasi-static indentation, dynamic indentation, and high-temperature indentation measurements.
Quasi-static and dynamic indentation methods can provide detailed information about the elastic and
viscoelastic properties of cell walls, improving the understanding of modification mechanism of wood
and bamboo. The hybrid poplars with slower growth rate, thicker cell wall and smaller MFA, which
present a higher mechanical properties in cell wall. Thermal modification showed a positive effect on
the reduced elastic modulus, hardness, and creep resistance of bamboo fiber cell wall.
High-temperature nanoindentation overcame the intrinsic limitations of ambient temperature to obtain
the exact mechanical responses of wood at high temperatures has opened up significant new
possibilities for investigating the weathering mechanism of wood products.
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Abstract

The presence of heartwood influences the use of wood in different ways (Hillis, 1987). The
conceptual bases that allowed the precise definition and general physiological aspects involved in
heartwood and sapwood formation were consolidated for some time, but some current technigues
such as X-ray scans, infrared and gamma rays can be used for more detailed quantification and
characterization of heartwood inside the main stem (Gominho, 2003). In this study we used the non-
destructive method of gamma radiation attenuation to determine the basic and apparent density at
12% moisture content of wood portions (heartwood and sapwood) of mature trees of four forest
species (Eucalyptus grandis Hill ex. Maiden - 18 years old, Eucalyptus saligna - 60 years old,
Eucalyptus tereticornis - 35 years old and Corymbia citriodora - 28 years old). Six discs were
sampled at breast height (DHB) of each species and the heartwood and sapwood were delimited by
macroscopic analysis of the vessels (heartwood characterized by the presence of tyloses in the vessels,
and sapwood, by the absence thereof) in each sample. The apparent density values ranged from 672 to
933 kg/m? in the heartwood wood and 749 to 899 kg/m?3 in the sapwood wood. The averages of
apparent density did not differ significantly between the wood fractions. Despite the different ages of
the plantations, the highest values of apparent density of wood, both in the heartwood and in the
sapwood fraction were observed in Corymbia citriodora species.

keywords: density, gamma radiation, Eucalyptus, heartwood

Introduction

The genus Eucalyptus has potential as an alternative to native species for timber production due to its
production capacity, adaptability to different environments and great diversity of species. Currently, is
consensus in the brazilian forest sector that the wood of Eucalyptus is the main raw material to meet
the various industries in the production of multiple wood products, not only to coal and cellulose
(Caixeta et al. 2003).

The replacement of native wood by eucalyptus is mainly related to price and difficulty of obtaining

other types of wood. Therefore, the Eucalyptus wood should be further studied and disseminated, in
order to produce information that can generalize its use (Serpa et al., 2003).
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Wood is a heterogeneous material formed by a set of cells with specific properties to perform the
main functions of water conduction, storage of biochemicals and mechanical support of the plant
body. The search for an interpretation increasingly detailed and in-depth of this complex and
multifunctional system is an permanent scientific challenge. Today, with the availability and ease of
access to equipment and greater potential techniques, themes once studied partial or limited way, gain
new perspectives of analysis.

One of the most important characteristics that differentiates portions of wood of a tree is the formation
of heartwood and sapwood. The presence of the heartwood influences the use of wood in different
forms and affects uniformity (Hillis, 1987). The heartwood by its color and desirable properties, has,
for some applications, a higher value and has been the target of interest of the timber users (Smith,
1996).

Due to the importance of the heartwood in the use of wood in certain applications and the possibility
of using greater potential techniques, this study aimed the qualification of the wood of the heartwood
and sapwood of four species of Eucalyptus with the use of attenuation gamma radiation technique.

Material and methods
Sampling procedures

Were selected and harvested six trees of Eucalyptus grandis Hill ex. Maiden (18 years old) provided
by the College of Agricultural Sciences of Botucatu. The trees were obtained from a seminal
plantation established in August 1996 at the Lageado Experimental Farm. Adult trees of Corymbia
citriodora (28 years old), Eucalyptus tereticornis (35 years old) and Eucalyptus saligna (60 years old)
were provided by PREMA Technology and Trade S.A. located in Rio Claro - SP. Were selected and
harvested six trees of each species.

From each tree it was obtained a disk at breast height (DBH) approximately 30mm thick for the
determination of basic and apparent density with the use of attenuation of gamma radiation technique.

Delimitation of the heartwood and sapwood

The disks had their cross section polished manually with a series of sandpapers - dry sandpaper (100,
150), and sandpaper water (320, 400, 600 and 1200). The polishing associated with the use of a
stereo-microscope of 10x increase - Anatomy Wood Laboratory, College of Agricultural Sciences of
Botucatu- made possible the observation of the cross section of the vessels and the exact delimitation
between the regions of heartwood and sapwood. The heartwood was characterized by the presence of
tyloses in the vessels, and the sapwood, the absence of them (Figure 1).

grouping of tyloses
in the vessels
(heartwood)

vessels without tyloses ‘

(sapwood)

Figure 1— Vessels observed on the polished cross section of wood. A) vessels without
tyloses, disc area characterized as sapwood; B) vessels filled with tyloses, disc area
characterized as heartwood.
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Apparent density (12% moisture content)

The apparent density of the wood (mass and volume at 12% MC) of the disks was determined by the
attenuation gamma radiation technique - Figure 2- along the average radius of the discs, avoiding
knots or cracks. The attenuation of gamma radiation analysis was performed in the Physics and
Biophysics Department of the Biosciences Institute - Botucatu / SP, using an equipment developed
and assembled in the same laboratory. This equipment is basically composed of:

e aradiation source sealed and shielded range with the radioisotope **Am with a half life of 458
years, 200 mCi of activity and photopeak 59.6 keV with emission intensity of 35.9% (Rezende
et al., 1999; Palermo et al, 2004);

¢ asolid scintillation detector system with a crystal of sodium iodide with traces of thallium Nal
(T1) inserted into a photomultiplier valve coupled to a source of high voltage GDM marks and
connected to a signal amplifier GDM mark;

¢ asignal conversion board A / D (Analog / Digital) installed in a microcomputer for supplying
the values of I and I, through a specific program of the GDM mark detection system running
on Windows® platform ;

¢ an electromechanical apparatus for the automatic movement of the sample - wood discs.

According to Parrish (1961) and Ferraz and Mansel (1979), the density was determined by differential
absorption of radiation, i.e., the higher the density, the greater the absorption and the lower the
amount of radiation that pass through the absorber medium.

Equation 1 was used to calculate the point density expressing an adaptation to the Beer-Lambert law,

with corrections provided by equation 2 and 3 due to the dead time of the electronic system.

_ In(loc — BG) — In(I¢ — BG) 1)
Hm- Xm

Pu

oot )
¢ ™1 — 11,

_ 1 (3)
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where py is the wood density at a given moisture content (U); py, is the mass attenuation coefficient
of wood, in cm®.g™; xm is the thickness of the wood specimen in cm; BG is the background radiation
counts per minute; I is a counting rate (counts per minute) obtained experimentally without absorbing
material; 1 is a counting rate (counts per minute) obtained experimentally after passage through the
absorber material (wood); 1o isaly value corrected due to the dead time of the electronic system by
Equation 1; Ic: I value corrected due to the dead time of the electronic system by Equation 2 and t is
the is a dead time electronics system (1.0 x 10" minutes).

The disks were peeled, planed and sanded to acquire uniform thickness around 3.0 £ 0.5 cm which
was measured using a digital caliper with a resolution of 0.01mm and accuracy of £ 0,005mm.
Subsequently, the disks were stored in a room to reach moisture content of approximately 12%; then
the masses of the disks were obtained using an electronic scale of precision , with a resolution of
0.01g and accuracy of £ 0.1 g.
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After reaching the equilibrium moisture content (12%), the average radius of the disks was calculated
from the disk perimeter, measured with a flexible tape. One radial orientation containing the average
radius in the specimen was located and marked.

The disks were positioned in the equipment (Figure 2B) and slowly displaced to cross the radiation
source at a speed adjusted to give an average of 2 points per millimeter along the average radius of the
sample.

From data of gamma radiation were obtained the apparent densities point to point along the radius
were obtained for each disk respectively.

A

Figure 2— Attenuation gamma radiation technique. A) Overview of the system. B) Side
detail side of the specimen movement between the source of radiation emission and the
detection system.

Source: Jammal Filho (2011)

The weighted average density was calculated separately for each region of interest - heartwood and
sapwood- using the assumption that the disk is formed by several thin and concentric rings with
constant thickness: at the central region of the disk, the heartwood and in the peripheral ring, the
sapwood. The juxtaposition of rings, one within another, reconstitutes each one of the regions
(heartwood and sapwood) and, ultimately, the entire disc. Knowing the density at one point of each
ring (Figure 3), it is assumed that this density is the average density of the ring. The weighted average
density of the disc is obtained by weighting the point densities in the rings, wherein the weighting
factor is the volume of the ring, i.e. the density of the ring with highest volume is more representative
in the weighted average value of density.

: ?'-\.“I - ke_ -"'_.‘-__ \ P -_ X -.-.-I B '-,-:t .'_-:'-4_ . : II'.-' ':-.'. -‘_..:'--i-\‘f\t-'.:: -
Figure 3— Idealization of composition of a wood disc: thin and concentric rings, of which the
density (the center point of the ring) and volume are known ("r" is the distance between each
measurement made by the technique).

Source: Costa (2006)
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The weighted average density was calculated in the moisture of the sample (U) and then transformed
into basic density (p,) and density at 12% MC (p,,) by the equations 4, 5 and 6 proposed by Rezende
(1997) and Rezende et al. (1998) and applied to Pinus and Eucalyptus.

po = o (4)
(140,01 U%) [(1—0,0013U%)—0,0050 U% pq]

_ 098 p¢
b ™ 1+0,24p, (5)

p12 = 1,104p, — 0,067p, (6)

where py is the apparent density at U% humidity, p, is the apparent density at 0% humidity, py, is the
basic density and p;, is the apparent density at 12% moisture content.

Results and discussion

Variation in density (12% moisture content) between species

Figures 4 and 5 show respectively one of the sampled (Eucalyptus saligna- tree n° 5) discs with the
delimitation of heartwood and sapwood regions and its densitometric profile.

Figure 4— Demarcation of regions of heartwood and sapwood Eucalyptus saligna- tree n° 5.

Table 1 shows weighted basic and apparent densities results for heartwood and sapwood regions of
the discs.

The basic density values ranged from 538 to 721 kg.m™ in the heartwood and from 593 to 698 kg.m™
in the sapwood. The values of apparent density of 12% moisture ranged from 672 to 933 kg.m™ and at
the heartwood and from 749 to 899 kg.m™ in the sapwood.

There were no statistical differences between the mean values of both basic and apparent density for

the two regions of the wood (heartwood and sapwood). This behavior may have been conditioned due
to maturity of trees studied (trees older than 18 years).
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Figure 5— Densitometry profile of Eucalyptus saligna- tree n° 5.

Table 1— Weighted basic and apparent density data of the heartwood and sapwood regions.
Pbssica (Kg.M%) P12 (kg.m?)
Heartwood Sapwood Heartwood Sapwood
Corymbia citriodora 721 (345)a A 698(509)a A 933(184)a A 899 (27.0)0a A
Eucalyptus tereticornis 703 (59.6)a A 647 (86.9)ab A 910(38.2)a A 826 (54.9)ab A
Eucalyptus saligna 680 (42.8)a A 667 (62.5)ab A 873 (58.3)a A 855(86.0)ab A

Eucalyptus grandis 538 (43.5)b A 593(60.1)b A 672(62.1) b A 749(875) b A
* In the same column, average followed by at least one lowercase same letter do not differ by Tukey test (p
<0.05).

Species

** In the same row, for the same property, means followed by at least one capital letter like not differ by
Student's t test (p <0.05).

Comparing densities between the species, trees of Corymbia citriodora showed the highest values
(both basic and apparent density) in the two regions of the wood, but these values did not differ
statistically from the results obtained for Eucalyptus tereticornis and Eucalyptus saligna trees.
Eucalyptus grandis was the species that showed lower density values in both wood fractions, with
statistical difference compared to the other three species studied for heartwood fraction; for the
sapwood fraction, it differed statistically only from Corymbia citriodora trees.

Basic density of Eucalyptus grandis was studied by many authors, including Sturion et al. (1987) that
found value of 525 kg.m™ for trees with 10,5 years; Ciniglio (1998), studying the wood of the same
species with 17 years old, obtained a basic density of 570 kg.m™®; Ashley and Ozarska (2000), which
studied the same species with 28 years old, reported a basic density of 690 kg.m™ for juvenile wood
and 750 kg.m™ for adult wood; Gongalez et al. (2006), who found for E. grandis wood - 17 years old
- basic density of 590 kg.m™ and Lopes et al. (2011) found for E. grandis wood - 18 years old - basic
density of 580 kg.m>.
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The values obtained in this study are similar to those found by Sturion et al. (1987), Ciniglio (1998),
Gongcalez et al. (2006) and Lopes et al. (2011) and lower than those found by Ashley and Ozarska
(2000). This inferiority in values when compared to the results obtained by these latter authors
probably occurs due to the age of the trees used in the study of the authors (older trees than those used
in this study).

Sturion et al. (1987) also evaluated the basic density of Corymbia citriodora, Eucalyptus tereticornis
and Eucalyptus saligna. The values found by the authors were, respectively, 715 kg.m?, 592 kg.m*
and 562 kg.m™. The basic density of Corymbia citriodora found by the author is close to the values
found in this study but for the other two species, the values found by the author are lower than those
obtained here. Here again, the inferiority may be associated with younger trees (10,5 years).

Oliveira et al. (2005) studied the wood of seven species of Eucalyptus about 16 years old, including
Corymbia citriodora, Eucalyptus tereticornis and Eucalyptus grandis, species that were studied in
this work. The authors found basic density values of 730 kg.m™ for the Corymbia citriodora, 660
kg.m™ for Eucalyptus tereticornis and 490 kg.m™ for Eucalyptus grandis.

Oliveira et al. (2012), studying the wood of Eucalyptus grandis trees with 23 years and Corymbia
citriodora with 17 years, found values of apparent density at 12% moisture content of 580 kg.m™ and
840 kg.m™®, respectively. The values found by the authors are lower than those found in this study.
Benjamin and Ballarin (2009) found apparent density values of 970-1200 kg.m™ for wood of
Corymbia citriodora 29 years old.

Conclusions

The attenuation of gamma radiation is a low-energy technique that permits continuous and accurate
nondestructive evaluation of wood density in regions of particular interest of disks.

For the trees and species studied from a physical point of view it can be stated that heartwood and
sapwood fractions have the same quality because no significant differences were obtained in their
basic and apparent densities
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Nondestructive testing of string musical instruments
manufactured in wood

Voichita Bucur -CSIRO Commonwealth Scientific and Industrial Research Organisation, lan Wark
Laboratories, Bayview Avenue Clayton South- Victoria 3169, AUSTRALIA voichita.bucur@csiro.au

Abstract

This report describes three groups of nondestructive methods for testing string musical instruments for
classical music, namely the instruments from violin family and guitar. The methods are the
followings: mechanical methods - modal analysis, optical methods- holographic interferometry, laser
Doppler vibrometry, near field acoustic holography, X ray methods- X-ray computed tomography and
synchrotron radiation phase-contrast microtomography.

1.Background

In a very simplified way we can define a musical instrument like a device constructed to make
musical sounds. A string instrument consists of a structure with a cavity which holds strings under
tension. The structure radiates sounds if the strings vibrate. French and Bissinger (2001) noted
“testing musical instruments is not conceptually different than testing other structures. Interpretation
of the results is, however, somewhat non-traditional in that the enclosed air cavity is an integral part
of the system and cannot be ignored. Instruments — particularly violins- are typically very light and
flexible and very sensitive to boundary conditions. Special care needs to be taken so that the
instrumentation, excitation methods, and support fixtures do not add mass or stiffness to the
instrument”.

2. Modal analysis

Modal analysis of musical instruments is the study of their dynamic properties under vibrational
excitation. In other words ones can say that the modal analysis describes the dynamic properties of an
instrument view as an elastic structure in terms of its normal modes of vibration. Theoretical aspects
of modal analysis and experimental modal testing have been discussed in details by Fletcher and
Rossing (2010) with application to a big diversity of musical instruments. The complex vibration of a
musical instrument can be described in terms of normal modes of vibration. The frequency response
of a musical instrument can be found by summing the modal responses of its sub structures in
accordance with their degree of participation in the structural motion. Each mode of vibration is
characterised by three main parameters: the mode shape, the natural frequency and the damping
factor. Any deformation pattern of a musical instrument can be expressed by a combination of the
mode shapes. Each mode shape shows how energy point on the violin (or other instrument) moves
when it is excited at any point, and gives a list of displacements at various point of the instrument, in
various directions. The damping factor of each mode is coupled with its natural frequency and is
inversely proportional with the mass distribution (Rossing 2007). Modal testing may use continuous
(sinusoidal), impulsive or random excitation and may measure the response mechanically, optically,
or indirectly by observing the radiated sound field. Experimentally, the excitation force can be
measured with a force transducer (load cell or piezoelectric transducer), the acceleration can be
measured with an accelerometer and the velocity response of the structure with a laser velocimeter or
by holographic interferometry. Data are converted in digitize analogue instrumentation signals and
stored on a host computer. The analysis of experimental signals relies on Fourier analysis. The

179


mailto:voichita.bucur@csiro.au

General Technical Report FPL-GTR-239 « Proceedings: 19th International Nondestructive Testing and Evaluation of Wood Symposium

resulting transfer function — frequency response function - will show characteristic peak resonances
for different frequencies. The animated display of the mode shape is very useful for understanding
vibration phenomena in musical instruments. Marshall (1985) was among the first authors to
characterized violin vibrational modes with experimental modal analysis (Alonso Moral and Janson
1982). Graphical representation of experimental modal testing and finite element reconstruction of the
vibration of the body of the violin is shown in Fig. 1, in which, for a resonant mode are represented
the asymmetric vertical displacement and the flexural vibration of the violin.

Figure 1 Asymmetric vertical displacement and flexural vibration of the violin are
represented at an exaggerated scale, for a resonant mode (Knott 1987).

3. Optical methods

Optical methods are particularly appropriated for musical instruments vibrations studies. Being non-
contact they do not involve any attaching devise to the surface of the instruments. Therefore the
surface of the musical instrument can vibrate frailly, in its natural state. Typical applications of optical
methods are related to modal analysis and reconstruction of sound fields radiated from the violins and
other instruments (Molin 2002 , Molin and Zipser 2004). Holographic methods generally depend on
the interference of coherent light to identify nodes and modes. Scanning laser vibrometry scans a laser
beam across the surface of musical instrument and allows recording the return beam’s frequency shift.
This frequency is proportional to the velocity of the surface. Laser Doppler vibrometry compared to
holography is more sensitive and operates well with multifrequency repeatable motions of the object,
rather the holography works well with harmonic object motions.

Time average holographic interferometry was used for the study of body resonances by recording the
nodal lines and producing a map of displacement amplitudes in antinodal zones (Reinecke and
Cremer 1970, Jansson et al. 1970, Janson 1972). In these experiments a single frequency excitation
was used, for a system demanding high stability. Technological advancements allowed the
development of a TV- monitor for analysis of modal shapes in real time, on which monitor the
vibrations over instrument surface are displayed as iso-amplitude lines (minimum amplitude 0.12um)
(Ek and Jansson 1986, Jansson et al. 1994). Real time observation of the vibration field allows search
for resonant modes, amplitude and position of the exciters, settings of frequency, etc. Time-average
technique requires recording of the vibration patterns on interferograms that permits a more detailed
analysis of the vibration field. Currently for studies of vibrating objects as violins, a combination of
the real time and time average holographic interferometry is used. Experimentally, iso-amplitude
fringes that cover the surface of the violin are mapped and the corresponding intensity recorded.
Practical resolution of vibration modes by visual observation in real time is about A/10, which is about
100nm (Molin 2007). Figure 2 gives two images of a violin plate vibration, produced with Chladni
pattern and with an interferogram of a free violin plate. This interferogram was obtained with a laser
generating about 1 W of light at 514.5 nm. The system incorporated a speckle interferometer for real
time visualisation of vibrations. This comparative presentation chosen by Richardson (2010) suggests
the enormous progress realised in the last five decades in understanding violin acoustics.
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a) Chladni pattern b) holographic interfetrometry

Figure 2 Vibration of a free violin plate observed with Chladni pattern (a) and with
holographic interfetrometry (b) (Richardson 2010, fig 1, page 129)

The interferograms shows the resonance frequencies and bandwidth up to about 5 KHz, rather the
Chladni pattern method works for the lowest two or three resonances observed inside the plate. With
the interferograms, the fringes indicate the contours of constant vibration amplitude, as observed on
the outside of the plate. As noted by Richardson (2010) “holographic interferometry has been
superseded by scanning laser Doppler velocimetry, but holography does have the advantage of being
able to measure static as well as dynamic displacements, it has better sensitivity at low frequencies
and it also has applications in real time capture and distributed motion”.

Laser Doppler vibrometry (LDVi) is an interferometric technique, very appropriate for measurements
on vibrating surfaces (Drain 1980, Castellini et al. 1998) . The principle of LDVi is based on the
conversion of the instantaneous velocity v into a Doppler frequency fp, using a heterodyne
interferometer. The investigation capabilities of experimental testing were enormously improved with
respect to classic accelerometers, being non intrusive, giving high spatial resolution, with reduced
testing time and superior performances expressed for example by the resolution in displacement in nm
range and in velocity of about 0.5um/s and bandwidth up to 200 kHz. This technique is less disturbed
by the motion of the violin rigid body than holographic interferometry. By scanning the laser beam
across the violin, the resonance frequencies and the corresponding modes are visualised and easy
measured. Optical interference is observed when two coherent beams of light coincide. The resulting
intensity varies with the phase difference between the two beams, which is a function of the different
path lengths of the two beams. If one of the two beams is reflected back from a moving target, then
the path difference can be observed as a function of time. From the interference fringe pattern which
moves, the displacement of the target can be calculated by counting the passing fringe pattern.
Scanning laser Doppler vibrometrs allows rapid and precisely moving the measurement point on the
violin under test, analysing the entire surface, with high spatial resolution in a short testing time. The
advantages of scanning laser Doppler vibrometry are the followings: capability of determining the
velocity of vibration quantitatively; capability to measure vibration mode shapes with high speed
sampling; capability to measure the vibration of objects of complex shape; frequency range up to
5000 Hz; measurement uncertainty below 3%. Figure 3 shows the superimposition of vibration modes
of a violin plates obtained with scanning laser vibrometry and modal analysis. Simultaneous
displacements of musical instruments in three directions can be obtained with devices allowing 3D
scanning laser Doppler velocimetry.
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Figure 3 Superimposition of vibration modes of a violin plates obtained with scanning laser
vibrometry and modal analysis ( Photo courtesy of School of Engineering and Information
Technology, University New South Wales , Canberra,

Australia http://seit.unsw.adfa.edu.au/research/details2.php?page_id=746 access 20 August
2013)

A 3-Dimensional scanning laser system is comprised of three individual lasers measuring surface
velocity from three different directions which allows extraction of motion components along three
perpendicular directions. To measure all three components of the violin's velocity, a 3-D vibrometer
should measure the violin vibrations with three independent beams, which strike the target from three
different directions. This allows determination of the complete set of in-plane and out-of-plane
velocities of the violin. Extensional in plane and flexural out of plane violin corpus mobilities can be
visualised in top, back and ribs as developed and discussed by Bissinger and Oliver (2007) and can be
presented with animations (http://www.strad3d.org/cms/).

Sound radiated from the violins can be visualised (mapped) and measured with regard to every
measured frequency with near field acoustic holography. Theoretical foundation of this technique is
explained by Maynard et al. (1985) and Kim (2007) and is based on the fact that the source can be
completely reconstructed with measurements of exponentially decaying waves which propagate from
the source. The sound field can be seen in frequency domain. Simulation of real bowing of a violin
can be obtained with a mechanical device, bowing at constant frequency with a belt or, at variable
frequency with a rotating mechanical bow. The sound radiated by real violins in these cases can be
measured with near field acoustic holography. If the violin is excited by a rotating bow, several
frequencies can also be excited and of course the eigenmodes can be determined (Gren et al. 2006).
Figure 4 shows images of violin vibrations at 2265 Hz with a large number of antinodes.

Top plate Sound field at the eighth harmonic 2265 Hz Back plate
+ 0.5um Displacement + 0.16 pm +0.12um

Figure 4 Images of violin vibrations (Gren et al. 2006) Legend: The colour code blue red is
set automatically. The displacement range is between 18um and 40nm. Red areas vibrate in
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anti-phase to the blue areas. Vibration at the 4th harmonic, at 2265 Hz (Gren et al. 2006, fig
12, page 642)

4. X ray methods

X-ray computed tomography has medical and industrial applications. X ray - computed tomography
scanner produces three dimensional images of external and internal structure of the objects submitted
to inspection. Applications of X ray computed tomography to wood imaging with a resolution of
about 1um for each side of the typical voxel, are described by Bucur (2003). (Note that a voxel or a
volumetric pixel or volumetric picture element is a volume element, representing a value on a
rectangular grid in 3D space). Density of inspected object depends on the atomic composition of the
material and on the X-ray energy used in this process. Clinical scanners have been used to inspect the
internal structure of Old Italian violins since 1997 (Sirr and Waddle 1997, Gattoni et al. 1999). The
images obtained with this technique allowed univocal confirmation of the authenticity of these
precious authentic historic instruments and identification of repairs, restoration works, damages by
insects, etc. The accessibility of medical scanner for violin investigations produced hundred of images
(Borman and Stoel 2009, Borman et al. 2005). The images were referred in three reference planes: the
sagittal plane (from the side), the axial plane and the coronal plane (from the top). The violin is
introduced into the scanner which produces images reconstructed from hundreds of thousands of
measurement of X-ray absorption properties of the sample (Fig.5). Technical limitation of clinical
equipment is due to the limited spatial resolution of the scanner which is of 0.4 x 0.4 x 0.6 mm®.
Every defect smaller than about 0.1 mm® cannot be detected with this kind of instrument. Image
resolution depends on sample size and selected imaging technique. X-ray technique allows scanning
of big objects of about 0.5 to 1.0 m with a resolution ranging from 0.1 mm to less than 1mm; neutrons
technique was used for scanning objects of about 5mm to 50 mm with a resolution of 0.02 mm to
0.1mm; synchrotron light imaging device can inspect objects of about 1 to 5 mm with a resolution of
0.001 to 0.005 mm. (Lehmann and Mannes 2012)

Figure 5 Transverse CT profile of a 1735 Guarneri ‘del Gesu’ violin at the widest section of
the lower bout (photo
courtesy http://www.bormanviolins.com/Images/1735.upper.c.web.jpg). Legend: end of bass-
bar (within body) and part of tailpiece (above body) in ebony in white, of higher density and
the section of the four strings. On the belly the transverse section of spruce is well visible
with the alternating early wood (low density) and latewood (high density) in annual rings.
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Recent development of synchrotron technology superseded the X-ray CT tomography and produced
images of better resolution, but with very high cost equipment. Synchrotron radiation phase-contrast
microtomography is considered an ideal technique for the non-destructive 3D analysis of samples of
objects of cultural heritage in which low absorbing elements such as larvae and eggs can be detected
in wood structural elements (Bentivoglio-Ravadio et al. 2011).

5. Conclusion

Testing musical instruments is not conceptually different than testing other structures. Interpretation
of the results is, however, more complex because of the enclosed air cavity of musical instruments,
which is an integral part of the system. Theoretical parameters of the vibration of musical instruments
are given by modal analysis. Modal testing allows experimental identification of modal parameters of
vibrating musical instruments (natural frequencies, modal damping and the mode shapes). Optical
non-contact techniques - holographic and scanning laser - Doppler vibrometry - have been developed
for experimental studies of violins. The advantages of scanning laser Doppler vibrometry are the
followings: capability of determining the velocity of vibration quantitatively; capability to measure
vibration mode shapes with high speed sampling; capability to measure the vibration of objects of
complex shape; frequency range up to 5000 Hz; measurement uncertainty below 3%. X-ray (CT)
computed tomography with clinical scanners is used to obtain data on wood density of different
structural components and different maps such as map of thickness, map of density variation, map of
arching. Technical limitation of clinical equipment is due to the limited spatial resolution of the
scanner which is of 0.4 x 0.4 x 0.6 mm®.Synchrotron radiation phase-contrast microtomography is
considered an ideal technique for the non-destructive 3D analysis of samples of musical instruments
and other objects of cultural heritage. These methods are discussed by Bucur (2003 and 2015) .
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Abstract

When assessing existing timber structures it is not possible to obtain density as the ratio mass/volume, so
nondestructive probing methods are used to predict density. As in other nondestructive techniques,
moisture content influences measurements. The goal of this paper is to study the influence of timber
moisture content on two nondestructive probing techniques (penetration resistance and pullout resistance).
25 large cross section specimens of laricio pine from Spain were measured. The moisture content ranged
from 65.1% to 8.3%.

Penetration depth decreases and screw withdrawal strength increases when moisture content decreases
below the fiber saturation point. There are lineal tendencies in both techniques. No moisture content
influence was found in measures above fiber saturation point.

Keywords: moisture content, nondestructive techniques, penetration resistance, probing, pullout
resistance

Introduction

Nondestructive probing methods are mainly used to evaluate existing timber structures. These techniques
are used to estimate density (Bobadilla et al. 2007). Several factors affect hondestructive techniques, and
one of the most important is moisture content (MC).

Some research works were found on the influence of MC over penetration depth tests. In 1978 several
Pilodyn prototypes (with different diameter needles and 6, 9, 12 and 18 J energy release) were used on
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Norway spruce (Picea abies (L.) Karst.), Scots pine (Pinus sylvestris L.) and European beech (Fagus
sylvatica L.). An increase of from 1% to 2% in penetration depth for each 1% increase in MC was found
in the 8% to 24% range of MC. However, above 30% of MC the increase is really low (Hoffmeyer 1978).

In another work using the Pilodyn 6J and Pilodyn 18J on 106 specimens 50 x 50 mm cross-section
Douglas fir (Pseudotsuga menziesii (Mirb.) Franco), 2 different areas of influence were found. In MC
range from 6% to 30% an increase of 0.19 mm in penetration depth using the Pilodyn 6J and an increase
of 0.26 mm using the Pilodyn 18J was found for each 1% MC increase. However, above 30% no
significant statistical influence of MC was found (Smith and Morrell 1986).

Research work using the Pilodyn 6J Forest device (Proceq, Switzerland) on Scots pine (Pinus sylvestris
L.), radiata pine (Pinus radiata D. Don) and laricio pine (Pinus nigra Arn.) no variation in the MC range
from 8% to 14% was found. This may be due to the variability of measurements (Calder6n 2012). The
same work also studied the effect of MC on the Screw Withdrawal Resistance Meter (SWRM) device
(Fakopp, Hungary). The increase in screw withdrawal force when MC decrease was different for each
species. A second order correction equation was proposed for each species.

Other authors mention the high sensitivity of screw withdrawal techniques to MC changes (McLain
1997). Screw withdrawal force at 7% MC is approximately 50% higher than above the fiber saturation
point (FSP), and there are differences between species. For sugar maple (Acer saccharum Marsh.) it is
71% higher, while for white pine (Pinus strobus L.) it is 23% higher (Cockrell 1933).

Previous studies show the MC tendency in probing measurements, and they also indicate species and
source influence on MC adjustments. Therefore, specific research is required, considering these factors in
one of the most widely used Spanish structural timber species: laricio pine (Pinus nigra Arn. Ssp.
Salzmannii).

Material and methods

In this study 25 planed large cross-section specimens of laricio pine (Pinus nigra Arn. Ssp. Salzmannii) of
Spanish provenance with nominal dimensions of 100 x 150 mm cross-section and 500 mm length were
used. Green specimens were selected in the sawmill and their ends were sealed to promote uniform
drying. MC was determined by the oven drying method according to standard EN 13183-1:2002.

Needle impact penetration depth using the commercial device Pilodyn 6 J Forest (Proceq, Switzerland)
and screw withdrawal force using the commercial device Screw Withdrawal Resistance Meter (Fakopp,
Hungary) were measured at 14 different MC. Measurements were made avoiding areas close to the pith,
following the same grain and with at least a 30 mm gap between them. The first one was performed at
65.1% average MC and the final one at 8.3% average MC. 181 days were necessary from the first
measurement to the last one using the natural drying process.

Results and discussion
Figure 1 shows the evolution of MC in the natural drying process. At the beginning of tests, MC values

were very disperse and variable. Table 1 summarizes measurements from both techniques (penetration
resistance and pullout resistance).
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Figure 1— Average and range of MC values during the natural drying process.

Table 1— Pilodyn and SWRM mean results.

N° Day Mean MC Mean COV  Mean Screw COV
Test (%) Penetration (%) Withdrawal (%)
Depth(mm) Force (kN)
1 0 65.1 18 16.82 0.77 26.49
2 6 57.4 17 17.53 0.68 23.84
3 14 45.0 17 19.65 0.76 25.19
4 20 37.8 17 20.55 0.81 32.39
5 34 26.0 16 18.21 1.32 23.38
6 49 19.7 15 20.85 1.42 24.02
7 56 17.7 15 21.98 1.52 20.67
8 62 15.7 14 18.87 1.70 19.89
9 72 14.5 14 19.27 1.86 19.84
10 87 133 14 18.24 1.93 18.71
11 105 10.9 13 17.04 2.04 20.19
12 126 9.7 13 17.47 2.15 19.75
13 142 9.0 13 15.54 2.20 19.31
14 181 8.3 12 15.87 2.35 19.00

Figures 2 and 3 present the evolution of penetration depth and screw withdrawal force with MC changes.
In both devices no statistical significant differences in MC range above FSP were found. The same results
were found by other authors (Hoffmeyer 1978; Smith and Morrell 1986).

19
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Figure 2— Means plot of one-way analysis of variance:Penetration depth vs. MC.
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Figure 3— Means plot of one-way analysis of variance:Screw withdrawal force vs. MC.

To study tendencies below 30% of MC, figures 4 and 5 show linear regressions between penetration
depth vs. MC and screw withdrawal force vs. MC, in the range from 8.3% to 30.0%. Equations and
coefficients of determination are:

Pilodyn: Depth=11.4121+ 0.194262*MC R?=15.39

SWRM: Force=2.80006-0.0701658*MC R?=51.18
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=
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Penetration Depth (mm)
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Figure 4— Linear regression: Penetration depth vs. MC.

Screw Withdrawal Force (kN)
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MC (%)
Figure 5— Linear regression: Screw withdrawal force vs. MC.

In the case of the Pilodyn 6J Forest device an increase of 0.19 mm (1.7%) was found in penetration depth

for each 1% on MC increase. This is same value as was proposed by other authors (Smith and Morrell
1986) and the 1.7% increase is in the range from 1% to 2% proposed by Hoffmeyer (Hoffmeyer 1978).
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In the SWRM device a decrease of 0.07 kN (2.5%) was found for each 1% MC increase. This value is
inside the range 0.05 kN to 0.15 kN obtained by Calderon in laricio pine, and is within the range of 12%
to 18% MC (Calderén 2012).

Conclusions

Pilodyn penetration depth and SWRM screw withdrawal force in laricio pine (Pinus nigra Arn. Ssp.
Salzmannii) from Spain have a linear relationship with moisture content below 30%, although there is no
statistically significant affect due to moisture content above 30%.

Penetration depth increases 0.19 mm and screw withdrawal force decreases 0.07 kN with each percentage
increase in moisture content up to fiber saturation point.

These results correspond to a small number of specimens and only one species. Forthcoming studies will
extend this research to cover other Spanish conifer species.
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Abstract

Microwave radar is under development for evaluation of wood density. Tests were performed on air dry
wood samples with the same size, thickness and moisture content (12%).

The samples were poplar (Populus, 295 kg/m?), spruce (Picea, 371 kg/m?), linden (Tilia, 477 kg/m®),
black walnut (Juglans nigra, 561 kg/m?), black pine (Pinus nigra, 637 kg/m), ash (Fraxinus, 706 kg/m?),
and acacia (Robinia, 756 kg/m®). All conditions were the same for them.

Each sample was placed between the microwave transmitter and receiver. The microwave signal
penetrated into the samples, the amplitude and phase signal have changed due to the properties. The
measured amplitude and phase data are density predictors. Linear relation could be established between
the phase and density.

This is a preliminary study for a more complex density evaluation. The results are encouraging for further
measures for developing a fast, nondestructive, and noncontact density measurement.

Keywords: wood density, microwave radar, phase signal

Introduction

The possibility of developing a fast, nondestructive and noncontact density measurement is important for
wood industry. The long-term aim is to be able to predict the wood qualities from the trees’ parameters.
The measurement and results presented in this paper are the first steps of a development.

However, other researchers are also using radar/microwave techniques for their investigations of wood
properties. For example there are researches with adapting GPR (ground penetration radar) technique for
wood for determination of moisture (Rodriguez-Abad et al 2010) or dielectric anisotropy (Martinez-Sala
et al 2013). Finding resin (Hislop et al 2009) or knots (Kaestner and Baath 2005) may also be possible by
using microwave radars. Tomography is also under development (Salvade et al 2007). While the work of
Schanjen and Orhan (2006), who used microwaves to measure wood grain angle, moisture content and
density on hemlock and Douglas fir samples, also has to be mentioned,.

Theoretical background of the interaction of microwave signals and wood were summarized by
Torgovnikov (1993). According to his work there is an exponential function between the decrease of the
amplitude square of the signal and the wood density. However there also should be a change in the phase
of the signal.

Both amplitude and phase were recorded during the signal traveled through the samples. The samples
were made of different woods but all had the same thickness and all the other properties were the same
except their density.
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Methods and materials

Microwaves penetrate into wood and part of the signal is absorbed due to the interaction with material.
This phenomenon was described by Torgovnikov (1993). The following equations show how the signal
energy changes when microwave penetrate through material.

w _ —2apd
= e 1)

where:

W, — initial energy reaching the surface,
W — energy of the signal after penetration,
d — sample thickness,

p — density,

a — attenuation coefficient.

The higher the frequency is, the higher the attenuation. The attenuation coefficient depends on material.
The moisture content has influence attenuation coefficient. This relation makes possible the density
determination by measuring the signal energy. The signal energy is proportional with the signal amplitude
square.

A2~ W @)

where
A — amplitude of the signal

The microwave velocity in material is less than the velocity in air. The higher the density of the material,
the lower the signal velocity. It results phase change in signal penetrated through the material. For this
reason phase change is another density predictor, independent from signal amplitude.

A Novelda impulse radar development kit was used for our measurements. The applied frequency was
4.4GHz. The sampling rate was 30 MHz while each data was the average of 25 measurements. As the
impulse signal was detected a sine wave was fitted to the selected part of the curve. The amplitudes of the
original and penetrated signals were calculated from the fitted function.

As the sine signal is:

A= Apsin(wt+ B+ C (3)

where:

o — the circular frequency
f — the phase angle

C — constant,

t — time.

From the fitted function both amplitude and phase angle were calculated, saved and investigated.

The measuring arrangement is shown in Figure 1. The emitting and receiving antennas were faced to each
other, the distance between them was 7 cm. The original signal was digitalized by a high-speed AD
converter. A screen shoot from the measuring program is seen in Figure 2. This figure shows the signal
change while the sample was moving and crossing the antenna gap 3 times.
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Figure 1 — The measurement setup. The microwave antennas (emitter and receiver) are faced to
each other. The distance between antennas is 7 cm. The sample thickness is 2 cm.

The phase change can be greater than 360 degree - especially in case of thick samples. Handling this case,
instead of phase angle we applied time delay (1), calculated by the following expression t=p/(f*360)
where f is the wave frequency, B is the phase angle in degree.
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Figure 2 — A measurement as it is seen in the computer’s screen. Up — the received signal and the
fitted sine function. Down left — the amplitude of the fitted curve in time. Down right — the time
delay (ns) in time.

Samples were poplar (Populus alba, 295 kg/m®), spruce (Picea abies, 371 kg/m®), linden (Tilia, 477
kg/m®), black walnut (Juglans nigra, 561 kg/m®), black pine (Pinus nigra, 637 kg/m?®), ash (Fraxinus, 706
kg/m?), and acacia (Robinia, 756 kg/m®). Both size (150 x 300 mm) and thickness (20 mm), moisture
content (12%) were the same for all the samples. The samples were selected to cover wide density range.

Results and discussion

The measured signal amplitude was changing by time a bit, because the long term stability of the radar
system was not perfect. For this reason we applied relative measurement. It is supported by the equation
1. The amplitude square ratio were calculated (Apenet,ated2 / Aorigina|2) where Apenetrated 1S the measured
amplitude after the signal penetrated through the sample and Argina IS the signal amplitude is the
measured amplitude without sample. The expression (Apenetrmed2 / Ao,igina.z) is identical with the signal’s
energy ratio (W/W,) because equation 2. The measured amplitude ratio square is plotted versus sample
density in Figure 3. We found moderate correlation.
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The change in the time delay were calculated more simple ( Tpenetrated - Toriginal )- The result is shown in
Figure 4. We found high correlation between time delay and material density, indicating, that time delay
is a reliable and good indicator of material density. The relative standard deviation was less than 1% for
amplitude ratios and less than 5% for time delay.

In this work the material thickness and sample moisture content were constant. In case of practical
application, further study of the influence of these parameters is necessary.
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Figure 3 — The amplitude’s squares ratios as a function of density and the fitted exponential

function.
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Figure 4 — The time delay as a function of density with the fitted line.

Summary and conclusion

Microwave signal interactions with air dry wood sample were tested. The sample’s density covered wide
range, from 295 kg/m’to 756 kg/m®. The microwave signal penetrated into the samples and traversed
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through. The changes in the signal included the change in the amplitude and in the time delay caused by
phase change. While all the conditions — like moisture content and sample thickness — were the same, the
measured changes are related to the material density variation. Relation for the amplitude’s change (R* =
0.871) and for the time delay change (R? = 0.989) are encouraging. It seems that the microwave has an
opportunity to characterize wood material density. The obtained results are in good coincidence with
previous measurements, Divos (2011).
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Abstract

The objective of this survey was the determination of the physical-mechanical properties of two
species of structural woods from the Peruvian forest: Pino (Pinus patula) and Tornillo (Cedrelinga
cateniformis) by using non-destructive ultrasound methods.

For design structures, the information on the basic properties as the transverse elasticity module,
module compression and shearing module are commonly used. In recent years, thanks to the progress
achieved with ultrasound, acoustic non-destructive methods, the modulus of elasticity in other
directions such as, E (RR); (E) (TT), G (RL), G (TR) has been able to be easily determined, allowing
to improve the design of the structures.

By using the Parametric PR 5800 Ultrasound 1 MHz frequency equipment, the two above mentioned
species were characterized. For that, the speeds of propagation of longitudinal and cross sectional
waves were measured and then the respective elastic modules were calculated, obtaining values
comparable with those obtained by traditional mechanical tests.

Keywords: Peruvian Woods, ultrasound, elastic modulus

Introduction

Knowing the physical-mechanical properties of timber plays an important role at the time of
determining its use in both the construction and furniture industry. In this sense, it is increasingly
necessary to improve the knowledge of the physical-mechanical properties of our forest species; on
one hand to optimize the use of the resource and for the other hand, to make the national timber
industry more competitive. For that, we will use non-destructive acoustic techniques and traditional
mechanical tests to characterize the species Pino, Pinus patula and Tornillo, Cedrelinga cateniformis.
In this sense, Pino is a species that is being introduced in the market thus; there is a growing interest
for its exploitation. The other timber is Tornillo, this species is widely used in the design of structures,
which serve as comparative reference in this study to evaluate the use of Pino as structural timber.

Pinus patula, Pino

This species grows in areas like forest humid or forest very humid montano low. In its native range, it
is part of the cloud forests related to the following species: Pinus ayacahuite, Michoacan Pinus
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lumholtzii and Pinus leiophylla. In Colombia and other countries where the species have been
introduced, an excellent development have been presented, becoming a useful timber and reforestation
programs in highlands species. In Peru, they are located in the Department of Cajamarca. It is a tree of
10 to 25m height, scaly and red bark, especially in the upper trunk of the tree. The stem is generally
straight, commercial logs are between 10 and 20 m length and diameter from 25 to 50cm. The
characteristics of the wood are: In dry-air conditions, the sapwood is yellowish white and the
heartwood is yellowish brown to dark brown. It has undifferentiated growth rings, straight
grain, fine texture and veining in overlapping arcs and parallel stripes.

At macro and microscopic level, the parenchyma is absent and the linear tracheid is visible under a
10x magnifier. They are long and wide cells with presence of aerolar pits inside. No marked difference
between spring and summer tracheid. The length varies from 1150 to 4500um and from 30 to 60pum
wide. The pits in the crossing field are pinus type. The radius is uni-seriated and spindle, the latter
with presence of resiniferous channel whose height is one to fourteen cells and of 141 to 471um.
There is presence of two types of resiniferous channel, longitudinal spread between the longitudinal
and radial tracheid, included within the spindle radios. Figure 1 illustrates the cross-section and
tangential sections.

ol || i.. I ; I: | |
Figure 1-Microscopic views (40X ) in cross section and longitudinal section
of Pinus patula(Laboratory of Wood Anatomy UNALM)

Cedrelinga cateniformis, Tornillo

This species is distributed in the Amazon region of Bolivia, Brazil, Colombia, Ecuador and Peru, at
altitudes up 700 mosl. In Peru, they can be found in Cuzco, Huanuco, Loreto, Madre de Dios, San
Martin and Ucayali.

It is a 20 to 40m total height tree, with a commercial height from 15 to 30m, cylindrical shaft and a
diameter of 0.15 to 1.2 m. Its scientific name is Cedrelinga cateniformis, and its characteristics are:

In a dry open-air condition, the sapwood is light pink and dark pink heartwood, undifferentiated
growth rings, straight to interlocked grain, coarse texture and absence of grain patterns.

At macro and microscopic level, the pores are visible at a plain eye, and they are solitary oval. They
have diffuse porosity, mostly solitary with an oval shape and few radial 2-4 pore manifold. The
average tangential diameter is 280 to 320um; with 1 to 5 pores / mm2. The average length of the
vascular elements ranges from 405 to 445um, with simple perforation plate and alternate intervascular
round-shape pits including opening. The parenchyma is visible under a 10x magnifier, vasicentric
paratracheal; with presence of diffuse parenchymal apotracheal in longitudinal unstratified section.
There is presence of gummy inclusions. The radius is visible under a 10x magnifier; it is fine and with
few contrasted radial section. In tangential section, they are uniseriated, with a height between 240 and
345um. In homocellular, radial section consists of procumbent cells. They have a 5-10 radios / mm;
unstratified. They have radio vascular pits which are similar to intervascular pits. The fibers are
libriform with simple unstratified pits; with a length between 1300 and 1450um, total diameter of
15um and cell wall thickness of 1,4um. In Fig. 2 the cross, sectional and tangential cuts are illustrated.
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This wood is used in spreaders , props , formwork, trusses , girders, beams , doors, windows ,
partitions, tongued , furniture in general , pallets and car body .

Figure 2-Microscopic views (40X) in cross and longitudinal section of Cedrelinga cateniformis.
(Laboratory of Wood Anatomy UNALM)

Non-destructive evaluation.

Typically, the information on the physical-mechanical properties comes out as a result of the
implementation of several traditional measurements, where a testing machine plays the leading role.
However, in recent years different non-destructive techniques have been implemented for materials
evaluation and classification processes. Among these techniques, one of the most used is based on the
propagation of mechanical waves of different frequency, mainly in the ultrasonic band. Whose
advantage is to use them for example, to determine the elastic constants of different materials such as
(Baradit 2012, Kranitz 2012) and in concrete and mortar (Rodriguez 2003, Lawson et al. 2011).

In particular the Young's modulus of elasticity (E) are obtained for the three main directions of the
shaft by means of the following equation

E; = pVZ 1)

Where i = 1, 2, 3 indicates each of the major axes and V is the speed of propagation of longitudinal
ultrasonic pulse (Bucur 2006). G shear modules are obtained through a similar expression

Gy=pv° 2)

Where i #j, V is the pulse velocity propagation with transverse polarization.
Materials and Methods

Samples.

Samples were selected from five species of Pino and Tornillo trees. Specimens for mechanical testing
were prepared according to ASTM D143 (2008). The standard static bending tests were performed
with a secondary method for dimensions of 25x25x410mm, with a total of 6 samples for Pino and 8
for Tornillo. For Parallel compression test, 50X50X200mm- dimensions samples were made with a
total of 6 samples of Pino and 8 for Tornillo. In addition, finally shearing test was performed with
9 samples and 16 samples respectively.
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Samples for ultrasound tests were taken in conjunction with the mechanical testing , preparing cubes
of 30x30x30 mm, oriented in the LRT direction of the 5 trees selected per species, obtaining 19
samples for Pino and 18 for Tornillo respectively .

Equipment

The experimental setup is shown in the block diagram of Figure 3 and consists of an
ultrasound generator PR Panametric 5800 brand and brand Tektronix oscilloscope. The used
transducers were of 1 MHz frequency generation for both longitudinal and transverse waves
polarization.

Pulse generator

S

Transducers I

sample Oscilloscope
trigger

Figure 3-Layout of measuring equipment

Results and Discussion

The results of the speeds in the different directions are shown in Tables 1 and 2. The behavior is very
similar rates in both species fulfilling the typical relationship V (LL) >V (RR) >V (TT). Other typical
relations are linked to the symmetry of the shear speedV(LR)=V (RL),V (LT)=V (TL)andV
(RT) =V (TR) . These equalities as a result of experimental measurements are obviously approximate
(Table 1 and 2).

We can point to the case of the Tornillo that the coefficients of variation for VTT, VTL and VLT
speeds are significantly higher compared with Pino, possibly, because they were extracted from
natural forest.

Table 1: Longitudinal and shear wave velocities for Pinus patula.

Velocity(m/s | Vi | Ver | Vor | Vee | Voo | Vir | Vir | Vit | Vrr
)
Mean 4578 2022 1257 1523 1335 541 1603 1341 537
DS. 231 120 27 82 113 47 125 86 35
CV.% 5.0 5.9 2.2 5.4 8.4 8.7 7.8 6.4 6.5
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Table 2: Longitudinal and shear sound velocities for Cedrelinga cateniformis

Velocity Vio Vrr Vit VrL Vo V1r Vir Vit Vgt
(m/s)
Mean 4495 1860 1231 | 1411 1204 676 | 1330 1205 696
DS. 247 58 156 75 160 53,0 71 137 40
CV.% 55 3.1 12.7 53 13.2 7.8 5.4 11.3 5.7

The results of longitudinal speeds polarization exhibit elastic anisotropy in relation to the three major
axes is similarly for both species. For Pino 1: 2.3: 3.6 whereas for the Tornillo 1 : 2.4 : 3.6 . Such
anisotropy values are slightly higher than for Chilean softwoods (Softwoods) but lower than for
hardwoods, (Baradit 2012).

In Tables 3 and 4, the values of the elastic modulus both Pino and Tornillo are shown. The Young's
modulus are very similar for both species and in the radial direction only a small difference is
observed, meanwhile, the shear modules for the difference between two species is most significant.

Table 3: Modulus of elasticity and shear modulus for Pinus patula

Density Eu Err Err Grr G G1r

(kg/m?) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
mean 508 10780 2077 805 1240 908 153
DS. 55.4 2087 98.8 10.5 140 85.0 34.6
CV. % 10.9 194 4.8 1.3 11.3 94 22.6

Table 4: Modulus of elasticity and shear modulus for Cedrelinga cateniformis.

Density Eu Err Err Grr Gor Grr

(Kg/m®) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
mean 528 10702 1831 814 997 777 251
DS. 28.9 1321 188 217 118 150 39.2
CV.% 5.3 12.3 10.3 26.6 11.9 19.3 15.6
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Values of mechanical properties for both species are shown in Tables 5 and 6. pointing out the test
results in static bending were: PL is the proportional limit stress ; MOR is the modulus of rupture;
MOE is the modulus of elasticity and PL_ the proportional limit longitudinal stress; MORL is the
longitudinal modulus of rupture; MOE, is the modulus of longitudinal elasticity and finally the shear
strength longitudinal modulus is the SHEAR, .

Table 5: Mechanical Properties of the Pinus patula.

Static Bending, M (12%) Compression, M (16%) Shear, M (14%)
(MPa) (MPa) (MPa)
Pl MOR MOE PL_ MOR_ MOE_ SHEAR_
mean 72 110 8012 19 25 8453 10
SD. 25.5 33.7 1999 2.7 3.2 1859 2.3
CV.% 35.6 30.8 24.9 14.2 12.7 22.0 22.8
Table 6: Mechanical Properties of Cedrelinga cateniformis
Static Bending, M (12%) Compression, M (17%) Shear, M (12%)
(MPa) (MPa) (MPa)
PL MOR MOE PL_ MOR_ MOE_ SHEAR
mean 35 58 8268 22 30 10404 10
SD. 6.2 9.45 1198 1.9 2.5 1455 1.2
CV. % 175 16.2 145 8.7 8.2 14.0 11.0

It is observed that for bending tests the modules of elasticity are similar for both species , being for
the Tornillo highest in only about 256 MPa , while its modulus of rupture is almost half that for
Pino. In parallel compression modulus of elasticity for the Tornillo was about 1951 MPa higher than
for Pino, while breaking modules are similar in both species.

Conclusions.

The behavior of the velocities is very similar in both species fulfilling the typical ratio V (LL)> V
(RR)> V (TT) and fulfilling relationships symmetry of the cutting speed V (LR) =V (RL) V (LT) =V
(TL) and V (RT) =V (TR). We note that Tornillo  coefficients of variation for VTT, VTL and VLT
speeds are significantly higher compared with Pino, possibly because they were extracted from natural
forest. Showing speeds polarized longitudinally elastic anisotropy of 1: 2.3: 3.6 and 1: 2.4: 3.6. for
Pino and Tornillo respectively. The Young's modulus of elasticity are very similar for both species,
meanwhile, shear modules for the difference is more significant.
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Mechanical bending tests in the moduli of elasticity are similar in both species, being greater for the
Tornillo in 256 MPa, while the modulus of rupture for the Tornillo is almost half that for Pino. In
parallel compression, modulus of elasticity for the Tornillo was greater 1951 MPa, while shear
modules are similar in both species.

In future studies measuring the Poisson coefficients evaluation for both species and samples of
Tornillo belonging to plantations are recommended.
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Abstract

Nowadays the fast and reliable strength classification of the timber becomes more important. The
traditional visual methods can not provide sufficient accuracy and these are dependent on human
factors, the destructive processes are slow and can not be used on every sample. We developed a
complete technology, which is capable of determining the bending strength of spruce timber by
nondestructive way. The He-Ne laser-based tool is able to scan the surface of the timber using a
camera while feeding and transmit the data to the computer. Laser spots are projected to the timber
surface. The computer software determines the knot locations, decays and grain anomalies based on
the change of the laser spots. The final strength of the timber is calculated by analyzing the sets of the
numerical vectors by various statistical method. The whole method is real time.

The big advantage of this method is that the results do not depend on color changes on the surface.
The color change deceives the color-based optical systems in most cases. The analysis on the upper
and bottom surface results more accurate 3D representation of the knot size and position inside the
timber.

Introduction

Several standards exist in Europe to qualify timber strength. These standards (EN 408, EN 338) are
coming to the focus of production companies, because without the use of these standards it is difficult
to break into the European market. In many cases the strength classification of lumber is still through
the conventional human visual method, which means that a worker visually determines the size of the
defects contained in the timber. This latter method has disadvantages of slowness and the human
factor. A not too old approach is the nondestructive testing of wood. Its biggest advantage is that
during the process the timber is not broken. In fact, the wood fiber orientation and grain orientation
anomalies heavily affect the strength (Tsoumins, 1991). A visual nondestructive test has been used in
our previous research (Szalai, 2013). This earlier research focused on the timber surface profile based
on the colors and classified it according to its estimated strength. In case of plain cut surface it also
produced good result but when there were discontinuities or discoloration on the surface, it gave bad
results. To eliminate this, the timber surface was projected by laser points/spots to determine the
correct grain orientation. After analyzing the scattered laser spots the new profile was created. This
result was more accurate than the previous method. Several research had already been with the laser
inspection method (Simonaho et al., 2004) (Autologous, 2015) (Nieminen et al., 2012) and had been
used in laser line technology (Astrand, 2014). However, our method is able to estimate the main
parameters necessary for the strength classification in real time and with fast speed.
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Materials and methods

During our research spruce (Picea abies) timber (10 cm x 5 cm x 200 cm) was used as raw material,
which was cut by traditional circular saw technology and then planed both sides. The moisture content
was 18%. The timber was relatively straight at first sight, its twist and bow were less than 5 percent, so
it was suitable for feeding with a winch. Our laboratory made system simulated the feeding machine
of sawmill. The system’s basic setup is shown in Figure 1.

caml lasers PC

\ -

& N mirrors

LUMBER

~ 1 7
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' @ balance
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Figure 1 — The setup of the laser based lumber surface analyzer

The timber moves on a feeding roller table in longitudinal direction with the help of a winch. It pulls
with a constant speed. It is a built-in balance which measures the weight of the timber and the software
is able to calculate the density with the help of its dimensions. The surface of the timber is illuminated
from above and below with a homogeneous light and also projected by red color He-Ne laser light.
The laser light is divided by a semipermeable mirror system. The production and the assembly of the
mirrors and the measurement of the scattering intensity were our task. It can reduce the system cost of
raw materials. Similar method were used for the inspection of the timber (Jolma and Makynen, 2008).
The wavelength of the laser was 633 nm, the strength was 2 mW. It had very high spectral purity. The
laser dots were projected in two rows on the surface close to each other. The He-Ne laser plots
normally a circle with the diameter 6 mm. The light scattering pattern image was a quasi-ellipse
caused by the tracheid effect (Hu Cs., et al., 2004) (Faria de Oliveira et al., 2008). It can be seen in
Figure 2.

Figure 2 — Scattered laser dots on the surface
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Two cameras scan the sawn surfaces above and below. The images are transmitted from the cameras
to the computer that analyzes it. The cameras are good quality webcams that can be easily purchased
in commercial trade. Their specifications include HD resolution and 30 frame per second capturing
speed. The exact resolution was 960x720 pixel with 2700 Kbps bitrate. The capturing was made by a
four-core computer. Of course, this is a laboratory hardware configuration. In industrial environment it
is more reasonable to use professional tools for the analysis.

Strength classification and rating

According to the EN408, we used destructive testing to determine the maximum breaking force (frax),
the longitudinal modulus of elasticity (Eng), the bending strength (f,,) and the density (p). The last
three parameters classified the timber according to the EN338 standard. The lowest value gave the
final strength class of the timber. We found that the density graded 67% of the cases, however 23% of
the timber can be overclassified and 10% can be underclassified due to the modulus of elasticity. The
bending strength classified only 0.2% of cases. The data showed that 33% of the cases was necessary
to estimate both strength parameters because larger amount of timber represented significant financial
value.

Processing in real time

Only pine wood material was tested by the system. Its grain orientation met the requirements most
closely. 70% of the tested timber was cut radially, and 30% was cut tangentially. All pieces of timber
had conspicuous grain orientation. Important defect included mainly the knot, since it obviously
affected the grain orientation. In case of the intact timber we could see nearly parallel lines on the
radial surface. In the case of the knotted material the grain orientation was no longer parallel. As we
mentioned, two cameras scanned the both sides of the timber being fed, sent the video stream that the

computer subsequently analyzed.
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Figure 3 — The scattered laser dot and the ,,angle of ellipse”

Figure 3. shows that the collection of data is based on the change of the projected ellipse. The angle of
the scattered ellipse’s major axis refers to the local grain orientation of the timber compared to the
longitudinal fiber direction. Moreover we consider the ratio (r) of the ellipse major axis (Eb) and
minor axis (Es) as well.

Eb
T—E*lo Q)

If we determine this for all laser dots shown on Figure 2. we get a comprehensive database from the
whole timber with good resolution. The processing software filters the colors of the scattered image to
specify the shape of the ellipse then fits an ellipse and gives the angle and the length of the major axis.
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Due to the 15 fps sampling speed, large number of measurement points have been collected on both
sides, 16 lines. The processing and the analysis of this database are the key of the determination of the
timber rating parameters.

Data processing and the estimation of parameters

As mentioned above, the strength classification depends on three parameters according to the EN338
standard. The estimation of these three characteristic values rates the timber to a strength class. The
destiny is determined by a balance developed by us. The software based processing of the database
estimates the other two parameters.

capture camera video streams crop laserdots filter colors
( > O 2O >0

fit ellipses

) O

determine the predictor load file to analizator save ellipse parameters

values software to file
(& E@Te E@Te

make decisions
using statistical
methods

O > O > O

classify the lumber show the final value
according to EN 338

Figure 4 - Strength classification process

The Figure 4. shows the actual classification process. Two softwares perform the real data processing.
The first software performs the data serialization of the scattered image then the second one processes
and analyses the collected data. We developed a software that can handle the illegal data occurred by
measurement errors.

The first step of processing the data sets has been prepared to the analysis. On the one hand the
obviously wrong values (values no. 99999) have been converted to missing values (NA), on the other
hand smoothing method has been used on raw data. Due to the data structure the smoothing method
has been implemented by n-moving average, where n=5.

The mentioned ratio (r) value indicates the probability of the wrong data gathered by the measurement.
We often found for ratio values 10 and 11 that the further values are not real, because we defined a
ratio threshold to eliminate the data rows, which have lower ratio values than this threshold in the
process.

A preliminary analysis was made in which we investigated the four parameters (ellipse width, height,
ratio and angle) as dependent variables can be connect to the independent parameters (Eng, fn and p).
We produced the average value of each timber that was typical for the given sample. Thus each timber
had 16 average parameters. These 16 parameters as independent variables were compared with the
four mentioned parameters as dependent parameters. To do this, stepwise linear regression was used
(Montgomery et al., 2012). Though the models showed statistically significant relationships,
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nevertheless it is hard to physically explain them. Noticeable that the parameter numbers were taken
into the models were too many compared to database elements.

We assumed that due to the anomalies of the timbers better parameters can be defined regarding the
modeling of the examined attributes.

From four parameters the ellipse’s angle was chosen detecting the timber anomalies. Figure 5. shows
the profile which was prepared for each sample. On this profile we can see the “grain vectors”
calculated from the measured angles (the angle values were smoothing by 5-moving average method).
Considering the data density of measurement method the data was displayed by three average values.

Figure 5 — Calculated ,,grain vectors” on the timber’s surface

Visually reviewing the profiles we found that angle values showed the original grain orientation and
the anomalies quite well.

Where the angle value differed from the mean value, and the difference was larger than the threshold,
in this case there was an anomaly. The threshold value was interpreted by the method based on outlier
data (Ramachandran and Tsokos, 2009). We calculated the mean and the standard deviation for each
timber’s each dataset of angle values. After this, we determined the threshold value. It was defined by
the sum of mean value and the adequate constant-time of standard deviation. Where the ratio value
was at least, and the angle value exceeded the above threshold in absolute value, we determined them
like anomaly. With the help of these relevant angle values we were able to detect the anomalies and
determined their specific attributes, like horizontal and vertical position, length, width and 3D position
(knot goes through the timber or not).

Table 1 - Lumber # 1 detected anomalies

Lumber1/a

1 2 3 4 5
horizontal position 56 114 |178 |231 280
horizontal position (%) |17% [36% |55%|72% |89%

vertical position middle | side [side | middle |side
length 18 14 |6 5 12
height 7 5 2 3 4

3D yes yes |yes |no no

It is necessary to take account, that one relevant unique angle value does not refer to anomaly, but
measurement error or wrong anomaly detection can be based on the parametrization of the process. To
handle this, the minimal angle distance can be defined by the user which refers to anomaly.

The free R software was used for the detection and analysis processes.
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Results

The detected anomalies were displayed as rectangles. The size and location of every rectangle was
based on the calculated anomaly parameters (Figure 6). Checking visually the results of the detection
software was done and we determined that the accuracy of the anomaly detection was sufficient.

Figure 6 — Statistically calculated knots

The detection process produced parameters. These parameters were involved in the final process. The
goal of this process was to estimate the longitudinal modulus of elasticity and the bending strength as
dependent parameters. To do this, a Naive-Bayes classifier was used (Han and Camber, 2006) which is
often used in data mining. Based on the analysis we finished, it is shown, this method is able to
estimate the dependent parameters over than 80% accuracy. Important to mention, the analyzer
process — which uses the parameters generated by the detection software — has been under
development yet.

Conclusion

The complex procedure and system we have evaluated to measure the grain orientation and anomalies
in wood appeared to provide objective information at a low cost. The reliability of methods and the
classification can be improved, but it seems it is very promising solution. Handling the timber in 3D —
real time analysis from above and below — unambiguously improves the estimation of the longitudinal
modulus of elasticity, which is very relevant to classification.
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Abstract

The objective of this research was to demonstrate the use of smartphone technology in
transverse vibration non-destructive testing techniques. A portable device with an adequate
oscilloscope App was used to collect data from 30 eight-foot long samples of southern pine No.
2 2x4 lumber. The samples were subjected to transverse vibration and the frequencies were
collected by a portable device, transverse vibration equipment, and a longitudinal stress wave
velocity tool. A strong linear correlation was obtained between the transverse vibration
frequencies collected with the smartphone accelerometer and a transverse vibration equipment
(r*=0.996; p<0.0001). The correlation between dynamic modulus of elasticity (MOE) calculated
based on smartphone transverse vibration frequency and based on longitudinal stress wave timer
was also high (r*=0.935; p<0.0001). The results indicate a potential use of portable devices to
determine the MOE of structural pieces of lumber and to expand the access of non-destructive
techniques.

Keywords: non-destructive tests, modulus of elasticity, wood classification

Introduction

Wood is one of the main materials used in construction by presenting advantages when
compared to materials, such as steel and concrete. It shows considerable mechanical strength
being a light weight material that is easy to fasten, cut, and shape with relatively low cost tool
compared to other materials. In addition, it is a sustainable, renewable and biodegradable bio-
product; however, it needs to be classified for better use.

Ross et al. (1998) defines non-destructive assessment as the way to evaluate physical and
mechanical properties of a piece of material without changing its characteristics. Non-
destructive techniques, such as ultrasound, transverse vibration, longitudinal vibration, x-ray,
and stress waves have been investigated, and have been adopted by industry because of their
fast responses and high correlations (Brashaw et al., 2009).
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According to Amishev and Murphy (2008), the modulus of elasticity (MOE) is one of the most
important mechanical properties of wood since it is the indicator of load resistance most
frequently used. The dynamic methods to characterize wood and other materials calculate the
elastic modulus through the natural frequency of the specimen vibration and its geometric
parameters. These methods have the advantage of being fast, using small samples, and being
repeatable (Cossolino and Pereira, 2010).

As a building material, wood has many features which directly influence the quality of the
chosen wood; therefore, a full knowledge of its structural potential is a necessity for its correct
use in construction. Like other materials used in construction, the physical and mechanical
properties of wood should be tested and then classified for structural use (Segundinho et al.,
2012).

Since the 1960s, researchers from the forest products community have been developing non-
destructive testing (NDT) tools for evaluating the quality of lumber products, especially with
regard to mechanical grading (Div6s and Tanaka, 2005). In the 1990’s, Ross et al. (1991)
developed personal computer software for making transverse vibration NDT tools available to a
broader range of wood products manufacturers and users.

Predicting the MOE of lumber with longitudinal stress wave has received considerable research
efforts in recent years in terms of lumber grading or pre-sorting (Wang, 2013). The assessment
of the quality of raw wood materials has become a crucial issue in the operational value chain as
forestry and the wood processing industry are increasingly under economic pressure to
maximize its extracted value (Brashaw et al., 2009). New sensor technologies are improving the
ability to determine with greater precision (Murphy, 2009).

Technological advancements in the communications industry in recent years transformed large
low tech cell phones in small, lightweight and dynamic devices. These changes, added up to the
advent of smartphones (cell phones that access to the Internet, download and run applications)
involved in a new relationship between user and devices. Furthermore, these devices also offer
an accelerometer, which is an electromechanical device that measures acceleration forces.

There are different types of accelerometers developed for wood evaluation, with the majority
based on piezoelectric crystals. The sensors used in this equipment contain microscopic crystal
structures that get stressed by accelerative forces, which cause a voltage to be generated
(piezoelectric effect) (Ross et al., 2012). Micro electromechanical systems (MEMs)
accelerometers can be smaller and could increase applicability in the wood/wood products
evaluation field.

The aim of this study is to evaluate the reliability of portable devices and MEMs accelerometers

in lumber quality evaluation as a quick way to determine the modulus of elasticity by
comparing-longitudinal and transverse vibration techniques.

Materials and Methods

The specimens used in this study were Kiln dried Southern pine No. 2 2x4 lumber. 30 eight-foot
long boards (0.15 m x 0.35 m x 2.438 m) were conditioned to 12% moisture content before start
the experimental procedure.
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First, the lumber was vibrated using a transverse vibration technique. Boards were simply
supported flatwise as a beam spanning the entire length of the board supported on one end by a
knife-edge support and at the opposite end by a point support.

Each 2x4 was nondestructively examined using transverse vibration equipment. It can
determine the MOE based on resonant vibration frequency and density using a Metriguard
Model 340 Transverse Vibration E-Computer. The specimen was then set into vibration by
gently tapping it near the center of the span. A load cell measured the frequency of vibration and
board weight, and the E-Computer reached the transverse vibration frequency for each piece and
calculated the dynamic MOE.

Using the same setup, vibration data was also collected using a portable device. The
accelerometer (smartphone) was located in the middle of the lumber on the upside surface.
Transversal vibration was initiated by impacting the middle part of the lumber. The signal
collected by the smartphone app was a series of pulses with gradually decreasing (decaying)
amplitude (Figure 1).

I ) I

Figure 1 — Setup for frequency measurement using the portable device.

The application used worked as a vibration spectrum analyzer. It was written to emulate an
oscilloscope based spectrum analyzer by recording the vibration of the material using the
smartphone internal accelerometer. The app analyzed the vibratory motion. The parameter
measured was resonant frequency (Fundamental frequency). It acquired the time series data, and
performed and Fast Fourier Transformation (FFT) to produce frequency spectra, which allows
the frequency analysis of the data.

The equation used to calculate the dynamic modulus of elasticity (MOE) was:

2117 c3
ws

Ey, = !
Kalg

(D)

where E,, is transverse vibration modulus of elasticity (Mpa), f is the frequency of oscillation
(Hz), W is the weight of specimen (N), S is the span (m), K4 is the constant of free vibration of
a simply supported beam, 2.47, | is specimen moment of inertia, bd*/12 (m?), b is width (m), d is
depth (m), g is acceleration due to gravity (9,807 m.s?).

For both procedures, the specimens were positioned such that an equal portion of the length
overhung each support. The overhang adopted was 0.98 (span (I) to length (It) ratio), as
recommended by ASTM D 6874 (2012).

Longitudinal vibration measurement was conducted on each board to obtain the stress wave
velocity using a Hitman (Director HM-200™). A stress wave was initiated by a hammer impact
on one end of the specimen. Stress wave propagation in the wood specimen was sensed by a
piezoelectric transducer mounted on the same end of the sample. Stress wave velocity can be
determined by Equation 2:
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C== )
where C is stress wave velocity (m.s™), L is length of specimen (m), and At is time of flight (s).

The relation between acoustic velocity, density and wood stiffness is described by the
fundamental wave equation (Bucur, 2003). The dynamic MOE of the specimens obtained by
stress wave timer were determined using one-dimensional propagation waves, based on
Equation 3.

ESW = pCZ (3)

where E, is dynamic modulus of elasticity, p is the density at 12% moisture content (kg.m™),
and C is stress wave velocity (m.s™).

Results and Discussion

The average transverse frequency collected with the portable device was 14.12 Hz. The
minimum was 11.08 Hz and the maximum was 16.05 Hz. According to ASTM D6874 (2012)
best results are obtained when the frequency of oscillation is less than 30Hz.

The correlation between the smartphone and the Metriguard E-computer transverse vibration
frequencies are shown in Figure 2.
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Figure 2 — Correlation between smartphone and E-computer vibration frequencies.

Transverse vibration frequency detected by MEM accelerometer was strongly correlated with
the frequency detected by the E-computer. Strong linear correlations were obtained between the
data collected with the smartphone and the dynamic modulus of elasticity (MOE) obtained with
the E-Computer (r?=0.996; p<0.0001).

The correlation between the smartphone and the Hitman dynamic MOEs are shown in Figure 3.
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Figure 3 — Correlation between smartphone and Hitman dynamic MOEs.

Dynamic modulus of elasticity calculated based on MEM accelerometer frequency was strongly
correlated with dynamic modulus of elasticity calculated based on longitudinal vibration
(r*=0.935; p<0.0001).

The micro electromechanical system (MEM) accelerometer inside smartphones includes a 3-
channel accelerometer with sensitivity of approximately 0.02g and a range of +/-2g. Currently,
MEM accelerometers built in smartphones are limited in 100 Hz. This provides access to
sample data up to 50 Hz. This sampling vibration limitation is called Nyquist frequency.

According to the Nyquist sampling theorem, if the highest frequency contained in the signal of a
transducer is equal to f, then the entire signal information can be captured if sampling is
performed at a rate of at least 2f (Olshausen, 2000; McConnell, 1995).

The size of MEM s is getting smaller, whereas frequency response and sense range is getting
wider. MEMs are more reliable and their sensitivity is becoming better. The price of MEMs
accelerometers and other MEMs aren’t expensive, but they still must decrease more if they want
to expand massive consumption (Andrejasic, 2008). The results of this study indicate a potential
use of portable devices to determine the MOE of structural pieces of lumber and to expand the
access of non-destructive techniques.

Conclusions

e The MEMs accelerometer is able to capture wood transverse vibration;

e Smartphones are devices able to collect data from lumber, being useful in classifying wood;
e Increasing access to NDT tools can help reduce the cost of wood classification;

e By making wood evaluation easier, the quality control of wood products will improve;

e 50 Hz frequency limitation permits its use for real size lumber.
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Abstract

Declining stocks of softwoods in European forests and, simultaneously, increased use of wood in the
building sector which is both desired and anticipated will presumably lead to a future gap in wood supply
for the production of glued structural timber. At the same time, increasing stocks of hardwoods such as
European beech (Fagus sylvatica L.) with its favourable mechanical wood properties make utilisation of
this resource for glued structural timber products a possible alternative. In the first part of a study on the
suitability of lower-quality beech logs for the production of strength-graded lamellas for glued structural
timber, a sample of 29 logs was evaluated for roundwood properties, including visual roundwood grading,
measurement of dynamic modulus of elasticity (MOE) and X-ray computed tomography (CT) scanning.
The results did not indicate any significant relationships between the measured roundwood properties. In
a subsequent investigation, boards with common dimensions for glulam lamellas produced from the
sample logs will be analysed including MOE measurements and visual strength grading. The data from
the CT scans are planned to be used in sawing simulations for estimating the potential to optimise log
breakdown for glulam lamellas.

Keywords: CT scanning, MOE measurement, hardwood, structural timber, glulam

Introduction

In central European forests there is a trend towards increasing standing stocks of hardwood species while
the stocks of softwoods, especially spruce of medium dimensions, has started to decrease substantially. At
the same time, an increased utilisation of wood in the building sector is sought and glued structural timber
products such as glued laminated timber (glulam) and cross-laminated timber (CLT) are considered
efficient construction materials, especially suited for multi-storey buildings. Currently, these products are
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almost entirely made from softwoods and thus a gap in raw material supply can be expected for the
future. A European research project aims to promote the establishment of hardwood glulam and CLT in
the building sector by providing the information required for optimised lamella strength grading and
glueing as well as harmonised product standards. Within the scope of this project, the possibilities of
improving the production of strength-graded hardwood lamellas through roundwood pre-sorting as well
as sawing optimisation by means of X-ray computed tomography (CT) log scanning are investigated.
European beech (Fagus sylvatica L.) is the most abundant hardwood species in central Europe with
standing stocks of 635 M m3 in Germany (Schmitz et al. 2014) and 263 M m3 in France (Anonymous
2013). To date, about two thirds of the annual beech wood harvest is used for pulp and paper or as fuel
wood with only roundwood of higher grades being allocated to sawn timber production. In this context,
production of lamellas for glulam and CLT might be an interesting usage option for beech roundwood of
average and lower quality with a higher value creation and the benefit of a more long-term carbon
sequestration in buildings.

According to Aicher and Ohnesorge (2011), suitability of beech timber for glulam beams has been
investigated since the 1960s and increasingly since the 2000s with different aspects covered such as
lamella grading, finger jointing, bonding and the influence of red-heart discoloration. The overall
conclusion is that, except for its low natural durability and high swelling/shrinkage factors, beech timber
has favourable properties for usage in glued timber products. As Bernasconi (2004), who also reported
high mechanical performance for beech glulam, pointed out, the limited availability of strength-graded
beech lamellas for glulam production can still be seen as an impeding factor for its implementation.
Thus, efficient allocation of beech roundwood to the production of glued structural timber is required.
This in turn warrants characterisation of roundwood representative for the available resource and
evaluation of the sawn timber, i.e. glulam lamellas, that this roundwood can be converted into to allow for
an estimation of the relationship between roundwood properties and lamella strength. Pre-sorting of beech
roundwood could then be carried out so that only logs yielding sufficient volume of sawn timber which
fulfils the strength requirements for glulam lamellas would be directed to this usage.

Beyond pre-sorting of roundwood, great potential for efficient sawn timber production can be expected
from sawing optimisation by means of CT log scanning. It has been shown in sawing simulations that
choosing the sawing position for a log according to wood features detected in CT scans can theoretically
yield considerable improvement of value recovery. Berglund et al. (2014) observed that the value
recovery for the production of strength-graded softwood boards could be increased by 11% through
optimisation of log rotation. Also for European beech, promising results for a possible improvement of
value recovery by choosing log rotation for sawing based on CT data, in this case for the production of
appearance-graded lumber, have been reported (Stangle et al. 2014). It would thus be interesting to test
the concept of CT-based sawing optimisation with the production of strength-graded boards from beech
logs.

In the first part of the study, reported in this paper, a European beech log sample was evaluated for
roundwood properties and the logs were CT-scanned. This evaluation shall be pursued by an analysis of
sawn timber (glulam lamellas) produced from the logs, including visual strength grading. Analyses of the
potential of sawing optimisation shall be tested as well.

Materials and methods
Roundwood sample

The European beech roundwood sample used in this study comprised 29 logs that had been cut from
seven trees. The trees were sampled during the thinning of three beech stands in growth trial plots located
in the north-eastern part of the Swabian Jura in southern Germany (48°33'37"N, 9°56'57"E). Six trees
came from two 106-year old stands and one tree came from a 114-year old stand. The logs had lengths
between 4.0 and 5.1 metres and their mid diameters under bark ranged from 16 to 42 cm with a mean
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diameter of 28 cm. For six trees, four logs had been cut and numbered in sequence from the butt end, and
from one tree, five logs were obtained.

Knot measurement and roundwood grading

The logs were visually examined for roundwood grading according to the rules in the German
roundwood-trade framework agreement RVR (Anon. 2014) and according to the European standard EN
1316-1 (Anon. 2012). For each log, the diameter was measured at five positions: at the top and butt ends,
50 cm inward from top and butt end, respectively, and in the middle of the log. At each measurement
position, two perpendicular measurements were taken and the arithmetic mean was rounded down to full
centimetres according to forestry practice. For later analysis, the arithmetic mean of the five diameter
values, rounded to full centimetres, was taken as mean diameter of a log.

Table 1—Excerpt of the RVR grading rules for European beech (Anon. 2014) — specifications on knots,
spiral grain and crook

Grade
B C D

Occluded knot Allowed if branch Allowed if branch Allowed Allowed
scar quotient <1:4 scar quotient <1:2
and branch scar

Roundwood feature

height <10 cm
Sound knot Not allowed 2perdm Normal amount of  Allowed
<10% of mid knots allowed
diameter
Decayed knot Not allowed lperdm 2perdm Allowed
<10% of mid <20% of mid
diameter diameter, 12 cm
maximum
Spiral grain [cm/m] <2 <6 for mid diameters No limitation No limitation
<49 cm
<7 for mid diameters
>50 cm
Crook [cm/m] <2 <3 <4 for mid diameters No limitation
<49 cm
<6 for mid diameters
>50 cm

Knots visible on the log surface were recorded with their condition, size and longitudinal position along
the log. Different size measurements were made depending on the condition of a knot which was
classified as sound, decayed or occluded. For sound and rotten knots, the smallest diameter was taken,
whereas for occluded knots, i.e. branch scars, the height and width of the branch scar were measured, in
both cases with a precision of 0.5 cm. Only branch scars with a height of at least 1 cm were measured;
smaller ones were counted only. In some cases, branch scars were recognizable on the log surface but
could not be accurately measured, e.g. due to bark partly removed during skidding and handling of the
logs. Such branch scars were counted as well.

Other wood features relevant for the applied grading rules such as spiral grain, crook, checks and bark
damages were also recorded and measured if required by the grading rules. An excerpt of the RVR
grading rules for European beech is presented in Table 1. In these rules, as in the case of the EN 1316-1
standard, four grades are distinguished. Grade “A” denotes roundwood of superior quality without any
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defects restricting its usage and “B” corresponds to roundwood of regular quality with few or minor
defects. Grade “C” is defined as roundwood quality slightly below average and roundwood graded as “D”
may exhibit any number and size of defects as long as it can still be sawn into usable lumber.

Measurement of dynamic modulus of elasticity

For all logs, the dynamic modulus of elasticity (MOE) was determined using the interferometry or stress-
wave technique. This method is based on measurement of the natural frequency of a wooden piece (board
or log) when longitudinal oscillation is induced by impact. Natural frequency of the logs was measured
with a MiCROTEC ViScan® laser interferometer. MOE (in N/mm?) was then calculated for each log
according to

MOE =4 x p x v? x |2 1)

where p is the green density of the log in kg/mm?, v its natural frequency in Hz and 1 is its length in mm
(cf. Pellerin and Ross 2002, Frese and Riedler 2010).

CT scans

After roundwood grading and laser interferometry measurement, the logs were CT scanned with a
MiCROTEC CT.LOG® roundwood scanner (see Figure 1). Voltage and current of the X-ray tube were
set at 180 kV and 14 mA, and the scans in spiral CT mode were run with 1000 projections per revolution
at 8 rpm and a gantry forwarding speed of 1.3 mm/s.

it 3 ‘\% ~ ~ b
Figure 1—MICROTEC CT.LOG scanner (a). During a scan the gantry with the rotating X-ray

tube and detector assembly moves along the log resting on two end supports. CT image (axial
section) of a beech log (b).

CT images with an image size of 768 by 768 pixels, a resolution of 1.1 mm/pixel in the cross-section
plane and a slice thickness of 5 mm were reconstructed from the scans and stored as 16-bit TIFF files (cf.
Figure 1). The mean green density of each log was calculated from the CT images which was feasible
since the CT images of the CT.LOG were calibrated on water samples.

Results

The distribution of log grades when applying the grading rules for European beech in RVR and EN 1316-
1 is presented in Table 2. When all roundwood properties were considered, none of the logs was better
than grade “C” according to RVR or better than “D” according to EN 1316-1. Three logs were off-grade
according to RVR and EN 1316-1, respectively, due to multiple and very strong crook (over 8 cm/m).
One additional log was off-grade according to EN 1316-1 due to its small dimension, i.e. a mid diameter
below 20 cm. When only knots were considered for grading, the number of “C” grade logs according to
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RVR increased from 18 to 21 and two logs were graded as “B”, but still no log was better than “D” grade
when EN 1316-1 was applied due to the more strict rules on knots in this standard.

Table 2—Frequency distribution of log grades according to RVR and EN 1316-1.

Properties Grade
Grading rule  considered A B C D Off-grade
RVR All 0 0 18 8 3

Knots only 0 2 21 0
EN 1316-1 All 0 0 0 25 4

Knots only 0 0 0 29 0

Green density of the logs varied between 901 and 1,037 kg/m3, mean green density (standard deviation)
was 963 kg/m3 (34 kg/m3). Figure 2a shows the distribution of green density of the logs grouped by tree
number, and in Figure 2b, green density is plotted against mean log diameter. As the scatterplot suggests,
there was no significant correlation (Pearson’s r = 0.45) between these two properties.
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Figure 2—Distribution of green density of the logs by tree number (a) and green density plotted
against mean log diameter (b).

MOE measurements varied between 5,446 and 13,515 N/mm?2 with a mean of 11,258 N/mm?2 and a
standard deviation of 1,996 N/mm? for the 28 logs that were analysed for MOE. One log had to be
excluded since it was severely checked due to a large branch that had broken off, and ViScan
measurement was not stable.

In Figure 3a, MOE is plotted against mean log diameter. It can be noted that the first and second logs
from each tree had a rather close spread in MOE with means of 12,371 and 12,676 N/mm? and standard
deviations of 504 and 455 N/mm?, respectively, while the upper logs showed a larger variation with
standard deviations of 2,827 N/mm?2 for the third and 1,466 N/mm? for the fourth lengths. Means were
10,093 and 10,034 N/mm? for these logs. No significant correlation (r = —0.34) was found for the
relationship between MOE and green density of the logs (Figure 3b).

A slight dependency between MOE and log grade according to RVR (considering all roundwood
properties) was suggested by the log sample (see Figure 3c). The logs graded as “C” had a mean MOE of
12,239 N/mm2 with a rather small standard deviation of 714 N/mm?2, whereas the “D” grade logs had a
mean of 10,258 N/mmz2 with a substantially larger standard deviation of 2,071 N/mm2.
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Figure 3—MOE plotted against mean diameter (a), green density (b) and grade according to the
RVR rules (c).

Discussion and future work

The results of the roundwood grading indicated that the roundwood sample comprised logs of rather low
quality but the fact that no log was better than grade “D” according to the EN 1316-1 rules also raises the
guestion whether this grading standard might lead to grade distributions not fully reflecting the usage
potential of a large part of the European beech resource, making analysis of the properties of sawn timber
produced from the sample logs a relevant follow-up investigation.

Green density of the logs showed variations within the log groups and within trees on approximately the
same level. On the basis of the small log sample, no differences in green density between different trees
or between groups of logs from different heights within the stem were assumed but rather it was assumed
that the variations in green density were to a large extent due to variations in moisture content. Density
measurements on boards produced from the sample logs could further to explore the relationship between
log green density and board density after drying.
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The lack of significant correlation between log MOE and green density could be an indication of the
presumably large influence of moisture content on green density. The apparent slight dependency
between MOE and log grade according to RVR was probably mainly due to the fact that the first and
second logs in the roundwood sample showed a somewhat higher and less variable MOE than the other
logs — first and second logs made up the major part of the “C” grade logs. In this context, it might be
interesting to investigate whether this would also be observable with other trees.

The observed MOE values of the logs were lower than the characteristic values for European beech
reported in the literature, which range from 14,000 N/mm?2 (Anonymous 2003a) to 16,000 N/mm?
(Anonymous 2003b). However, characteristic values are determined on small clear specimens dried to a
moisture content of usually 12% whereas the sample logs in this investigation contained knots and were
in green state.

In the next step after the measurements on the roundwood, the logs will be sawn into boards with typical
dimensions for glulam lamellas, 30 mm by 150 mm and 30 mm by 200 mm. These boards will then be
visually strength-graded applying the German standard for strength-grading of hardwood sawn timber,
DIN 4074-5 (Anonymous 2008), and MOE measurement will be repeated for the individual boards. The
relationships between roundwood properties such as MOE and the properties of the boards relevant for
use in structural timber such as glulam can then be investigated with the objective to characterise the
roundwood suitable for the production of glulam lamellas. This could help to identify the raw material
needed for beech glulam production at an early stage in the conversion chain. The lack of clearly defined
raw material is assumed to still be an obstacle for the establishment of an industrial production as stated
by Frese and Riedler (2010). In contrast to the approach of allocating available appearance-graded lumber
to glulam lamella production described in this study, allocation decisions at the roundwood stage might
lead to a more efficient value chain.

This approach also motivates analysing the potential of sawing optimisation. Therefore, sawing
simulations based on models of outer shape and internal knottiness of the sample logs that are extracted
from the CT data are planned to obtain an estimation of the potential to produce boards meeting the
requirements of the highest possible grades according to DIN 4074-5 from roundwood qualities as they
are represented by the roundwood sample in this study.
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Abstract

In this study; bending properties of black pine (Pinus nigra A.) lumber were predicted using stress —
wave method and compared with static bending tests. First, total of 116 lumbers which were different
in length, grade and cross section were weighed and dimensions were measured. Then, moisture
contents were obtained via moisture meter. By using the density, moisture, and dimensions of the
samples in MTG Timber Grader device, dynamic modulus of elasticity values were determined.
Finally, samples were subjected to 3 point bending test. Modulus of elasticity and bending strengths
were calculated using load — deformation curves. Regression models were developed to interpret
relationships between dynamic modulus elasticity and bending properties. Results showed that there is
a moderate regression coefficient (0.73) between dynamic modulus of elasticity and static modulus of
elasticity. Regression coefficient between dynamic modulus of elasticity and static bending strength
was measured as 0.55 while regression coefficient between static modulus of elasticity and static
bending strength was measured as 0.54. More samples should be evaluated in order to predict bending
properties of black pine lumber.

Keywords: bending properties, black pine, stress-wave

Introduction

Nondestructive evaluation (NDE) can be described as the assessment of a material’s properties
without damaging its end use (Ross et al. 1998). The oldest nondestructive evaluation of wood was
visual inspection, mostly used for classification of load-carrying members (Bucur 2006). Later, a
machine stress rating system, which is one of the most used methods in lumber grading, was
introduced and has been commercially used since the 1960’s (Galligan and McDonald 2000).
Developments in instrumentation have made it possible to use scientific nondestructive tools for the
last two decades. Transverse vibration and ultrasonic wave velocity are particularly important in
obtaining the modulus of elasticity. Ultrasonic wave velocity has more advantages over other
techniques in practical terms (Esteban et al. 2009).

Stress-wave-based NDE methods have been investigated extensively during the past few decades and
have proven useful for predicting the mechanical properties of wood materials. The ultrasonic wave
propagation method has been applied on standing trees for detecting defects (Najafi et al. 2009).
Several studies have investigated the relationship between the stress-wave-based modulus of elasticity
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of logs and the static MOE of lumber cut from log and have shown a correlation of 0.44 to 0.89 (Ross
etal. 1997). A study by Wang et al. (2000) revealed that there can be a good correlation (R2 = 0.63 to
0.91) between stress wave speed and dynamic modulus of elasticity of standing trees and clear wood
specimens. Stress wave base methods have been also used and good correlations have been achieved
in the case of wood-derived products such as laminated veneer lumber, glued-laminated wood, and
particleboard. Investigations also have been carried out to diagnose components of timber structures
(Esteban et al. 2009).

Ross and Pellerin (1994) have summarized the results of different research reports related to the
relationship between the modulus of elasticity in static and dynamic tests and stress wave methods.
The correlation coefficient was scattered between 0.87 and 0.99. It was concluded that the stress wave
method could be a nondestructive method for wood. Divos and Tanaka (2005) also confirmed that the
correlation between dynamic and static modulus of elasticity is high.

Anatolian black pine covers the second largest area among the conifers grown in Turkey. The Turkish
wood processing industry does not use any nondestructive based grading methods to assess the lumber
quality. It is believed that these methods are expensive. However, in Turkey the increase in lumber
prices could make these methods suitable for the lumber industry. Additionally, consumers could
benefit by using classified material, which would have higher quality and reliability than unclassified
one. The purpose of this study was to predict bending properties of Anatolian black pine lumber using
stress wave method.

Materials and Methods

Black Pine lumber pieces were sawn from logs that came from the southwestern region of Turkey. The
ages of tress were approximately 80 years. Logs were approximately 50 cm in diameter. The logs were
transferred to a private mill and sawn to approximately 40 x 90 x 3000 mm lumber. After the lumber
had been delivered to the laboratory, the boards were visually graded according to the Turkish
standard TS 1611. In the Turkish standard the lumber is graded into three classes I, I1, and I1l. These
grades consider defects such as knots, checks, bows occurring in the lumber. Then, they were stored in
a room for air drying. During the drying process, experimental procedures were performed. The
moisture content (MC) of the lumbers was measured with a pinned moisture meter. Apparent density
of the lumbers was calculated using their weighs and dimensions.

After the measurements, nondestructive testing was applied to the lumber. The stress wave timer used
in this study is called Timber Grader MTG, which is a handheld grading device for sawn wood
developed by Brookhuis Micro-Electronics and TNO. Timber grader MTG works on the principle of
sound waves emission. It measures natural frequency and dynamic modulus of elasticity (MOE) of the
lumbers when density, MC and dimensions are entered. Following stress wave measurement, all
lumber samples were tested in flatwise bending to obtain static MOE. The static bending tests were
conducted on each specimen using center-point loading (ASTM 2003)

Analysis of variance (ANOVA) general linear model procedure was run with SAS statistical analysis
software to interpret the effects of measured physical properties on the dynamic MOE of the lumbers.
Linear models for prediction of MOE and MOR based on dynamic MOE were developed.

Results and Discussions

Average static and dynamic MOE and some physical parameters of the lumbers are presented in Table
1. The moisture content of the lumbers ranged from 9 % to 25 % with an average of 14 % and
coefficient of variation of 18%. Density of the lumber specimens varied 0.29 to 0.71 g/cm?® with an
average of 0.52 g/cm?® and coefficient of variation of 15%.
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Table 1. Some physical and mechanical properties of the lumbers used in the study.

Coefficient of

Property N Mean Max Minimum variation (%)
R (%) 116 14.43 25.8 9.3 18.09
D (g/cm?’) 116 0.52 0.71 0.29 15.70
Eayn (N/mm?) 116 10076 15221 4978 21.47
Esa (N/mm?) 116 7156 12879 3288 27.66
Ep (N/mm?) 116 67 107 35 29.25

Linear regression analysis procedure was performed to establish relationships between dynamic MOE
and bending properties. The relationship between static and dynamic MOE is shown in Figure 1.
Generally, the values obtained through stress wave method were higher than static values. Several
studies have reported that values of dynamic modulus of elasticity are often higher than those obtained
using static bending tests (Teles et al. 2011; Passialis and Adamopoulos 2002; Barrett et al. 2008). The
lower static MOE values were expected because static measurement includes shear deflection,
whereas MTG results are essentially shear free MOE values (Barrett et al. 2008).
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Figure 1. The relationship between static and dynamic MOE.
The coefficient of determination between dynamic MOE and bending strength is presented in Figure
2. The coefficient of determination between static MOE and bending strength is much lower than the

coefficient between dynamic MOE and bending strength as shown in Figure 3. This means dynamic
MOE is better predictor of bending strength than static MOE.
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Figure 3. The relationship between static MOE and bending strength.

The coefficient of determination values for predicting bending properties were moderate, indicating
that stress wave can be used in prediction of black pine lumber’s bending properties. In non-
destructive evaluation of wood, R? values are usually dependent on the methods, species used,
moisture content, type of samples tested, etc. Results of nondestructive testing on wood were
summarized by Ross and Pellerin (1994). They have stated that the R? value can be as high as 0.98 and
0.88 for clear wood species and dimension lumber, respectively. Divos and Tanaka (2005) reported
that R? values between static and dynamic MOE values can be between 0.9 and 0.96, and dynamic
MOE values are usually 10% higher than the static MOE values. Biechele et al. (2010) have reached
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the coefficient of determination values of 0.80 and 0.97 for spruce timber using stress wave and
transverse vibration methods, respectively while Teles et al. (2011) have reported the coefficient of
determination values of 0.84 and 0.94 for tropical hardwood species using same methods. Ravenshorst
and Kuilen (2006) evaluated bending properties of thirty different hardwood species using both
destructive and non-destructive testing. They have reached a coefficient of determination of 0.62 and
0.85 for bending strength and bending elasticity, respectively. Krzosek et al. (2008) tested Polish
grown structural pine lumber employing several nondestructive methods including MTG. They have
reported a coefficient of determination of 0.84 for bending stiffness.

Conclusions

A total of 116 pieces of lumber were evaluated using stress wave method in order to determine
bending properties. Linear statistical modeling was utilized to interpret relationship between the
dynamic MOE and bending properties of the lumbers. The coefficient of determination between
dynamic modulus and three-point bending modulus was 0.73. The coefficient of determination
between dynamic MOE and bending strength of black pine sawn lumber was 0.55. Dynamic MOE
seemed a better predictor for bending strength than static MOE which yielded a coefficient of
determination of 0.54 for bending strength. It can be concluded that the stress wave method can be
used for predicting bending properties of black pine lumber, more tests should be conducted. Timber
Grader MTG provides fast elasticity measurements.

References

ASTM D 198. 2003. Standard test methods of static tests of lumber in structural sizes. Annual Book of
ASTM Standards,” West Conshohocken, PA, USA.

Barrett J.D.; Lam, F.; Chen, Y. 2008. Comparison of machine grading methods for Canadian hemlock,
In: Proceedings of 10th WCTE Miyazaki, Japan.

Biechele, T.; Chui, Y.H.; Gong, M. 2010. Assessing stiffness on finger-jointed timber with different
non-destructive testing techniques, In: The Future of Quality Control for Wood & Wood Products, 4-
7th May 2010, The Final Conference of COST Action E53, Edinburgh.

Bucur, V. 2006. Acoustics of Wood, Springer-Verlag, Berlin.

Divos, F.; Tanaka, T. 2005. Relation between static and dynamic modulus of elasticity of wood, Acta
Silv. Lign. Hung. 1, 105-110.

Esteban, L. G.; Fernandez, F. G.; de Palacios, P. 2009. MOE prediction in Abies pinsapo Boiss.
timber: Application of an artificial neural network using non-destructive testing, Computers and
Structures 87, 1360-1365.

Galligan, W. L.; McDonald, K. A. 2000. Machine grading of lumber. Practical concerns for lumber
producers, General Technical Report FPL-GTR-7, USDA Forest Service.

Krzosek, S.; Grzeskiewicz, M.; Bacher, M. 2008. Mechanical properties of Polish — grown Pinus
sylvestris L. Structural sawn timber, Conference COST E53, 29 — 30 October 2008, Delft, The
Netherlands, pp. 253-260.

Najafi, S. K.; Shalbafan, A.; Ebrahimi, G. 2009. Internal decay assessment in standing beech trees
using ultrasonic velocity measurement, Eur. J. Forest Res. 128, 345-350.

230



General Technical Report FPL-GTR-239 « Proceedings: 19th International Nondestructive Testing and Evaluation of Wood Symposium

Passialis, C.; Adamopoulos, S. 2002. A comparison of three NDT methods for determining the
modulus of elasticity in flexure of fir and black locust small clear wood specimens, Holz als Roh- und
Werkstoff 60, 323-324.

Ravenshorst, G. J. P.; van de Kuilen, J. W. G. 2006. An innovative species independent strength
grading model, In: 9th World Conference in Timber Engineering. August 6-10, 2006.

Ross R J, Bradshaw B K and Pellerin R F. 1998. Nondestructive evaluation of wood, Forest Products
Journal. 48, 14-19.

Ross, R. J.;I McDonald, K. A.;, Green, D. W.; Schad, K. C. 1997. Relationship between log and
lumber modulus of elasticity, Forest Products Journal 47(2), 89-92.

Ross, R.J.; Pellerin, R. F. 1994. Nondestructive testing for assessing wood members in structures: A
review, Gen. Tech. Rep. FPL- GTR-70 (Rev.), Madison, WI: U.S. Department of Agriculture, Forest
Service, Forest Products Laboratory.

Teles, R. F., Del Menezzi, C. S., de Souza, F.; de Souza, M. R. 2011. Nondestructive evaluation of a
tropical hardwood: Interrelationship between methods and physical-acoustical variables, Ciéncia da
Madeira, Pelotas 2(1), 01-14.

TS EN 1611-1. 2002. Bigilmis yapacak odun (kereste)- igne yaprakli (yumusak) odunlarin
goriiniiglerine gore siiflandirilmasi, Boliim 1: Avrupa ladinleri, goknarlari, camlari ve duglas
goknarlari.

Wang, X.; Ross, R.J.; McClellan, M.; Barbour, R. J.; Erickson, J. R.; Forsman, J. W.; McGinnis, G. D.
2000. Strength and stiffness assessment of standing trees using a nondestructive stress wave technique.
Research Paper FPL-RP-585. USDA Forest Service.

231



General Technical Report FPL-GTR-239 « Proceedings: 19th International Nondestructive Testing and Evaluation of Wood Symposium

Strength grading based on high resolution laser
scanning — performance of a procedure newly
approved for the European market

Anders Olsson
Dept of Building Technology — Linnaeus University — SE-351 95, V&xj6, Sweden , anders.olsson@Inu.se

Jan Oscarsson
Dept of Building Technology — Linnaeus University — SE-351 95, VV&xj0, Sweden , jan.oscarsson@Inu.se

Abstract

Strength grading of timber is necessary to ensure sufficient structural performance of the material, and
machines based on different types of non-destructive measurements are available on the market. The
purpose of this paper is to present results on an investigation of a new method and procedure for machine
strength grading that is based on laser scanning and utilization of the tracheid effect, in combination with
dynamic excitation and weighing. The investigated sample comprised more than 900 pieces of timber of
Norway spruce (Picea abies) from Sweden, Norway and Finland. The coefficient of determination
between the indicating property (IP) to bending strength and the measured bending strength was as high
as R? = 0.69, while the coefficient of determination between dynamic MOE and measured bending
strength was R® = 0.53. A comparison of the performance with what have been presented for machines
that are based on X-ray in combination with dynamic excitation indicates that the new method/procedure
will surpass such machines.

Keywords: grading, laser scanning, Norway spruce, strength class, structural timber, tracheid effect, yield

Introduction

Effective utilization of structural timber requires grading using indicating properties (IPs) that are able to
predict strength with high accuracy, and machines that are able to measure the underlying board
properties in a speed that corresponds to the production speed of saw mills. Many of the methods and
machines used on the market today utilize longitudinal dynamic modulus of elasticity (MOE) for
prediction of bending strength. The vibration signal from dynamic excitation, the weight and the
dimensions of the board can be measured fast and accurately with machines that are comparatively
inexpensive and the dynamic MOE is calculated using a simple equation. The relationship between
longitudinal dynamic MOE and bending strength is, however, rather weak. For Norway spruce (Picea
abies) the coefficient of determination, R?, between longitudinal dynamic MOE and bending strength is
about 0.5 which result in poor yield in high strength classes.

There are grading machines on the market that combine X-ray techniques with dynamic MOE (Microtec
2015) and these represent the most accurate strength grading that is utilized on the market today. The
information added by the X-ray technique is high resolution information of the variation of density within
a board which means that knot measures can be derived and used in definitions of IPs. In a large study
performed by Hanhijérvi and Ranta-Maunus (2008), comprising more than 1000 pieces of spruce (Picea
abies) and 1000 pieces of pine (Pinus sylvestris), mostly from Finland but also from North-Western
Russia, assessments of various strength grading machines and IPs to tension and bending strength were
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performed. The machine/IP that showed the best performance in the study was “GoldenEye+Viscan” of
the company Microtec (Microtec 2015). On the basis of dynamic excitation, X-ray and knowledge of
dimensions it gives information that are used for the establishment of an IP to bending strength. For the
spruce timber that was evaluated with respect to bending strength the machine/IP gave a coefficient of
determination to bending strength of R? = 0.64. When dynamic MOE (also assessed by equipment from
Microtec) including information about density of individual boards was used for prediction of the bending
strength a coefficient of determination between IP and bending strength of R? = 0.57 was achieved. When
dynamic MOE based on a constant density for all boards, i.e. when the density of individual boards was
not utilized, the coefficient of determination to bending strength was R? = 0.48. Other studies that give
examples of the performance of the equipment of Microtec are presented by Bacher (2008) and Nocetti et
al. (2010).

Olsson et al. (2013) suggested a strength grading method based on dot laser scanning, which gives high
resolution information of the fibre orientation on board surfaces, to be used in combination with
knowledge of dynamic MOE. Based on the fibre orientation, basic material wood properties, and cross-
sectional integration schemes, a new IP defined as the lowest local edgewise bending MOE found along a
board was established. A comparison of coefficients of determination of the new, suggested IP and
dynamic MOE, respectively, to bending strength was performed and the result was very beneficial for the
new IP. However, the investigation only comprised a small sample of 105 boards of one dimension, 45 x
145 x 3600 mm, and the examination of the boards was not performed under production conditions or at
production speed. Between 2013 and 2015 the method was therefore examined again in an extensive
study involving cooperation with both manufacturers of equipment for grading and saw milling
companies. The timber sample examined was composed such that the results could be used as the basis
for a formal approval of the method for the European market. The study was supervised by SP Technical
Research Institute of Sweden and considered all parts that would be needed for an approval and
successful market introduction, such as assessment of repetitiveness, significance of grading speed,
evaluation of settings and yield in different strength classes, etcetera. A selection of results from this
investigation is presented below.

Materials and methods
Sampling of material for evaluation

To derive machine settings that are valid for a new machine type, a minimum total number of 900 timber
pieces originating from at least four different sub-samples shall, according to the European Standard EN
14081-2, clause 6.2.2, be sampled. Each sub-sample shall consist of at least 100 pieces and can include
several board dimensions. The quality of the pieces shall be sawfalling, i.e. they must not be pre-graded.
The sub-samples shall be distributed over a chosen geographic area with the purpose of reflecting the
variation of growth conditions.

The present sample was divided in five subsamples representing timber from (1) northern Sweden, (2)
mid Sweden, (3) southern Sweden, (4) Norway, and (5) Finland and included dimensions ranging from 30
— 70 mm in the thickness direction and from 70 — 245 mm in the depth direction. The sizes and numbers
of boards from each region included in the investigated sample are presented in Table 1.
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Table 1 Number of specimens and dimensions from each of the five subsamples/origins.
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1 Sweden North 48 |56 104
2 Sweden Mid 75 |138 |60 273
3 Sweden South 57 |14 32 36 (69 |30 |238
4 Norway 21 51 123 |22 217
5 Finland 44 60 104
Total 21 |44 |57 |14 |174 |409 |82 |36 |69 |30 |936

U The length given is the minimum length in any of the sub-samples.
Measurements and equipment for IP determining data

The IPs utilized in the grading method are based on local fibre orientation on the four longitudinal faces
of the board and on the board longitudinal resonance frequency and mass assessed as described below.
Also, knowledge of the moisture content of the batch to which the board belongs was required.

Resonance frequency and mass

The equipment employed for measurements of longitudinal resonance frequency and mass of each board
was a Precigrader strength grading machine (Dynalyse 2015). When a board passes the machine the one
end of it is excited with a blow of a piston. The response of it in terms of the sound that results from the
blow of the piston is captured by means of two microphones, and by fast Fourier transform of the sound
the lowest resonance frequency corresponding to the first longitudinal mode of vibration is extracted. The
board weight is determined by means of a load cell placed in the production line.

Fibre orientation on wood surfaces

A WoodEye 5 scanner (Innovativ Vision 2015) equipped with four sets of dot lasers and multi-sensor
cameras, one set for each longitudinal side of the board that is fed through it, is used for collecting high
resolution data regarding fibre orientation. The fibre orientation in the plane of each of the four surfaces is
obtained by means of the so-called tracheid effect where the major of the principal axes of the light
intensity distribution around a laser dot is oriented in the direction of the wood fibres. This provides a
practical method for measuring variations in grain angle on a wood surface. The resolution obtained in
transverse direction of the board surfaces is 4.4 mm. The resolution obtained in the longitudinal direction,
i.e. along the board, depends on the speed of the boards fed through the scanner. In a speed of 450
m/minute a resolution of 4.4 mm can be obtained also in this direction. Furthermore the scanner
determines length, width and depth of the board.

Determination and requirements of grade determining properties
The grade determining properties, i.e. the properties that are decisive for the strength class to which a

board should belong, are MOE, bending strength and density, with values of MOE and density adjusted to
12 % moisture content (MC), and strength adjusted according to the depth of the member, as defined in
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EN 384. The grade determining properties are calculated on the basis of physical and mechanical
properties that are determined according to the prescriptions in EN 408.

A four point bending test (EN 408) was used for assessment of both local and global MOE, which are
here, after adjustment to 12 % MC, denoted E ocaicorr N E gioparcorr, respectively. The stiffness property to
be considered when grading timber into strength classes is defined as (EN 384)

E =[ZE, /n]-1,3-2690 1)

where E; is the i"" value of Egiobar.corr @nd 1 is the number of boards in the sample. For each of the strength

classes defined in EN 338 there is a required value of average MOE which means that E of the boards, 1
to n, assigned to a strength class must exceed this required value.

The four point bending test is also used for assessment of the bending strength which, after adjustment to
the depth of the member (EN 384), is here denoted fp, cor-

Density is determined for a piece of clear wood cut out from the board close to the position of failure in
the four point bending test (the same piece is used for assessment of MC) and after adjustment to 12 %
MC it is here denoted p .. The basic requirement on fy, o @and peor in grading is that 95 % of the boards
assigned to a strength class shall have values that exceed the characteristic strength and the characteristic
density, respectively, of the class as defined in EN 338.

Calculation model and definitions of indicating properties

The principles of the grading method being assessed are given in brief in the section Determination of
local MOE valid for bending. A complete account of the method is given by Olsson et al. (2013). The IPs
employed for grading are formally defined in the section Definitions of indicating properties.

Determination of local MOE valid for bending

Wood is an orthotropic material having very high stiffness and strength in the fibre direction but low
stiffness and strength in other directions. The local stiffness in the longitudinal direction of the board is
thus strongly dependent on the local fibre orientation. Knowledge about the spatial distribution of the
material orientation and the stiffness properties of the material everywhere within the board makes it
possible to calculate the local stiffness in the longitudinal direction of the board and, by integration, to
calculate the stiffness properties on the cross-sectional level. However, since the fibre direction is scanned
on the surface, the information regarding the material orientation within the boards is limited. Thus,
certain assumptions have to be made before the cross-sectional stiffness properties can actually be
calculated and used in the definitions of IPs. In the presented grading method, it is therefore assumed that

¢ the density and the MOE in the fibre direction (E,) are constant within a board,

e an initial, nominal value of the MOE in the fibre direction (E,), as well as nominal values for
other stiffness parameters, are assumed (Olsson et al. 2013),

e when a value of E, that should be valid for an examined board is determined it is assumed that
the relationships between other board stiffness parameters (E,, E;, G\, G\y and Gy) and their
corresponding nominal values (E; o, Eto, Giro, Giro and Gy,) are the same as the relationship
between E,; and E .

o fibre directions measured on the wood surface (Figure 1a) are located in the
longitudinal—tangential plane of the wood material,

o the fibre direction coincides with the wood surface, i.e. the out of plane angle is set to zero, and
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o the fibre direction measured on a surface is valid to a certain depth, which means that the fibre
angle ¢ highlighted in Figure 1a, and the corresponding local MOE, i.e. E(x,y,z), is assumed to
be valid within the volume defined by the area dA (Figure 1b) times the length dx (Figures 1a
and 1d).

On the basis of the described assumptions, the edgewise bending MOE of the segment shown in Figure
1d can be calculated by stiffness integration over the segment’s cross-section. Information that
originates from the dynamic excitation and weighing is used to get a value of E, that is assumed to be
representative for the board investigated.

Definitions of indicating properties

Three different IPs are defined and may be utilized for grading. The first one is suitable for prediction of
the grade determining property p..r and it is defined as

m u, —12
IPdensity = (1_ j (2)

L-h-b 200

where m is the mass [kg] of the board registered by the Precigrader, L, h and b [m] are the length, depth
and thickness of the board registered by the WoodEye and us is the moisture content [%] measured by a
device in the line of production or manually supplied by an operator. A value of us representative for the
batch being graded is sufficient.

The second IP may be used for prediction of MOE and it is defined as
m u, —12

IPyoe =4——— f2- 7|1+ == 3

ME L .h-b [ 100 J ®)

where f is the resonance frequency [Hz] corresponding to the first mode of axial vibration of the board
determined by Precigrader and the other parameters are defined in the same way as for 1P,

ensity *

The third IP is used for prediction of bending strength, ., corr, and it can also be used for prediction of
MOE. It is defined as

u, -12
Ibe = Eb,90(1+ 100 ] (4)

where E; o9 is the lowest bending MOE over a 90 mm long section of the board determined on basis of
information from WoodEye and Precigrader as described above and illustrated in Figure 1e.
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Figure 1 a) local fibre directions scanned on a member’s surface by means of a row of laser dots,
b) cross-section divided into sub-areas implying that the exhibited angle ¢ and corresponding
MOE in the longitudinal direction, E,(x,y,z), is valid within the volume dAxdx, c) distribution of
E(x,y,2), d) segment of length dx for which the edgewise bending and axial MOE respectively is
calculated by stiffness integration over the segment’s cross-section, and e) a bending MOE profile,
each value along the graph representing the average edgewise bending MOE of the surrounding 90
mm, and the lowest value along the profile defining the IP to bending strength. Figures 1la—d from
Oscarsson et al. (2014). Figure 1e from Olsson et al. (2013).

Results

The relationships and coefficients of determination between 1Py, and f, .oy, and between dynamic MOE,
denoted as IPvog, and o corr are presented in Figure 2. For the relationship between IPg, and fp, o @ linear
regression coefficient of determination of 0.69 was achieved. For a slightly curved, exponential function
for the relationship R* = 0.70 was reached. The linear regression coefficient of determination between
IPmoe and fi corr Was R? = 0.53. Table 2 shows the coefficient of determination between each of the grade
determining properties and the indicating properties involved and Table 3 shows examples of yield in
different strength classes when using different IPs or sets of IPs for assessment.
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Figure 2 Scatter plots, lines of regression, coefficients of determination and standard error of

estimates for the cases where (a) IP¢, and (b) IPyoe are used as indication properties to bending

strength, o corr-

Table 2 Coefficient of determination, R?, between grade determining properties and
indicating properties.

R? fim.corr Elokat.corr | Eglobatcorr | Pcorr 1Pt IPmoe | 1P density
frvcon 1 0596  |0635 |0203 |0689 |0528 |0.160
Eoaicor 0596 |1 0833 |0316 |0730 |0681 [0273
Egiobatcorr | 0.635 0.833 1 0.419 0.822 0.836 0.368
Peorr 0.203 0.316 0.419 1 0.333 0.526 0.838
1P, 0.689 0.730 0.822 0.333 1 0.836 0.300
IP w0 0.528 0.681 0.836 0.526 0.836 1 0.530
IPensy ]0.160 |0.273  |0368  |0.838 |0300 |0530 |1

Table 3 Examples of yield in strength classes using different IPs or sets of IPs.

Class or class IPs used for prediction of grade determining properties / Yield (%)
combination 5 ip 7 P> & IP gonsy” Ideal machine”
C24 99,5 99,5 99,5 99,5

C30 95,4 96,4 96,8 97,1

C35 24,3 45,8 45,8 67,7

C40 14,5 27,9 30,3 45,4

C35 24,3 45,8 45,8 67,7

C18 75,2 53,6 53,6 31,7

1) IPyvioE, i-e. axial dynamic MOE, is used to predict all three grade determining properties

2) P4, is used to predict all three grade determining properties
3) IPy, is used to predict fi corr aNd E giopal corrs While 1P gensity is used to predict peorr
4) An imaginary machine able to predict all grade determining properties perfectly

16

18

20
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Discussion and conclusions

The new strength grading method fulfils all the requirements laid down in EN 14081-2 and it has recently
been approved for the European market. In the process for approval a timber sample of Norway spruce
from Sweden, Norway and Finland was evaluated and the R? achieved between the IP to bending strength
and the measured bending strength was as high as R? = 0.69/0.70, while the R? between dynamic MOE
and measured bending strength was R? = 0.53. Although conclusions should always be draw with
precaution when comparing coefficients of determination between IPs and grade determining properties
of different timber samples, the results of this investigation indicates that the performance of the new
method/procedure will surpass what is achieved by market leading techniques of today.

Regarding yield in strength classes the new method gives almost twice as high yield in high strength
classes (C35 and above) than what grading methods based on dynamic MOE alone does.
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Abstract

The purpose of this study was to evaluate strength properties of timber using acoustical nondestructive
methods. In this research ultrasound and stress wave methods were used to investigate the properties of
timber, like bending strength and stiffness to find out which device is more reliable. The timber — Picea
abies, Pinus sylvestris, Alnus glutinosa and Populus tremula — used in these experiments was cut from the
forests of Estonia. All together 196 pieces with dimensions of 50x50x970...1100 mm were sawn from the
collected material. The physical-mechanical properties of wood were determined in laboratory conditions
according to standard practices. Acoustical measurements were performed in the longitudinal material
directions. TICO Ultrasound Instrument fitted with 50 mm 54 kHz compressional wave transducers and
Fakopp Microsecond Timer was used to conduct measurements.

Longitudinal measurements with alder characterized bending strength with r=0.59...0.60 and modulus of
elasticity with r=0.81...0.82 and with aspen r=0.27...0.33 and r=0.48...0.59, respectively. In softwood,
generally stronger correlations were found; longitudinal measurements with spruce characterized the
bending strength with r=0.22...0.52 and the modulus of elasticity with r=0.55...0.86 and with pine
r=0.73...0.74 and r=0.80...0.81, respectively.

Additionally, dynamic and static values of the modulus of elasticity were analyzed. The dynamic modulus
of elasticity characterized static among hardwood samples R=0.28...0.65 and among softwoods
R’=0.44...0.79.

Keywords: stress wave timing, ultrasound, bending strength, modulus of elasticity

Introduction

When repairing buildings it is important to evaluate the physical state and strength of timber structures.
Often there are situations where the timber elements need to be assessed on site and cannot be removed or
sampled destructively and where visual assessment cannot be performed thoroughly. Thus we have got
non-destructive acoustical methods as alternative to determine the strength properties of timber.
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Sound and ultrasound are used rather widely, especially in sawmills, where the longitudinal measuring
method is used to sort lumber into strength classes. Generally, sound consists of an elastic wave that
propagates through material, its behaviour being different in various materials and or in different
conditions within the same type of material. Consequently a correlation between the speed of sound wave
and certain properties of a material as stiffness can be made (Lempriere 2002; Kettunen 2006).
Ultrasound wave propagation is directly related to the elastic properties of the material through which it
propagates. If wood is damaged, its stiffness is likely to decrease. Sound wave speed is a function of the
square root of material stiffness. Lower speed or longer propagation times are generally indicative of
poorer conditions in a sample (Drdacky, Kloiber 2006).

Generally, softwoods like spruce and pine are most widely used as structural timber in Estonia. However,
hardwoods like alder (Alnus glutinosa) and aspen (Populus tremula) are also used in building structures,
but not so widely and more in previous times. Still, there can be found timber buildings partly made of
those mentioned species. Alder is widely known due to its good durability properties in wet conditions
like in foundation piles, harbour docks and vessels (Klaassen 2008). Aspen was more used in walls and
ventilated roof structures. Nowadays it is mostly used in buildings under renovation and restoration or in
shingle roofs (Allikas and Kulbach 1962, Ussisoo and Veski 1943).

This study was aimed to test how well the mechanical properties correspond to acoustical ones. The
relationship between ultrasound and stress wave timing velocities, the modulus of elasticity and the
bending strength were investigated.

Materials and methods

All timber - Picea abies, Pinus sylvestris, Alnus glutinosa and Populus tremula - was cut from the same
growth area located in the Southern part of Estonia. 96 (48+48) hardwood and 100 (50+50) softwood
specimen with the dimensions of 50x50x970...1100 mm?® were sawn from the collected material. The
chosen dimensions were based on the standard EN 408:2010 (2010), which specifies that the length of the
piece for the bending test should be at least 19 times of the height of the cross-section. The material was
dried to the moisture content below 20% in a climate chamber. The experimental measurements were
carried out in a laboratory at 21...23 °C and 20...40% relative humidity.

Two different devices - TICO Ultrasound Instrument (TUI) and Fakopp Microsecond Timer (FMT) -
were used for acoustical measurements (Figure 1). TUI was fitted with 50 mm 54 kHz compressional
wave transducers and the signal was induced to wood by equal hand-pressure. For better contact between
the wood surface and the probes glycerine (propane-1,2,3-triol) was applied thinly onto the probes. This
ensured effective transfer of the ultrasound wave between the surface of the sample and the probes.
Before every test the measured length of the sample piece was entered into the device and the
corresponding velocity reading in m/s was recorded. FMT is a portable microsecond stress-wave timer
with two piezoelectric-type transducers equipped with 60 mm long nails. At the same time the nail
performs as a wave guide and also fixes the transducer into the wood. The stress wave is induced by a
simple hammer impact and the output is time of flight in microseconds between the transducers. Each
sample was tested three times with both devices between the end surfaces in the longitudinal material
direction (Figure 2).
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Figure 1 - TICO Ultrasound Instrument with 50 mm 54 kHz compressional wave transducers (left)
and Fakopp Microsecond Timer (right).

The bending strength of the test pieces was determined using an Instron 3369 device (Figure 2), based on
standard EN 408:2010 (2010). According to this standard the sample was laid across two supports set
1000 mm apart and thereafter it was loaded with a static force at the center until failure. Here it should be
noted that the force was applied in the tangential direction. Within this test the modulus of elasticity as
well as the bending strength were measured.

T-A

Figure 2 — Diagrams showing measuring methods applied with TICO Ultrasound Instrument (T-A)
and Fakopp Microsecond Timer (F-A) (left) and 4-point bending test using Instron 3369 (right).

In order to define the moisture content of the samples, test pieces with dimensions of 50x50x50 mm®
were sawn out from them. These pieces were weighed on an electronic scale with a readability of +0.01 g
and afterwards placed into a drying oven at a temperature of 103 £2 °C. The pieces were dried until their
differences of weighing at two-hourly intervals were less than 0.1% (EN 13183-1:2002). For determining
the density, same test pieces were used. These were weighed on the same electronic scale and thickness,
width and length were measured with a digital caliper (readability of £0.01 m). The measurements were
multiplied (EN 408:2010), and the density of wood was calculated according to 1SO 3131: 1975 (1975).

After the experiments and based on the measured results the dynamic modulus of elasticity was calculated
using the equation:

MoE,, = viop

)

where MoEy, is longitudinal dynamical modulus of elasticity, v is longitudinal wave velocity, and p is
bulk density of material.
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All data processing was conducted by MS Excel and STATISTICA 10 software.

Results and discussions

The variability of density, bending strength and modulus of elasticity were regular and spread out, the
variation was not mainly in one or the other end of extreme and was not closely clustered. Consequently,
the experimental data were adequate to carry out the regression analysis (Table 1 and 2).

Table 1 - Characteristics of the statistical indicators of softwood specimen

Spruce (n=50) Pine (n=50)

Main indicators / —m  MOEss MC p fn  MOEgy MC p

Characteristics (MPa) (MPa) (%) (kg/m®)  (MPa) (MPa) (%) (kg/m®)
Mean 37.33 7821 1417 426.9 5236 10526 14.09 516.5
Median 36.64 7920 14.15 4238 4756 10569 14.01 506
Stan. deviation 1485 1598 0.455 33 23.15 2489 0.533 76.28
Minimum 7.02 4291 1322 3794 822 6538 1221 3953
Maximum 66.27 11338 14.94 5194 86.92 14667 1539 7111

Table 2 - Characteristics of the statistical indicators of hardwood specimen

Alder (n=48) Aspen (n=48)

Main indicators / __fm  MOEgw MC _ p fn MOEsww MC p

Characteristics (MPa) (MPa) (%) (kg/m®) (MPa) (MPa) (%) (kg/m®)
Mean 51.98 9516 13.60 517.8  61.43 11723 1542 531.2
Median 56.45 9298 1352 5144  64.14 11923 15.05 530.7
Stan. deviation 1372 1274 082 19.6 9.00 1023 142 208
Minimum 20.64 6667 11.92 487.2 4030 9092 12.66 475.0
Maximum 7210 11813 1859 587.2 8285 13985 20.72 581.4

While comparing the results of velocities acquired by different devices the variability among softwood
specimen (Figure 3) is lower than among hardwood ones (Figure 4). The average speeds within softwood
is between 5000 to 5500 m/s. Instead in hardwoods the average velocity is between 4500 to 5700 m/s.
There is quite clear difference between the velocities in softwood samples.

Tables 3 to 6 show the correlation matrix between individual measured variables. Longitudinal
measurements with alder characterized the bending strength with r=0.