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Abstract

The 20h International Nondestructive Testing and Evalua-
tion of Wood Symposium was hosted by the USDA Forest
Service Forest Products Laboratory in Madison, Wisconsin,
USA, on September 12—15, 2017. This Symposium was a
forum for those involved in nondestructive testing and
evaluation (NDT/NDE) of wood and brought together many
NDT/NDE users, suppliers, international researchers, rep-
resentatives from various government agencies, and other
groups to share research results, products, and technology
for evaluating a wide range of wood products, including
standing trees, logs, lumber, and wood structures. Network-
ing among participants encouraged international collabora-
tive efforts and fostered the implementation of NDT/NDE
technologies around the world. The technical content of the
20th Symposium is captured in these proceedings.
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Preface

The International Nondestructive Testing and Evaluation of Wood Symposium Series started in
Madison, Wisconsin, USA, in 1963. Since its inception, 19 symposia have been held in various
countries around the world, including Brazil, China, Germany, Hungary, Switzerland, and the
United States.

The 20th International Nondestructive Testing and Evaluation of Wood Symposium was hosted
by the USDA Forest Service Forest Products Laboratory. It was held in Madison, Wisconsin,
USA, on September 12-15, 2017. This symposium was a forum for those involved in
nondestructive testing and evaluation (NDT/NDE) of wood and brought together many
international researchers, NDT/NDE users, suppliers, representatives from various government
agencies, and other groups to share research results, products, and technology for evaluating a
wide range of wood products, including standing trees, logs, structural lumber, engineered wood
products, and wood structures. Networking among participants encouraged international
collaborative efforts and fostered the implementation of NDT/NDE technologies around the
world.

The opening session, “Nondestructive Evaluation—Application and Research Needs,” included
keynote speakers from around the globe who presented the state-of-the-art technologies in
nondestructive testing and evaluation of wood.

The technical content of the 20th symposium is captured in the following proceedings. Full-
length, in-depth technical papers for the oral presentations and several of the poster presentations



are published herein. The papers were not peer reviewed and are reproduced here as they were
submitted by the authors.

The organization of the following proceedings follows that of the sessions at the 20th
symposium. Technical sessions covered the following topics:

In-Forest Wood Property Assessment

Evaluation of Structural Timber

Evaluation of Engineered Wood Products

Urban Tree Defect Assessment and Risk Analysis |
Condition Assessment and Evaluation of Wood Structures |
Wood Material Characterization |

Urban Tree Defect Assessment and Risk Analysis Il
Condition Assessment and Evaluation of Wood Structures |1
. Wood Material Characterization Il

10. Evaluation of Seedlings and Young Trees for Genetic Improvement
11. Evaluation of Round Wood

12. Poster Session
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Abstract

For an optimized wood supply chain, a decisive factor is the proper allocation of raw wood materials to
the mills. This includes aspects such as accurate volume, adequate quality, and timely delivery. Therefore
a comprehensive resource allocation and raw material pre-sorting along the supply chain is the basis for
successful process flows in any active forest- and wood enterprises. Log dimension, wood density and
wood mechanical properties are key parameters for down-stream production decisions in wood processing
industries. A second rational is directed to the fundamental “stages” along the supply chain: forest stands,
standing trees, roundwood after felling (on site, road side), logs (mill gate, log yard). Depending on the
stages, a wide range of NDT methods can be applied.

Keywords: Logs, trees, dimension, volume, wood density, wood stiffness, nondestructive technologies

Introduction and background

Wood supply chain and demands

Technologies for forest assessment are focused on tree dimension, volume, and first attempts to derive
tree quality criterions such as branch dimensions. Measurements rely on air-borne scanning systems with
different resolutions. Technologies for individual tree assessment are terrestrial laser scanning by LiDAR
systems for stem shape and knots. Other assessment tools for use on individual trees either directly derive
a measure for wood density or produce rapid readings that allow a pre-selection in terms of wood
stiffness. During harvesting, processor heads are able to measure log dimension and volume. With the
integration of acoustic devices such as the processor head Hitman PH 330 (Fibre-gen Limited,
Christchurch, New Zealand), new harvester heads now allow pre-sorting based on wood stiffness. Log
assessment at road side, mill gate or log yards can also aim at wood property assessment, e.g. wood
density and wood stiffness, using tools of similar testing approaches, such as stress waves, Eigen-
frequency measurements, microwave or laser scattering (tracheid effect). Especially at mill gate,
volumetric assessment and external log characterization by optical systems (laser cameras, etc.) already



gained certain importance. At this stage, high resolution x-ray based CT log scanning will play an
increasingly important role. Technologies in front of the saw line can help to transfer the log specific
guality information into value by orientation and positioning of logs for optimized break-down through
optical cameras, simple x-ray sources for re-identification of already scanned logs and adapting sawing
optimization. After break-down of the log further processing of semi- and end-products is accompanied
by a set of NDT tools for wood quality assessment of sawn products. High-end solutions are multi-sensor
technology solutions which combine light, laser, x-ray, vibration and mechanical testing.

The wood supply chain in middle Europe is characterized by a description of the resource, beginning at
the stage of standing forest stands and following up the flow of the raw material along the forest and
public roads to the (saw)mills where the first break-down into primary sawn products happens. Successful
stake holders of the forest and wood industry branch need to have comprehensive information about the
flowing resource roundwood as basis of their business. The focus lies on standing, transported and
stacked volumes and their qualities related to a wide range of potential end-uses. Quality parameters of
most interest are wood density, mechanical properties but also the optical appearance of surfaces of sawn
products. Further more important is the factor time, which is essential in the first place for functioning
delivery planning and steering as well as for a quality control along the delivery or stacking process.
NDT-technologies represent very good options to fulfill the high expectations of forest owners, logging
companies, transport enterprises and wood industry managers. It is the duty of scientists and the research
institutes in strong partnership with technology developers to search for adapted technical solutions to
strengthen the outlined processes for a successful forest wood-industry branch.

NDT assessment—options along the supply chain

Inventory the standing resource

For general inventory purposes, firstly the total standing volume and the volume differentiated by
assortments is of main interest. Air-borne systems including modern UAV-technologies equipped with
high resolution digital cameras can provide stand and tree data, specific crown parameters. Through
modelling approaches it might be possible to derive first detailed information about branch distribution
and allocation as well as branch sizes and their implications on inner wood structures.
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Figure 1—Laser scanning, crown dimensions and branch details can be measured as basis for
further image processing (http://www.wo1.ugent.be/wp-content/uploads/2017/05/lidar-
techniek.png)



At stand level also terrestrial assessment systems e.g. t-LiDAR are available which give a first picture of
dimension and branch sizes and number of the main stem up to the first part of the crown of trees to be
cut.

The inner structure related to the physical properties resp. strength properties of the stem wood can be
derived by tools like Hitman, Fakopp, Sylvatest Duo with which measurements are carried out at the
lower trunk of a tree. Important support for strength properties is additional knowledge of stem wood
density which can be assessed only for the basal area.
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Figure 2—Measuring crown parameters from t-LiDAR method (Popescu et al. 2008)
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Point cloud voxelisation
- Tree topology
- 3D distribution of plant material

- Microclimates and physiological
processes of canopy assessment

- Diversity of microhabitats

Bark texture analysis
- Tree species recognition
- Detection of external wood defects

Geometrical fitting

- Diameters (Diameter at Breast
Height, stem and branch profiling

- Wood volumes / Stand value
- Stem density / Basal area
- Tree height

Plot cartography
= Digital Terrain Model (DTM)
- Stem detection and location

Figure 3—Clear-wood content in standing trees predicted from branch scar measurements with
terrestrial LIDAR and verified with X-ray computed tomography (Staengle et al. 2014)

Assessments during harvesting, transport or stacking of stems

Next stage is after felling mostly done by modern harvester machines. During processing the felled tree
including bucking into roundwood assortments the harvester head is able to measure stem dimensions
already with high resolution. First installations of the acoustic tool Hitmann PH330 into the harvester
head opens the view onto general physical parameters of the stem section processed. Such measurements
allow already good estimations of MOEgyn. Furthermore the bucked stem sections provided for the break-
down especially in softwood saw mills should be differentiated related to their strength properties based
on e.g. Eigen-frequency-measurements to derive a more solid decision basis for further processing in the
saw mill. At this point, the question arises where the most appropriate place for this assessment of stems
would be.

Information demanded at mill gate/log yard

In most modern softwood mills and expectable also in bigger units of the hardwood industry the first step
is a complete scan of the 3D-shape of each processed log. Widely spread techniques basing on laser
scanning devices including adapted digital camera systems (see picture in Figure 4) which provide a
detailed image whereas any surface anomaly can be identified. The data set of each stem can be further
analyzed and specific volume calculation algorithms can be applied. But also stem quality parameters
related to the stem form such as taper or sweep can be calculated automatically.
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Figure 4— Methods for precise scaling and grading of saw logs using 3D-scanning systems
(Sauter and Staudenmaier 2017)

Figure 5—Roundwood sawing optimisation according to X-ray based computed tomography;
(Bruechert et al. 2017)

A wide range of further NDT assessment tools can be used at this stage of the process and the supply
chain. A very important feature related to wood quality in general is wood density. Here microwave
techniques are introduced and deliver already solid data of individual stem sections before sawing.
Without claiming a complete list of NDT methods there is a last option to be mentioned for pre-sorting
and for approaching the next step for sawing optimisation: CT scanning of logs. Meanwhile not only
research units are installed and deliver individual precise and detailed images of the inner structure of a
stem but also industry installations are running in five softwood mills with high speed worldwide. The
technology allows to draw a picture of the density distribution across the stem as well as the positioning
of most important quality relevant criterions like knots and their stage, rot, grain angle etc. For a break-
down simulation these information are used to be related to the aimed sawn products.

Conclusions

Depending on the stages, a wide range of NDT methods can be applied. Technologies for forest
assessment are focused on tree dimension, volume, and first attempts to derive tree quality criterions such
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as branch dimensions. Measurements rely on air-borne scanning systems with different resolutions.
Technologies for individual tree assessment are terrestrial laser scanning by LiDAR systems for stem
shape and knots. Other assessment tools for use on individual trees either directly derive a measure for
wood density or produce rapid readings that allow a pre-selection in terms of wood stiffness. During
harvesting, processor heads are able to measure log dimension and volume and allow pre-sorting based on
wood stiffness. Log assessment at road side, mill gate or log yards can also aim on wood property
assessment, e.g. wood density and wood stiffness, using tools of similar testing approaches, such as stress
waves, Eigen-frequency measurements, microwave or laser scattering. Especially at mill gate, volumetric
assessment and external log characterization by optical systems already gained certain importance. At this
stage, high resolution x-ray based CT log scanning will play an increasingly important role. After break-
down of the log further processing of semi- and end-products is accompanied by a set of NDT tools for
wood quality assessment of sawn products. High-end solutions are multi-sensor technology solutions
which combine light, laser, x-ray, vibration and mechanical testing.
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Dendrochronology—A Nondestructive Technique
for Dating Historical String Musical Instruments

Voichita Bucur
Adjunct Professor, RMIT University, School of Science, Melbourne, Australia
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Abstract

Since 1967, the historical musical instruments have been defined as objects belonging to the cultural
heritage of humanity. Historical string instruments are mainly instruments of classical music
belonging to the violin family — the violin, the viola, the cello, the double bass and also the guitars, the
harps, the harpsichords and the pianos. These instruments have been made in Europe since the
renaissance and the Baroque periods. Resonance spruce — Picea abies from the European Alps was
the main material employed for the soundboard of these instruments. The authenticity of these
instruments can be proved through the dendrochronological approach. Fourier transform near infrared
spectroscopy informs about the geographic provenance of spruce used for the soundboards.

Keywords: dendrochronology, annual ring width, X ray, Fourier transform near infrared
spectroscopy, historical string musical instruments, violin, double bass

Introduction

The document Carta di Cremona promulgated in 1967 defined the Old Italian musical instruments as
objects belonging to the cultural heritage of humanity. These historical string instruments are mainly
instruments for performing classical music since Renaissance and Baroque periods. Most of the
instruments belong to the violin family — the violin, the viola, the cello, the double bass, etc. The
guitars, the harps, the harpsichords and the pianos are also included in the group of historical string
instruments. Since the 15" century old musical instruments have been made in Italy but also in several
countries of Europe. Resonance spruce (Picea abies) from Alps was the main material employed for
the soundboard of these instruments. The main problem for these instruments is related to their
authenticity and to the methodology to prove it. It that follows we will discuss two non-destructive
methods namely the dendrochronology for dating the wood and the Fourier transform near infrared
spectroscopy for stating about the geographic provenance of spruce used for the soundboards of old
string instruments.

Dendrochronology is a relatively new tool for dating old buildings or old historical musical
instruments and is based on the analysis of the width and pattern of the annual rings of the
soundboard. It is well known that spruce trees produce annual rings having a characteristic sequence
determined by the climatic variations of the growing site. The sequence of the annual tree ring width
can be superimposed exactly on the calendar year. The ring width could be small (less than 1 mm) or
large (several mm) depending on the climatic conditions of the site in which the annual ring has been
formed by tree metabolism. Figure 1 synthesises the principle of the dendrochronology for string
musical instruments violin. For dating an instrument its floating chronology is measured on the
instrument to be dated. Furthermore this chronology is compared with a master chronology. The
overlapping time corresponds to the time life of the tree from which the soundboard was extracted.
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Figure 1—Principle of dendrochronology for musical instruments after Klein P. and Beuting
M. (2007) Legend: Upper graph — floating chronology; Lower graph - Master chronology
http://www.orpheon.org/OldSite/Seiten/education/Dendrochronology.htm access 1 December
2016

In the literature of wood science the first analysis of the annual ring width of the top of a violin was
reported by Lottermoser and Mayer (1958) and refereed to three Stravivari’s violins and two
Guarnieri’s violins. It was proved that the two constitutive parts of the soundboard of the violins had a
symmetric structure with the same sequence of the annual ring width, measured with an optical
microscope. Of course, the wood has not been dated because at that time the master chronologies of
reference have been not yet been established. The geographic proximity of Cremona and Brescia to
the Southern Alps suggested that Old Italian violin makers have been supplied with wood from this
region. In the last decades of the 20" century master chronologies have been established for different
geographic locations such as southern Italian Alps, Austrian Tyrol, and Bavarian Alps. As an example
of dating a musical instrument with dendrochronological technique we referee to Klein et al. (1986).
He superimposed the growth ring series measured on the soundboard of a violoncello made in 1892
by the violin maker Bisiach in Milan with the master chronology of Italian Alps. The concordance of
data was confirmed and the age of the soundboard was demonstrated. On the other hand the
dendrochronology is able to demonstrated that the two sides of the soundboard of a violin have been
extracted from the same tree, as seen in Fig. 2 in which is illustrated the variation of the width of the
annual rings versus the chronological year for two controviolini made in 1791 and in 1793 by
Valentino de Zorzi. These instruments belong to the collection of Cherubini Conservatory in Florence,

Italy.
1988/030
W (s
1988/029 W
[1793]

T T T T T T
1700 1720 1740 1760 1780 1800 Year

Figure 2—Width of the annual rings versus the chronological year for two controviolini made
in 1791 and in 1793 by Valentino de Zorzi from the same tree (Bernabei et al. 2010, fig 4, p
198)
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Figure 3 Superimposition of the time series of two violins made in Cremona, namely a
Stradivari violin — the Sunrise, made in 1677 and an Amati violin 1673, made from the same
tree. (Beuting 2009, fig 3, page 165)

Table 1—Dendrochronological data on some historical instruments (Klein et al.1989)

Analysed
L Manufactured rings Dendrochronological — Difference
Instrument  Violinmaker date number —  date — top, bass side (years) Note
AD bass side AD
Viola da Vogel H .
gamba Nuremberg 1563 64 1546 +37 Authentic
Violin Stradivari 1713 72 1869 -156 False

Another interesting case is to see instruments made by different luthiers using wood from the same
tree, as shown in Fig 3, with the superimposition of the time series of a Stradivari violin — the Sunrise,
made in Cremona 1677 and an Amati violin made also in Cremona in 1673.

It is also possible to determine wood provenance of a soundboard of a violin made by an unknown
master. This is the case of a violin made in Mirecourt, in France in 1846 with wood from Tyrol, as we
will see later in the last Table of this article.

Instrument’s authenticity or instrument’s unauthenticity, can be demonstrated also with the
dendrochronological analysis using X ray microdensitometric technique. Schweingruber (1983)
demonstrated that a supposed Stradivari’s violin was not authentic, because the top of this violin had
the annual ring microdensitometric profile ranging from 1894 to 1902. As we know, Stradivari lived
in Cremona between 1644 and 1737. The science of Dendrochronology required a new notion—
terminus post quem — which is the biological date of the youngest tree ring, or the oldest calendar
year, that could be read on the soundboard. Logically, the authentic instruments have been made after
this date. The manufactured data and the dendrological data of an authentic viola da gamba and that of
falsely attributed Stradivari’s violin, are shown in Table 1.

The authenticity of a very famous double bass, known as Karr- Koussevitzky double bass was also
submitted to the dendrochronologic methodology. The annual ring series of the soundboard was
superimposed on the Alpine Obergurgl chronology — Tyrol Austria (Fig. 4). This instrument was
acquired in France in the early years of the 1900s by the American conductor Serge Koussevitzky, as
being made in 1611 by Amati brothers Antonio (1537-1607) and Girolamo (1551-1630). To obtain
the annual ring width series of the soundboard of this instrument, measurements on 300 rings were
performed with a microscope (0.01 mm precision) connected to a CDD camera. The latest
chronological year observed was 1760 to which should be added the rings lost during processing,
sawing and planing. It was noted that the tree was harvested probably after 1770 AD, and not during
the life of Amati brothers. By analysing the organologic aspect of the instrument, Grissino-Mayer and
Deweese (2005) stated that this splendid double bass was probably built by an unknown French
master during the 19" century, using old wood from Tyrol.
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Figure 4—Superimposition of the Alpine Obergurgl chronology (upper) with the time series of
the Karr- Koussevitzky double bass (lower) based on about 350 annual rings (Grissino-Mayer
and Deweese 2005, fig 3, p. 82)

Another interesting question to answer is risen by the exact dendro-provenace of wood, or in other
words from which forest the wood was harvested. Corona (1981) was the first to underline the links
between the dendrochronology, the site chronology and the dendro-provenance of wood for a musical
instrument from an Italian collection. He studied the annual ring width series of the viola called viola
Bimbi — dated 1770 and belonging to the most famous collection of musical instruments in Florence —
Italy. Bartolomeo Bimbi was a violin maker who worked in Sienna and made instruments for
Medici’s Court in Florence. Corona (op.cit ) compared the dendrochronological profile of the viola
composed of 70 annual rings with two dendrochronological profiles found from two marriage chest,
precisely dated and belonging to the noble family Zorzi from Ziano in Vall di Fiemme — Italy. The
superposition of the annual ring width series of the viola and the series of the annual rings of the two
chests was perfect. Then these three dendrocronological profiles have been compared with the Otztal
— Kerner 1975 — Master chronology for spruce and with the spruce Becker and Giertz 1970
chronology. The exact correspondence of curves allowed dating the wood for viola construction and
allowed recognition of timber provenance - Val di Fiemme (Trentino, Italy) famous site for spruce
resonance trees in Italy.

Wood provenance of Old Italian instruments

Resonance spruce trees (Picea abies) for Old Italian instruments were harvested in the forest of the
region of Trentino, Italy. The exceptional quality of resonance wood extracted from the forest of
Panevegio was described and recognised by many authors (Giordano 1974, Dellagiacoma 2002,
Uzielli 2002) and the well-known violinmakers starting with Amati and Stradivari. The management
of this forest has a long tradition and the first historical record dates from 1007 AD. Figure 5 shows
the variation of the annual ring width in the trees harvested from the forest of Paneveggio in Trentino
region during about three centuries, namely between 1680 AD and 1990 AD. Three plots have been
studied, plot 1 and plot 2 were of natural origin and the oldest trees were over 400 years. The width of
annual ring was between 1mm and 3.5 mm, with an average of about 2mm. Plot 3 included trees of
200 years and also younger trees of about 65 years old. The width of the annual ring was between
0.5mm and 2.5 mm, with an average about 1.5mm. It is noticeable that the annual width ring in 1700
AD was about 1mm, the same as the width of annual rings observed on Stradivari’s violin. The width
of annual rings can be measured on increment cores using X ray densitometric analysis. Also, the
width of the annual rings can be deduced from a synchrotron radiation microtomography of a violin as
seen in Fig 6.
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Ring width

----- Plot 1 —— Plot 2 Plot3|

Figure 5—Variation of the annual ring width in the forest of Paneveggio during 310 years
between 1680 AD and 1990 AD (Motta et al. 1999 fig. 8, p. 467)

Figure 6—Image of a transverse section of a violin revealed with a synchrotron radiation
microtomography in the middle bout at the level of f-holes. (Rigon et al. 2007, fig 2, p. 74)
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Figure 7—Differentiation of geographic origin of timber (Picea abies) in different forests in Trento- Italy, with
principal component analysis on Fourier transform infrared spectra. Band 7500-5700 cm™ and 5100 and 4500
cm! (Sandak et al. 2011, Fig 5, p 44)

The second non-destructive technique discussed in this paper is the Fourier transform near infrared
spectroscopy which was developed during the last three decades of the 20" century, and which can be
used to determine the site provenance of wood. This technique allows determination of many
chemical components simultaneously on a wood sample without particular preparation of its surface.
Based on the assumption that trees growing in various locations produce timber having different
chemical composition, it was possible to study the spectra of spruce samples from Trentino- Italy
forests. The spectral wave length was between 4000 and 7500 cm. Principal component analysis
clearly discriminated the origin of specimens (Sandak et al. 2011) as seen in Fig. 7.
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Table 2—Annual ring width of resonance spruce wood grouped by provenance and deduced from master
chronology (data from Bernabei and Bontadi 2011)

. Italy Italy . Austria Germany
Parameters Units Italian Alps Apennines Switzerland Tyrol Bavaria
Mean value 1/100 mm 117 160 130 134 142
gtar.‘d".“d 1/100 mm 29 50 33 34 42
eviation
Coeff. of % 25 50 25 25 30
variation

Table 3—Miaster chronologies and dendro-date of some instruments made in different countries in Europe,
showing the geographic origin of wood. Test t of confidence relating master chronology to annual ring series
measured on the instrument (data from Bernabei and Bontadi 2011)

Violins - Townof  Dendrodate Testt
Nr.  Code of Master chronology Maker . Significant
origin Year - AD
Instrument value
Siebenlist-Kerner Paris
1 2002/304 (1984) Austria F. Breton France 1698 8.8
Siebenlist-Kerner Mirecourt
2 1988/018 (1984) Austria Anonymous France 1816 7.4
3 198g/237  Faneveggio G. Gabbrielli  Florence 1749 9.8
Italien Alps Italy
4  Bm9ol 1tal006 Cortina, Italy  I. Sderci F'ft;elgce 1953 5.8
5 1088/017  GermS North Bavaria  J. Gagliano Naples 1765 7.7

Italy

However is worth mentioning that in various geographical region the resonance wood has a
characteristic overage annual ring width - such as 1.1 mm in the Italian Alps; 1.3 mm in Switzerland;
1.34 in Austrian Tyrol . Wood from Italian Apennines was used by the Tuscan violin makers, wood
from Italian Alps was used by the violinmakers from Cremona, wood from Switzerland and Austria
had been employed by the violinmakers in France, Italy and Great Britain as can be seen from Table
2 for some of the instruments belonging to the collection of Cherubini Conservatorium in Florence.

Statistical analysis for dating musical instruments based on master
chronologies and spatial correlation analysis

For dating a specific musical instrument, the corresponding pattern of growth rings series is compared
with the reference master chronologies related to a geographic area, using the confidence statistical test
t. Several examples are given in Table 3 for some instruments made in Italy and France.

Conclusions

The process of dating historical musical instruments is based on the comparison between the annual
ring width series built up from the soundboard of string instruments and the existing European master
chronologies of resonance spruce (Picea abies). The annual ring width can be measured using an
optical microscope connected with a camera, or in a more sophisticated way by using X ray
microdensitometric technique, or with synchrotron radiation microtomography imaging. The
geographical provenance of wood can be determined with Fourier transform infrared spectra. The
techniques discussed illustrated the methodological approach for demonstrating the authenticity of
period historical musical instruments. However historical musical instruments are art objects of very
high monetary value, for example “Lady Blunt” Stradivatrius violin was sold in 2011 for $ 15.9
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million. This aspect should be considered in the context of dendrochronology and the “economy of
prestige”.
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Abstract

Increment core analysis has dominated research for more than half a century and has been used as a
standard method for assessing basic wood density in forests, for determining biomass of ecosystems, and
for investigating climate history through dendrochronological analysis. Comprehensive wood density
models have been developed for commercially important species that use outer wood cores and
knowledge of internal wood density distribution to fairly accurately predict the density of major tree
components. With the development of SilviScan and near infrared spectroscopy instruments, more wood
and fiber properties can be obtained from a single increment core sample, allowing comprehensive wood
guality evaluation of plantation trees for genetic improvement, forest management, and optimal wood
utilization. However, for many users or in many applications, increment core sampling and subsequent
laboratory analysis are time-consuming and expensive. A rapid field-type nondestructive method is
needed in various research programs and forest operations. This report provides an in-depth review of the
traditional increment coring method and the more recent electronic resistance drilling technique for
assessing wood density of trees. This report also proposes a new concept of partial resistance drilling for
more efficient and economical collection of wood density data in the forest.

Keywords: amplitude, friction, increment core, Resistograph, resistance profile, wood density

Introduction

Density is one of the important wood characteristics of standing trees that affects the properties and
performance of various wood products, such as sawn timber, reconstituted products, and pulp and paper
(Gao et al. 2017). Wood density has been considered a quality trait in tree improvement programs because
of its economic value and high degree of genetic control (Sprague et al. 1983); it is a fundamental
component of biomass determinations in ecosystem studies and is a cornerstone of functional trait
analysis in community ecology (Wiemann and Williamson 2013). Wood density is highly variable,
particularly within and between individual trees in forests. The within-tree variation constitutes a major
part of the overall variability and has been well-documented for some commercial species (Kandeel and
Bensend 1969, Wiemann and Williamson 2014, Tian et al. 1995, Kimberley et al. 2015).

The traditional technique for determining wood density in standing trees is to extract increment cores
from trees and measure their volume and mass of wood in a laboratory. Although this method is relatively
easy and accurate, it is time-consuming and labor-intensive for wood quality surveys or genetic
improvement programs that require extensive density analyses. Even so, since its invention in the
mid1800s (Pressler 1866), the increment borer has been the primary tool for “nondestructive” sampling of
standing trees.

Another technique capable of providing highly accurate wood density measurement is x-ray densitometry.
This technique also uses increment cores. Advantages of this technique are its ability to clearly obtain
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wood density values in different biological zones and allow for densitometry comparisons between radii
within the same tree, between trees on the same site, and between mean density values at different sites
(Cown and Clement 1983, Eberhardt and Samuelson 2015). However, the x-ray method requires careful
sample preparation and data analysis and can only be carried out in the laboratory. It does not satisfy the
requirements for a rapid and economical evaluation of wood density in standing trees.

For the purpose of achieving rapid, reliable, and economical wood density measurements in standing trees
without using increment borers, a field-type nondestructive method is needed in various research
programs and forest operations. In a recent publication, Gao et al. (2017) reviewed world-wide research
development in the use of several field nondestructive methods for rapid determination of wood density in
trees and discussed pros and cons of each method for field applications. This report provides an in-depth
analysis of the capability of increment borer and electronic resistance drilling tools and proposes a new
concept of partial resistance drilling for more efficient and economical collection of wood density data in
trees.

Increment coring

For many years, the increment borer has been used as a simple nondestructive tool to evaluate wood
quality of forest resources. The tool was originally developed in Germany ca. 1855 (Pressler 1866) and
has changed little since its original design (Grissino-Mayer 2003). Figure 1 shows an increment borer
being used to extract a core sample from a standing tree at breast height. An increment core can provide a
complete wood sample if it stretches from the pith to the bark and is only limited by the length of the
borer and one’s ability to extract an adequate core. Borer diameters range from 4 to 12 mm, with the
larger diameters giving the best samples when larger quantities of wood are required (Jozsa 1988,
Grissino-Mayer 2003, Williamson and Wiemann 2010). Larger diameter borers (12 mm) cause less
compaction because the area to volume ratio of the wood sample is smaller, and larger samples are easier
to measure. However, larger diameter borers require disproportionally greater expenditures of energy to
extract cores. Therefore, limiting the depth of penetration to only that required to obtain an adequate
sample is desirable. For most purposes, it is desirable to bore in a radial line to the pith. This is sometimes
difficult because trees aren’t perfectly round and human operation error may cause the core to be off
center.

Figure 1. Increment borer being used to extract a core
sample from a standing tree at breast height.
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Reliable estimates of tree density are derived from cores that extend from bark to pith because they reveal
the full extent of radial variation. Unfortunately, boring trees from bark to pith is often difficult and
replete with problems. Some of the challenges encountered by foresters and dendrochronologists are (1)
trees are too large for the borer to reach the pith; (2) the borer misses the pith, passing to the side of it; (3)
borers are difficult to insert in trees with dense wood; and (4) borers are difficult to extract, for multiple
reasons (Maeglin 1979, Jozsa 1988, Grissino-Mayer 2003).

Wiemann approximation

Given the problems of bark-to-pith boring, alternative partial sampling technigques have been developed
for estimating tree density even when radial variation is substantial. Wiemann and Williamson (2012)
suggested a novel approach, based on stem geometry, to sample only the wood that approximates the
density of a whole disk. The concept is that, if a function describing the radial variation in density is
known, then it can be used to determine the point along the radius at which the wood density equals the
area-weighted density. In theory, the tree need only be bored to that point, termed the Wiemann
approximation, to estimate density of the whole cross section. For radial changes that are linear, the point
of approximation falls at two-thirds of the wood radius; that is, the wood density at two-thirds of the
distance from pith to bark should equal the density of the whole disk (Wiemann and Williamson 2012). In
application of this method, the point one-sixth of the diameter inward from the bark—xylem interface
would be used to correspond to two-thirds of the distance from the pith outward. This method has been
proven successful for trees with linear (or no) changes in density across the radius (Wiemann and
Williamson 2012, 2013). The usefulness of the method for estimating wood density of a species is
conditional on knowledge of the pattern of radial change in density and the degree of eccentricity in the
species.

Outer wood density approach

Increment coring is by far the most widely used sampling technique to obtain wood density information
in standing trees. Knowledge of within-tree patterns has allowed the use of outer wood values for stem
selection in breeding programs and for preharvest assessments (Cown 2006, Kimberley et al. 2015). In
New Zealand, extensive wood density surveys were carried out on radiata pine (Pinus radiata D. Don)
resources by extracting partial cores at breast height. The survey results indicated a good relationship
between outer wood density and whole-tree density. An empirical model called STANDQUA was
developed in the mid1990s that enabled within-tree patterns of radiata pine wood density to be estimated
from breast-height core samples and the future log-level wood density to be predicted (Tian and Cown
1995, Tian et al. 1995). More recently, comprehensive wood density models were developed for radiata
pine using an extensive wood density dataset (from breast-height increment cores and stem disks)
collected during 50 years of research to predict within-tree, within-stand, and among-stand variation in
wood density (Palmer et al. 2013, Kimberley et al. 2015). For instance, the breast-height wood density of
radiata pine was found to show a monotonic increase with increasing ring number from the pith, with the
rate of increase diminishing after approximately 20 rings from the pith (Fig. 2). Along a tree stem, whole-
disk average density showed a sigmoidal pattern with relative height well-approximated by a cubic
function (Fig. 3). These models can be used to predict the density of disks or logs cut from any position
within a tree and can use measured outer wood density values to predict the density, by log height, for a
particular stand. It can further be used in conjunction with outer wood density to predict wood density
distributions by logs for stands of any specified geographic location and management regime (Kimberley
et al. 2015). Many forest growers in New Zealand today routinely collect breast-height outer wood cores
as part of their preharvest assessments.

Compared with the traditional destructive sampling method of cutting disks, the use of an increment borer
to extract trunk tissue is considered an economically viable option to minimize the work load. In addition,
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increment cores allow specific biological zones (for example, the inner 10 rings or the outer 10 rings) to
be identified for study and ensure valid comparisons when properties vary with tree age. However,
increment coring will always have potential to damage the trunks of the cored trees and incur some risk of
negative impacts on tree health. For example, boring in a veneer quality black cherry tree will lower the
value of the butt veneer log and is therefore considered destructive. Also, bore holes can be the entrance
source for decay and disease (Hart and Wargo 1965). In addition, for many applications such as tree
improvement programs and large-scale wood quality studies, in which potentially hundreds and even
thousands of trees must be sampled for wood density information, increment coring is still time-
consuming and expensive. A rapid field-type nondestructive method is becoming increasingly important
for various research programs and forest operations.

Basic density (kg m~ 3]'

Ring number from pith

Figure 2. Pith-to-bark radial trend in breast-height wood density. Black dots correspond to mean
densities by a five-ring group at each site. The black lines show density predicted by model 1 for
an average site (middle solid line, L = 0) and for sites at the 5th and 95th percentiles (lower and
upper dashed lines, L = -34.6 and L = +34.6, respectively) (Kimberley et al. 2015).
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Figure 3. Variation in whole-disk density with relative height up the stem. The grey lines are
smoothing curves fitted to the disk densities from each of 150 sites. The black lines show disk
density predicted by model 3 for an average site (middle line, L = 0) and for sites at the 5th and
95th percentiles (lower and upper dashed lines, L = -59.3 and L = +59.3, respectively) (Kimberley
et al. 2015).
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Resistance drilling measurement

The resistance drilling tool is a mechanical drill system that measures the relative density profile as a
rotating drill bit is driven into wood at a constant speed. Figure 4 shows the use of a resistance drill
(Resistograph, Rinntech, Heidelburg, Germany) in a standing tree to obtain the relative resistance profile.
The technique operates on the principle that drilling resistance (torque) is directly related to the density of
the material being tested (Rinn 1988, 1989, 1990; Rinn et al. 1996). During the process of a drilling
measurement, the relative drilling resistance, feeding force, and speed parameters can be measured
continuously as a function of the drill bit position in the drilling path. A resistance drilling tool typically
consists of a power drill unit, a small-diameter spade-type drill bit, and an electronic device that can be
connected to the serial interface input of any standard personal computer. As the drill bit moves through
the wood in a linear path, the penetration resistance along its path is measured and recorded. The pattern
of change in relative resistance is recorded as a digital representation display.
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Figure 4. Electronically regulated resistance drilling Figure 5. Resistance drilling profile obtained from a
in a standing tree using a Resistograph tool (photo Norway spruce (Picea abies) revealing density
credit: Frank Rinn). variations inside tree rings (Rinn at al. 1996).

Precision of resistance drilling profiles

A significant amount of research has been conducted to explore the use of resistance drilling
measurements for various applications such as tree ring analysis, tree decay detection, and structural
timber condition assessment. Rinn et al. (1996) demonstrated that Resistograph charts of coniferous and
deciduous wood revealed tree ring variations. Figure 5 shows an example of a drilling profile obtained
from Norway spruce (Picea abies) revealing density variations inside tree rings caused by earlywood and
latewood zones. The extremely dry summer of 1976 can be identified by the corresponding narrow ring in
the center. In the ideal case of drilling in the radial direction (perpendicular to the growth rings), the tree
ring parameters in dry wood revealed by Resistograph charts showed excellent matches with those
revealed by the x-ray density charts, both qualitatively and quantitatively (Rinn et al 1996). Chantre and
Rozenberg (1997) compared Resistograph measurements with microdensitometry (MDM) on disks cut
from 23-year-old Douglas-fir trees and found moderate to excellent correlations between profile
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parameters (profile surface, profile energy, and mean density of the weighed profile) (r from 0.93 to
0.97). They concluded that the Resistograph appears to be better adapted to the evaluation of some whole-
trunk parameters and is able to sum up in a single value one aspect of the standing tree global wood
quality. Wang and Lin (2001) reported that the resistance drilling profile in Taiwania (Taiwania
cryptomerioides Hayata) plantation wood revealed density variations inside tree rings caused by
earlywood and latewood zones. The technique was also found useful in examining the effects of
silvicultural treatments on density profiles and annual ring characteristics (Wang et al. 2003).

Wood density assessment

Research has quickly progressed to evaluate the potential of resistance drilling as an indirect method to
measure density or specific gravity of dry wood. Some early studies demonstrated that there was a strong
linear correlation between the mean drilling resistance and gross density of dry wood (Gorlacher and
Héttich 1990, Rinn et al. 1996). More recent studies on structural wood members also showed moderate
to strong relationships between measured resistance values and wood density (r? = 0.67 reported by
Ceraldi et al. 2001, r? = 0.44 reported by Zhang et al. 2009, r? = 0.89 reported by Park et al. 2006, r? =
0.93 reported by Bouffier et al. 2008, r? = 0.62-0.78 reported by Sharapov and Chernov 2014).

There has also been a growing interest in using the resistance drilling method for forest genetics field
tests. In a tree genetic improvement program, Isik and Li (2003) evaluated the use of the Resistograph
tool for rapid assessment of relative wood density of live loblolly pine trees in progeny trials. A total of
1,477 trees were sampled from 14 full-sib families of loblolly pine across the four test sites. They
reported strong correlations among average drilling resistance values and wood density and strong genetic
control at the family level. However, individual phenotypic correlations were found to be relatively weak.
Similar results have also been reported by Gantz (2002), Charette et al. (2008), Gwaze and Stevenson
(2008), and Eckard et al. (2010).

Friction factor

In a recent study, Oliveira et al. (2017) evaluated the use of resistance drilling for assessing wood specific
gravity of young eucalyptus trees for pulpwood production. The genetic materials used consisted of fifty
34-month-old and fifty 62-month-old trees from Eucalyptus grandis Hill ex Maiden x Eucalyptus
urophylla ST Blake clonal plantations. It was found that drill penetration depth had a significant effect on
the relationship between average resistance amplitude and specific gravity. They observed a clear trend of
weakening correlation as the drill penetration depth increased (Fig. 6), which could be attributed to the
increased friction acting on the drill shaft. When a needle drill bit cuts through wood, wood chips remain
in the drilling channel causing friction on the rotating needle shaft (Rinn 2012). The spade-type needle
drill bit used in resistance drilling measurements typically has a 3-mm-wide triangular shape cutting head,
which is twice the diameter of the needle shaft (1.5 mm). The drill bit is designed to decrease the shaft
friction during resistance drilling measurements. The shaft friction was reported to be minimal in drilling
wood of softwood species (Rinn et al. 1996) but was found to be significant in drilling wood of some
tropical species such as eucalyptus (Nutto and Biechele 2015, Oliveira et al. 2017).

Concept of partial resistance drilling

Recent studies indicated that the use of the resistance drilling method can potentially be extended into tree
genetic improvement and wood quality survey programs in which hundreds or even thousands of trees
must be sampled for wood density information. One of the key issues with the resistance drilling method
is related to the internal friction as the drill bit cuts deep into the tree. Because of the increased friction
acting on the drill shaft, the accuracy of the relative resistance measurement can be affected. As a
consequence, the predictive power of the amplitude parameter obtained from a resistance profile can be
substantially decreased, especially in trees of larger diameter and greater wood density.
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Figure 6. Correlation coefficient for the relationship between measured drilling resistance
(expressed as amplitude in resistance profile) and specific gravity of 34- and 62-month-old
Eucalyptus grandisxEucalyptus urophylla trees as affected by the drilling depth (Oliveira et al.
2017).

A possible solution would be to conduct partial resistance drilling measurements on tree stems instead of
drilling through the whole diameter, and assess the outer wood density of standing trees. If the outer wood
density of a tree can be accurately determined through partial resistance drilling measurements, then the
wood density models developed for the increment coring method can be used to predict the disk or whole-
tree density using the outer wood density values. The validity of this partial resistance drilling approach
needs to be tested in future research.

When selecting appropriate field nondestructive tools for determining wood density or specific gravity of
standing trees, it is important that the solution must meet the needs of practicing foresters and reasonable
estimates of average values with measurable errors will be more useful than expensive, highly technical
procedures of greater accuracy. Although direct wood density measurements are often taken as the
benchmark, wood density varies with stand age, site, silvicultural treatments, and genetics. A sound
sampling strategy is critical in any wood density survey to ensure the validity of the method used. In
general, the reasons for a nondestructive sampling procedure may include (1) assessing the wood quality
of the forest resource available at a regional to a compartmental level; (2) examining the effects of site,
climate, or silvicultural treatments on wood quality; and (3) assessing young trees for genetic
improvement. For each of these reasons, different numbers of tree samples and sampling procedures will
need to be carefully designed. A detailed discussion of nondestructive sampling methods can be found in
Downes et al. (1997).

Conclusions

The basic increment core method has dominated research for more than half a century and has been used
as a standard method for assessing wood quality of forest resources, determining biomass of ecosystems,
and investigating climate history through dendrochronological analysis. Comprehensive wood density
models have been developed for commercially important species that use outer wood cores and
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knowledge of internal tree density distribution to fairly accurately predict the density of major tree
components. With the development of SilviScan and near infrared spectroscopy instruments, more wood
and fiber properties can be obtained from a single increment core sample, allowing comprehensive wood
guality evaluation of plantation trees for genetic improvement, forest management, and optimal wood
utilization. However, for many users or in many applications, increment core sampling and subsequent
laboratory analysis are time-consuming and expensive. A more rapid field-type nondestructive method is
needed in various research programs and forest operations.

The resistance drilling method has considerable advantages compared with the traditional increment
coring method in terms of causing less damage to trees, faster data collection, and significantly less effort
required for post data analysis. One factor that currently hinders the use of the resistance drilling tool for
rapid wood density determination in trees is the internal friction encountered by the drill shaft as it cuts
deeply into the tree stem. A partial resistance drilling approach coupled with knowledge of internal tree
density distribution may offer an alternative to the widely used increment coring technique.
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Abstract

In this paper, we examined the propagation patterns of longitudinal stress waves in standing trees
through numerical simulation using a COMSOL Multiphysics® software. The simulation was based on
wave propagation theory of solid medium with the assumption of orthotropic material for standing
trees. Both two-dimensional and three-dimensional wave propagation patterns in virtual tree trunks
were obtained and effects of tree diameter and propagation distance on wave velocity were
investigated. Our simulation results indicate that the stress wave initially propagates in impact
direction with a spherical wave front. As the wave continuously travels, the flow of stress wave energy
gradually shifts toward longitudinal direction and its wave front gradually becomes flattened and close
to perpendicular to the longitudinal axis, which implies that stress wave propagates as a dilatational
wave in the early phase, then gradually changes to a quasi-plane wave. In a typical geometry model,
the wave begins to travel as a quasi-one-dimensional wave when the diameter-to-distance ratio reaches
0.025. Both distance and tree diameter had an effect on the propagation patterns of stress wave. Travel
distance was found to have no significant effect on wave velocity. Wave velocity generally increased
as tree diameter increased.

Keywords: COMSOL Multiphysics software, diameter, orthotropic, stress wave, standing trees, wave
front, wave velocity

Introduction

In recent years, stress wave technology has gained great attention in forest industry as a robust field
method to assess wood stiffness and fibre properties in standing trees. However, the mechanism of a
stress wave propagating in a tree trunk and how tree diameter, species, tree age, and environmental
conditions affect wave propagation in a tree are still not well understood. Previous research have
indicated that tree acoustic velocity measured using a time-of-flight (TOF) method was strongly
correlated with log velocity measured using a resonance-based method, but tree velocity was found to
be 7% to 36% higher than the corresponding log velocity. Some studies reported good relationships
between tree diameter and stress wave velocity (or stiffness calculated from it) (Lasserre et al. 2004;
2005; Wang et al. 2003, 2004; Carter et al. 2005; Chauhan and Walker 2006). Others reported a weak
or no correlation between tree diameter and acoustic velocity (Jerrymijr et al. 2009; Mora et al. 2009).
There has been no reasonable and convincing explanations for the different relationships observed
between tree diameter and tree velocity.
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In this paper, we examined the propagation patterns of longitudinal stress waves in standing trees
through numerical simulation using a COMSOL Multiphysics® software. The simulation was based on
wave propagation theory of solid medium with the assumption of orthotropic material for standing
trees. Both two-dimensional (2D) and three-dimensional (3D) wave propagation patterns in virtual tree
trunks were obtained and effects of tree diameter and propagation distance on wave velocity were
investigated.

Numerical Simulation of Stress Wave Propagation

A typical approach for in situ measurement of stress wave velocity in trees involves inserting two
sensor probes (transmit probe and receiver probe) into the sapwood at about 45° to the trunk surface
and introducing a stress wave impulse into the tree trunk through a mechanical impact (Figure 1)
(Wang et al. 2000). The standing tree device, in fact, measures the time for the stress wave traveling
from the transmit probe to the receiver probe. The stress wave velocity is subsequently calculated from
the test span (L) between two sensor probes and the time of flight (TOF) data. The numerical
computation was to simulate the wave propagation process and determine the patterns of stress wave
wave front propagating from the transmit probe to the receiver probe.

Model geometry

For stands of 10 to 60 years old, the corresponding average diameter at breast height (DBH) of
common Chinese larch (Larix potaninii) plantation trees generally ranges from 150 to 550 mm (Cheng
1985). Considering that the taper of the lower trunk of larch trees is typically small, for the efficiency
of calculation in numerical simulation, the geometry models of standing trees were set to a series of
cylindrical models with a length of 500 cm and a diameter of 20, 30, 40 and 50 cm. In addition, the
wood mechanical properties in trees vary from pith to bark though they are normally considered as an
orthotropic material. To facilitate the investigation of stress wave propagation in standing trees, we
considered the following simplifications for the geometry models: 1) Considering a tree trunk as an
orthotropic material; 2) Treating a tree trunk as a two-layer composite material that consists of
heartwood and sapwood, with an orthotropic assumption for both of them; and 3) Assuming that the
radius of heartwood accounts for half of the radius of the tree trunk, that is a 1:1 heartwood-to-
sapwood ratio.

In the numerical simulations, we considered both 2D and 3D geometry models. The size parameters of
the 3D geometry models are shown in Table 1. Taking model 2 as an example, the 3D geometry model
constructed using COMSOL software is shown in Figure 2, where layer 1 is the heartwood and layer 2
is the sapwood.

Considering that 2D numerical simulation investigates the stress wave propagation patterns in
longitudinal-radial plane of a standing tree, we set the longitudinal-radial plane of a tree trunk as the
2D geometric model, i.e. selected the longitudinal-radial plane of a 3D geometry model as the 2D
geometry model, as shown in Figure 3, where layer 1 is the heartwood, layer 2 is the sapwood.

Material properties

A tree trunk was considered as an orthotropic cylinder, with longitudinal (L), radial (R), and tangential
(T) directions as three principal axes (X, y, z) in Cartesian coordinates. Twelve elastic constants of
heartwood and sapwood of green larch were determined through laboratory experiments in a previous
study (Liu et al. 2015). The wood specimens used for determining the elastic constants were cut from
three larch logs used for validation experiment. The average values of the elastic constants and green
density for heartwood and sapwood are shown in Table 2 and Table 3, respectively.
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Figure 1—Schematic diagram of time-of-flight (TOF) stress wave measurement on
standing trees (L=test span).
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Figure 2—Three-dimensional geometry model constructed using COMSOL software
(Model 2).
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Figure 3—Two-dimensional geometry model constructed using COMSOL software
(Model 2).

Table 1—Parameters of the 3D geometry models for Chinese larch.
Variable ? Model1  Model2  Model 3 Model 4
L (cm) 500 500 500 500
D (cm) 20 30 40 50
r (cm) 5 7.5 10 12.5
ri(cm) 5 75 10 125
ra(cm) 10 15 20 25
2L, length of model; D, diameter of model; r, radius of layer 1; ry, inner radius
of layer 2; r, outer radius of layer 2
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Table 2—Elastic constants and density of Chinese larch heartwood.

Modulus of elasticity Modulus of rigidity Poisson’s ratio © Density
(MPa) 2 (MPa) (Kg-m?®)
E. 6792.08 Ggr 414.58 Ugr 0.76
= 282.27 G.r 426.86 Vg 0.21 500
= 342 G+ 375.23 o 0.28

a EL Jlongitudinal modulus of elasticity; ET , tangential modulus of elasticity; ER , radial modulus of elasticity
Gy ,shear modulus in R-T plane; G|  , shear modulus in L-R plane; G, 1, shear modulus in L-T plane
¢V, 1 ,Poisson’s ratio of R-T direction; v, , , Poisson’s ratio of L-R direction; U , Poisson’s ratio of L-T direction

Table 3—Elastic constants and density of Chinese larch sapwood.

Modulus of elasticity Modulus of rigidity Poisson’s ratio Density
(MPa) (MPa) (Kg-m?3)
E. 10137 (CH 555.56 Ugr 0.81
E; 387.82 Gr 430.05 Vg 0.26 750
= 914.95 G+ 445.78 o 0.36

a E,_ Jlongitudinal modulus of elasticity; ET , tangential modulus of elasticity; ER , radial modulus of elasticity
® Gy ,shear modulus in R-T plane; G,  , shear modulus in L-R plane; G, 1, shear modulus in L-T plane
v, 1 ,Poisson’s ratio of R-T direction; v, , ,Poisson’s ratio of L-R direction; v ,Poisson’s ratio of L-T direction

Impulse load

Stress waves used in tree measurements are typically generated through a mechanical impact on the
start transducer and this impact-induced stress wave has a very short duration. We used the following
half-sine pulse function to express this impact force:

Asin@zft), t<(1/2f)
F(t) =
0, t>(1/2f) @)

Where A is the amplitude of the pulse and f is the frequency.

rah o

Figure 4—Function of half-sine pulse.

According to the actual pulse signals collected from a hammer impact in a laboratory testing, the
amplitudes of the pulse signals were about 200 N. Because the start sensor probe is typically inserted
into a tree trunk in a 45° angle with respect to the longitudinal axis, the impact force acting on the start
sensor is also in a 45 ° angle to the longitudinal axis of the trunk. Based on the principle of vector
decomposition, F(t) can be decomposed into two orthogonal components: Fy(t) and F,(t), and each
component is 141.4 N. According to the frequency analysis of the actual impact signals, the frequency

of the pulses was 1x10* (Hz). The function of a single pulse force component is shown in Figure 4.
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Initial and boundary conditions

Since the particles of two-dimensional and three-dimensional models were in a static state prior to be
subjected to a load, there was no initial displacement and initial velocity for each particle in the model.
Consequently, the initial displacement and initial velocity of each particle in wood were set as zero. u
is used to represent the particle displacement, the mathematical expressions of these two initial
conditions are shown below:

Initial displacement: u; =0 (i = x,y,2) 2
oy - 6ui .
Initial velocity: - = 0(i=x92) 3

The side surface of the models was set to have a free boundary condition (i.e. second boundary
condition), which means that the compression waves and reflected waves coexist with the wave
attenuation when the stress wave propagates to the boundaries. A low-reflection boundary condition
(i.e. third boundary condition) was used for the end surface of the models, which implies that only the
compression waves exist without any reflection wave or with a very small amount of reflected wave
when the stress wave reaches the end surface of the model. The use of free boundary condition and
low-reflection boundary could make the boundary condition of the models very close to the boundary
condition of real standing trees. The mathematical expression of these two boundary conditions is
shown as follows:

Free boundary condition :

(4)

E (x2+y?=r,?,0<2<500) =

Low-reflection condition: o-h=—p- Cp(%u-n) ‘n—p-C (%u-t) -t 5)

Where [ is the unit normal vector of boundary, r, is the large radius of the model (i.e. outer radius

of layer 2), o is the stress of particle, n and t are the unit normal vectors and unit tangent vectors
of boundary, respectively, C, is the longitudinal wave velocity, Cs is the shear wave velocity, p is
the density of medium.

Meshing

For 2D models, the mesh was generated automatically with the triangular elements. Free meshing
provided in COMSOL was used for the generation of mesh. The largest and smallest elements of 2D
models were 1.25 cm and 0.0072 cm, respectively. Figure 5 shows the divided grids of the
longitudinal-radial section in a virtual tree trunk, which corresponds to Model 2. The mesh has been
refined at the region below the excitation source. A free time step for transient solver was selected as
the initial step, 1e-9s, and the biggest step, 1e-4s. Output step of the result was 5e-6s and 1e-6s for
calculating time step.

If the commonly used free meshing (i.e. the tetrahedral elements method) was employed for the 3D
models, the number of meshes generated would be too huge due to its relatively large dimension, and
then resulted in a surge in the computational complexity of the numerical simulation. Therefore, the
swept method was applied for 3D models to get a reasonable number of grids. The largest and smallest
elements of the end surface in 3D models were 1.4 cm and 0.004 cm, respectively. After the mesh of
the end surface was finished, the swept method was used to extend the mesh to the entire 3D models.
The total number of meshes obtained for 3D models was up to 44000. The divided grids of the 3D
models was shown in Figure 6, which also corresponds to Model 2. A default free time step for
transient solver was selected as initial step and biggest step. Calculated time step was 1e-6s and 5e-6
for output step of the results in the 3D models. After all the settings were completed, the COMSOL
program was run to obtain simulation results.
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Figure 5—Meshing of a 2D model (Model 2).

Wave front

Figure 7—Contour map of total displacement in the longitudinal-radial (L-R) plane
(Model 2, t=700ps ).

Results and Discussion
Contour map of displacement

For each 2D tree trunk model, a contour map of displacement directly outputted from the post-
processing of COMSOL Multiphysics software was obtained. Figure 7 shows a contour map of
displacement obtained from Model 2 at the propagation time t= 700us. As it can be seen, each contour
had different shapes and basically showed a progressive change between the contours except the
denser parts at the left end of model. These variations in shape may be due to the reflected waves
caused by the free boundary conditions of the upper and lower sides as well as the left end of the
model. Actually, the forefront line along the wave propagation direction in displacement contour map
for each time point was the wave front (shown as a curve in longitudinal-radial plane) generally
defined as the boundary of stress wave disturbance zone and undisturbed area during the propagation.
The study on stress wave propagation patterns in the tree trunk is exactly to explore the variation
patterns of velocity and shapes of wave front in standing trees at different travel times.

2D wave front map

To visually display the propagation patterns of the impact-induced stress waves in a virtual tree trunk,
a 2D wave front map was developed for each model by extracting the forefront contour lines from the
displacement contour maps at various time points (=100, 200, 300, 400, 500, 600, 700, 800, 900,
1000, 1100, 1200, 1300us), as shown in Figure 8. This 2D wave front map is a cluster of leading
contour lines where the travel time is same at any point of the line (iso-travel times), they represented
therefore the wave fronts in a time sequence on the longitudinal-radial plane.
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Figure 8—Two-dimensional simulation results of stress wave front (The humbers
next to wave front lines were transmission time in microsecond; the red dot on the
upper left of graph was the import source; horizontal and vertical axes were the length
and diameter of tree trunk, respectively).

Figure 9—Contour surface map of total displacement of stress wave propagation in
standing trees (Model 2, t=700 ps ).

It could be observed from Figure 8 that the wave front maps of all four 2D virtual tree models had the
similar patterns: stress wave initially propagated in the impact direction with a spherical wave front
bending towards the initiation point of the impact pulse; then propagation direction gradually shifted
towards the longitudinal directions as the wave moved away from the energy source and its wave front
gradually became flattened and close to perpendicular to the longitudinal axis, i.e. the wave front
gradually transformed from a dilatational wave to a quasi-plane wave during the propagation. It was
also found that the wave front curve near the import source was elongated and the tree diameter seems
to have a positive impact on elongation effect. This can be attributed to, on the one hand, inertia
introduced into the numerical simulation. The transverse dimension of the model, on the other hand,
was not much smaller than wavelength and thus transverse inertia effect cannot be neglected. Wave
dispersion phenomenon occurred in local area of the model under the effect of inertia and this
phenomenon was strengthened as diameter increased. However, since the dispersion only worked
within a limited space of the model, it does not affect the overall patterns of stress wave propagation in
the tree trunk. Moreover, Figure 8 showed that the slope of wave front decreased more and more
slowly as the tree diameter increased, that is, stress wave propagating in trunks need a longer time to
transform from dilatational wave to one-dimensional plane wave. This indicated that diameter affected
the propagation patterns of stress wave in standing trees.

Contour surface map of displacement
Similar to the displacement contour maps in 2D models, the contour surface maps of displacement in
3D models were generated from the software post-processing. The leading isosurface in displacement

contour surface map just referred to the wave front described as the interface between disturbed region
and undisturbed zone. A contour surface map for Model 2 at the propagation time t= 700pus was
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presented in Figure 9. It can be seen that the isosurface at left end of the model was relatively dense,
and there was a gradual change in the shape of each adjacent isosurface.

3D wave front map

Likewise, in order to visually display the propagation patterns of stress waves in a tree trunk, a 3D
wave front map was constructed for each model by extracting the forefront isosurface of the
displacement contour surface maps at various time points (t= 100, 200, 300, 400, 500, 600, 700, 800,
900, 1000, 1100, 1200, 1300us), as shown in Figure 10. Regardless of the difference in tree diameter,
the stress wave firstly propagated in the impact direction with a tilted spherical surface bending
towards the input point. Then the inclination of wave front gradually decreased as the propagation
distance increased. Finally, the wave front gradually became near perpendicular to the longitudinal
axis and thus transformed from a 3D wave to a quasi-plane wave. This result was consistent with that
of 2D numerical simulation.

In addition, the dispersion phenomenon was found in the results of 3D simulation contributed to the
introduction of transverse inertia and the relatively small lateral size of the model. It was also noted
that the dispersion effect of the 3D numerical simulation was stronger than that of the 2D numerical
simulation, which may be due to the fact that the dispersion effect was enhanced in space of the 3D
model. Furthermore, it was equally found in the 3D numerical simulation that stress wave propagating
in trunks needed a longer time to transform from a dilatational wave to a 1D plane wave as the tree
diameter increases, which indicated that diameter has an impact on the propagation patterns of stress
wave in standing trees. The results of the 2D and 3D numerical simulations were in agreement with
the results obtained from the field stress wave experiments performed by Zhang et al. (2011).
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Figure 10—3D wave front maps showing propagation patterns of stress waves in tree
trunks (t=100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1100, 1200, 1300us).
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Effect of tree diameter and propagation distance on wave velocity

There have been very few studies looking into the effects of wave propagation distance and tree
diameter on the wave velocity measured on trees. With respect to tree diameter, there were two
distinct conclusions about the relationship between tree diameter and wave velocity. Some argued that
tree diameter had no significant effect on the wave velocity measured on trees because of the poor
relationships observed between them (Joe et al. 2004; Chauhan and Walker 2006; Raymond et al.
2008; Jerrymir et al. 2009). Others believed that tree diameter not only affected the propagation
patterns of stress wave in trees, but also affected values of the measured wave velocity (Wang et al.
2000, 2007; Zhang et al. 2009).

To understand the relationships between tree diameter, propagation distance and wave velocity, the
stress wave velocity in each tree model was calculated from the propagation distance (illustrated in
Figure 11, L=2 m) divided by the corresponding propagation times derived from the two-dimensional
simulations. Figure 12 shows the stress wave propagation time in relation to the propagation distance
for each model. The regression analysis indicated an excellent linear relationship between wave
propagation time and travel distance. The coefficients of determination (R?) of the relationships were
0.999, 0.999, 0.999 and 0.998 for Model 1, Model 2, Model 3and Model 4, respectively, which was
consistent with the findings reported by Zhang et al. 2011. It seems clear that the propagation distance
had little effect on wave velocity.

Figure 13 shows the relationship between wave velocity and tree diameter. Wave velocity generally
increased as the tree diameter increased, particularly at 20 to 30 cm diameter range where wave
velocity increased rapidly with the increase of diameter. However, when tree diameter exceeded 30
cm, the increase of wave velocity with increasing diameter became much less. It appears that the 30
cm could be a threshold of changing wave propagation pattern, thus resulting in two distinct wave
velocity—tree diameter relationships.

Wave front

Figure 11—Wave propagation distance defined by the leading edge of the wavefront (Model 2).
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From the results of numerical simulation (Figure 8 and Figure 10), the shape of wave front is
apparently related to tree diameter (D) and propagation distance (L). The wave front in the virtual tree
trunk approached to a vertical line (in 2D model) or a pane (in 3D model) more quickly in small
diameter models than in large diameter models. The shape of wave fronts in a tree trunk can be
characterized by the TOF differences (TOFma—TOFmin) in a tree cross-section. The TOF difference of
“0” means a wave front having a vertical line or a vertical plane. Large TOF differences correspond to
a wave front with big slope. From the simulation results, we found that the maximum TOF point was
always located on the downside of the cross section, which is the travel path with the longest travel
distance.

Figure 14 shows the relationships between the TOF difference in a cross section and the diameter to
distance ratio (D/L). It is apparent that tree diameter and travel distance are two key factors that
determine the characteristics of the wave fronts. As D/L approached to approximately 0.025, the wave
fronts in four tree trunk models almost approached to a vertical line or vertical plane.

Conclusion

In this paper, COMSOL Multiphysics simulation software was used to investigate the two-
dimensional and three-dimensional propagation patterns of stress wave in larch planation trees and the
relationships between tree diameter, travel distance and wave velocity. Based on the results of this
study, the following conclusions can be drawn:

1. The two-dimensional wave propagation patterns in the longitudinal-radial plane of a tree trunk
is basically in agreement with the three-dimensional wave propagation patterns in the trunk
body: the stress wave initially traveled as a sloping curved line (2D) or spherical surface (3D)
bending towards the input point in the impact direction; then the inclination of the wave front
gradually decreased as the propagation distance increased; finally, wave front gradually
became flattened and close to perpendicular to the longitudinal axis.

2. The wave dispersion effect was found in the results of 2D and 3D numerical simulations

because of the transverse inertia and the relatively small transverse size of tree trunks. The
wave front was thus locally elongated and flattened and this phenomenon was strengthened as
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tree diameter increased. Dispersion effect in the three-dimensional numerical simulation was
stronger than that in the two-dimensional numerical simulation because of the size effect.

3. The slope of stress wave front decreased slowly with increasing tree diameter, indicating that
the diameter has a significant effect on the wave propagation patterns in the standing trees.
Wave velocity increased as tree diameter increased.

4. No relationship was found between wave velocity and wave propagation distance.
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Abstract

Wood production that can effectively meet the growing demand for wood will need to deliver more than
increased volume. Technologies now exist for a more comprehensive and efficient non-destructive
evaluation (NDE) of wood quality in the standing trees, which can allow for more value extraction by
enabling highest best use for each individual tree. A systematic, large scale sampling of wood quality can
also be used to drive modeling efforts to understand wood quality at the landscape scale and improve
silviculture and forest management.

Keywords: Methods, modeling, forest inventory, forest management

Introduction
Background

To extract the highest value out of wood is vital to keeping local forest product markets competitive in a
highly competitive global market. Using wood for highest potential requires an assessment of its quality
traits at the start of the supply chain — the standing trees. The current value chain has historically focused
on increasing volume, which has increased yields but also an unintended effect of lowering many wood
quality attributes. In addition, the current chain tends to extract value at each link instead of working to
create more value. Delivering the appropriate quality of wood poses serious challenges to the current
value chain as customer requirements for specific wood quality attributes become more diverse. Accurate
knowledge of wood quality is key for an optimal value chain to exist.
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While there is certainly more opportunity in designing silvicultural prescriptions that include wood
quality attributes, silviculture and the rest of the value chain ultimately depend on the ability to define and
guantify wood quality attributes relevant to various end uses. A more comprehensive and efficient non-
destructive evaluation (NDE) of wood quality in the standing trees can allow more value extraction from
each tree by enabling sorting by quality as early as possible in the value chain. Furthermore, an improved
understanding of the environmental factors that influence wood quality at the stand and site levels are
important to understanding expectations of management actions on wood quality or the response of
management to efficiently extract highest best use of the harvested wood.

The quality of standing trees has traditionally been assessed based on physical measurement (height,
diameter, taper and sweep) and visual observation of surface characteristics (knots, wounds and other
defects). A grade assigned to a standing tree using these techniques may be adequate if visual appearance
is the primary concern, however this provides no information about the stiffness or strength of the wood
produced. Using NDE to assess standing trees can provide attribute information about the plot which can
be extended to the stand and landscape levels. Incorporating this information into a database will allow
for easy access to population estimates of wood attributes. Understanding the attributes, such as stiffness,
of a forest resource before harvesting may result in more efficient sorting and higher financial return
(Gardiner and Moore 2014)

Nondestructive Evaluations

Nondestructive evaluation (NDE) techniques can be used to identify the physical and mechanical
properties of a piece of material without altering its end-use capabilities. This information can then be
used to make decisions regarding appropriate applications. Here we review a variety of nondestructive
tests (NDT) that can be performed on a material with selection of the appropriate test dictated by the
particular quality characteristic of interest (Ross 2015).

Resistance micro-drilling measures the resistance as a slender drill bit is driven into the tree stem at a
constant rate. A resistance profile is produced and areas of decreased resistance may indicate areas of
decay (Gao, Wang et al. 2012). Drilling at the exact location of the internal decay is necessary. A micro-
drilling resistance tool typically consists of a power drill unit, a small-diameter drill bit, a paper chart
recorder, and an electronic device that can be connected to the serial interface input of any standard
personal computer. The diameter of the drill bit is typically very small, from 2 to 5 mm, so that any
weakening effect of the drill hole on the wood cross section is negligible. The drill resistance RD is
defined as

RD=T/@ (Nm s/rad) )
Where T is drilling torque (Nm) and o the angular speed (rad/s).

The use of acoustics and stress wave timers has been established as method applicable to forest products
grading and the determination of bio-deterioration within standing trees (Wang and Carter 2015; Wang
and Allison 2008). Single-path stress wave timing measured across the stem of a tree can be used to
detect internal decay. Two accelerometers mounted on opposite sides of the tree are used to measure the
time required for the sound wave to travel through the tree. The time-of-flight (TOF) of the sound waves
through decayed wood are much greater than that for non-decayed wood. This method is dependent on
tree species and temperature (Allison and Wang 2015). The transmission speed can then be compared to
literature values to predict the extent of decay within the stem (Wang et al. 2004). A 30% increase in
stress wave transmission time implies a 50% loss in strength and a 50% increase indicates severely
decayed wood (Wang et al. 2004). High correlation has been found between acoustic velocity of standing
trees and yield of structural grades of lumber (Amishev and Murphy 2008).
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Acoustic time of flight measurements along the length of a log or standing tree stem can be used to
predict the stiffness and strength of timber produced from that particular piece (Wang and Carter 2015).
Probes are inserted through the bark into the sapwood with one sensor at approximately 50 cm above the
ground and the second sensor 1.0 — 1.2 m above. A mechanical wave is introduced, typically by the use
of a hammer, and the transmission time between the probes is recorded. The transmission time between
probes, the distance between probes and the green density of the wood can be used to calculate the
modulus of elasticity (MOE). MOE is calculated from the following equation

MOE= pV? 2)

where V (m/s) is the acoustic velocity, p (kg/m?) is the density of green wood. Even though this equation
assumes a one-dimensional, homogenous, isotropic material it can be used if the length of the wave is
larger than the lateral dimension of the object (Grabianowski et al. 2006)

Acoustic tomography uses multiple sensors around a tree to measure the stress wave time in multiple
directions. The resulting tomogram produces a two-dimensional image of the stem determined by the
transmission speed of the stress waves. This cross section can be used to assess the tree for internal decay
(Allison and Wang 2015). The tomogram in a representation of the internal acoustic properties of the
cross-section tested and may not reflect the actual internal conditions.

Large Scale Assessment

Tree morphology and wood anatomy, which are the basis of all wood properties, are controlled by
genetics and environment. While many traits are known to be strongly heritable, environmental or
growing conditions at the stand, landscape and even regional scales are also able to strongly affect wood
properties.

Microenvironment is strongly influenced by stand density and knowledge of site factors can be important
to understanding the stand level (or larger landscape level effects) on wood quality. Soil type, wind
exposure, and climate level effects of mean temperature and precipitation can all effect wood formation
and quality. For instance, strong wind loading is known to have a dramatic effect on wood properties and
in steep terrain can have strongly localized effects. In coastal regions where strong winds are persistent,
trees would be expected to produce higher density wood to resist failure.

Silvicultural efforts routinely alter the microenvironment by manipulating stand density. Some
silvicultural practices not only increase the biomass production of trees but also might improve the quality
of the wood in trees. Nakamura (1996) used ultrasonically induced waves to assess Todo-fir and larch
trees and observed significant differences in acoustic velocities and acoustic-determined MOE for trees in
forest stands at different locations and trees of different ages. Wang (1999) examined the effect of
thinning treatments on both acoustic and static bending properties of young growth western hemlock and
Sitka spruce trees obtained from seven sites in southeast Alaska. He found that trees with higher acoustic
velocity and stiffness were mostly found in unthinned control stands and stands that received light
thinning, whereas the lowest values were found in stands that received heavy and medium thinning. His
work also indicates that time-of-flight acoustic technology may be used in the future to monitor wood
property changes in trees and stands and to determine how environmental conditions and silvicultural
innovations affect wood and fiber properties so that the most effective treatment can be selected for future
plantations for desired fiber quality.

Salvaging merchantable wood from a widespread mortality event depends on a timely extraction of the

wood before it deteriorates. With climate change there is an expectation that these events will continue to
increase making improved utilization from salvage operations important. Understanding decay status,
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rates and patterns of decay across a landscape is important to both increase wood recovery from stands
and to guide silvicultural prescription for a restoration of forest health. Knowledge of recovered wood
quality will also allow for improved utilization for high value products such as engineered cross-
laminated timber panels.

Large-scale assessment of wood quality can be very useful for strategic forest management, and if
accurately mapped, can show consistent existence of higher and lower areas of wood quality, which can
in turn be utilized for highest value. To map wood quality gradients across a landscape or region requires
an integration of many advanced tools and techniques such as GIS, remote sensing (passive sensors
and/or active sensors such as LIDAR) (Pokharel et al. 2016) to assess both the detailed structure of the
forest stand but also allow incorporation of larger scale terrain elements. Spatial analysis techniques can
be used to combine spatially explicit factors with ground-truth data of intrinsic wood quality and produce
maps that illustrate large-scale wood quality gradients. Hence accurate measures of wood quality across a
landscape are critical to construct these maps and improve our understanding of factors that influence tree
growth and wood quality. Efforts are already notably underway in New Zealand and Canada that have
produced compelling maps of wood quality (Palmer 2013, Kimberley et al. 2016, Moore et al. 2014, Defo
et al. 2015). If the Forest Inventory and Analysis program of the USDA Forest Service incorporated
measures of wood density into their vast array of plots, it could enable unprecedented insight into drivers
of wood quality and importantly the ability for industry to efficiently utilize wood for its highest and best
use.

Conclusions

Portable and accurate wood quality assessment can now be done in the field where log handling and
efficient value adding begins. However strategic forest management would benefit from a larger scale
understanding of patterns of wood quality across the landscape or region. Adding wood quality

assessment to existing forest monitoring plots would enable an empirically based scaling up which would
also have benefits to those developing predictive models as factors influencing wood quality are complex.
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Abstract

The polymeric angle and concentration within the S, layer of the softwood fiber cell wall are very critical
for molecular and microscopic properties that influence strength, stiffness and acoustic velocity of wood
at the macroscopic level. The main objective of this study was to elucidate the effect of cellulose,
hemicellulose, lignin, microfibril angle (MFA) and density on acoustic velocity and material mechanical
properties of 14 year old suppressed loblolly pine. Cellulose, hemicellulose and density are consistently
the most important drivers of strength, stiffness and velocity. Cellulose and lignin are the highest and
lowest contributor to velocity respectively with lignin acting as a sound wave dispersant while cellulose is
the most important conductor of sound wave at the molecular level, while Hemicellulose acts as a special
coupling agent between the these components. The polymeric constituents are thus important drivers of
sound wave propagation at the molecular level while density played a subsequent role at the macroscale.

Keywords: microfibril angle, hemicelluloses, lignin, acoustic velocity

Introduction

Wood is a fibrous material made up of tubular cells that provide resistance to load bearing forces caused
by tree weight and wind loading (Marra 1979). At the molecular level, wood is composed of cellulose,
hemicellulose and lignin. Cellulose is the stiffest polymer in wood due to its high degree of
polymerization, crystallinity, and linear orientation. Hemicellulose is a non-crystalline branched molecule
composed of a linear backbone of galactoglucomanan and glucomanan, which is attached with side chains
of pentose and hexose (Winandy and Rowell 2005). Winandy and Rowell (2005) stated that
hemicellulose functions to connect the non-crystalline part of hydrophilic cellulose to the amorphous and
hydrophobic lignin. Thus hemicellulose acts to transfer stress between cellulose and lignin. Lignin is a
large hydrophobic tri-dimensional and highly branched phenolic molecule which binds and holds other
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polymers together. It is also a stiffening agent for cellulose and provides resistance to compression forces
(Winandy and Lebow 2001).

Researchers have hypothesized that these polymeric constituents influence the mechanical and acoustic
properties of wood and wood products. Several polymeric cross sectional structural models exist to
explain the morphology of this composite matrix, but most agree that the elementary fibrils of cellulose
exhibit the least variation in dimension due to their high crystallinity, coupled with the interaction
between the lignin and hemicellulose matrix. The hemicellulose matrix is sandwiched between lignin and
the amorphous portion of the cellulose elementary fibrils and is thus defined as a coupling agent between
cellulose and lignin (Winandy and Rowell 2005). The highly hydrophobic lignin polymer acts as a sheath
around the hydrophilic cellulose and hemicellulose matrix. The lignin polymer is entangled in the xylan
portion of the hemicellulose, while the glucomannan of hemicellulose is attached to the non-crystalline
portion of the cellulose elementary fibrils (or microfibrils). Cellulose has been shown to significantly
influence the elastic phase, when the load is applied nearly parallel to the cellulose plane, and thus is
anticipated to impact modulus of elasticity (MOE) at the macroscale. Lignin and hemicellulose become
dominant as the axis of the load is at an increased angle to the axis of the microfibrils. Strength is reduced
by a factor of 10 at the nanoscale level for loads applied at a transverse angle to the fiber axis (Via et al.
2009). At the macroscopic level, softwoods are composed of 90% longitudinal fiber elements specialized
for fluid conduction and mechanical strength. These fibers have multilayered cell walls consisting of one
primary cell wall layer and three secondary layers (S1, Sz, Ss). These layers are differentiated by the
degree of orderliness and orientation of the crystalline portion of the cellulose. The S; layer is considered
most important for the acoustic, or elastic, response of wood because it is located at the middle portion of
the cell wall and accounts for 83% of the overall secondary cell wall (Gridl and Schoberl 2004).

The acoustic properties of live trees have been of significant interest in recent years because stems
currently being harvested without any knowledge of the internal stiffness quality which affects the
performance of the material. The velocity of acoustic waves propagating through the tissue of trees has
been measured to estimate the stiffness of wood, but little is known about the influence of the polymeric
constituents on acoustic velocity. It has been hypothesized that the acoustic response of wood varies as a
function of wood chemistry, macro density, and the angle of the aggregate polymers. To date, only
isolated examples exist where a study considered only one trait at a time, while the effect of all other traits
that might influence velocity were assumed to be held constant.

Thus, the main objective of this study was to explore the effects of polymeric constituents, density, and
microfibril angle (MFA) on the modulus of rupture (MOR), modulus of elasticity (MOE), and acoustic
velocity of 14 year old suppressed loblolly pine.

Materials and Methods
Materials

The materials for this study were selected from a plantation of genetically improved families of loblolly
pine (P. taeda), located at Brantley County near Nahunta, Georgia, USA (latitude 31°12°16"'N and
longitude 81°58°56""W). Eight trees were selected randomly from each family, with care taken to avoid
trees with visible defects, such as leaning, forked stems, chlorotic needles, as well as other less significant
growth defects. The diameters of the selected trees were measured at breast height and ranged from 8.8 to
12.6 cm with a mean of 10 cm.

Acoustic measurements

The selected trees were then harvested and bucked into 180 cm logs and 10 cm thick disks, alternately
along the entire length, yielding 3 - 5 logs, depending on the length of the tree. All 34 logs obtained from
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the 8 trees were used to determine log acoustics. The log acoustic velocity was determined while they
were still green using a Director ST300 tool, the probes were positioned 120cm apart on the side of the
log (Wang et al. 2001; Essien et al. 2016; Essien et al. 2017). Six readings per log were taken from the
north and south aspects of the logs. The 180 cm logs were crosscut into two equal parts and four pair of
disks, measuring 2 cm thick, were taken from the freshly cut surfaces, with 2 pairs taken from each piece.
Three pairs were used to determine the moisture content and basic disk density (referred to as “disk
density” in this study). The dimensions of the disk were taken to the nearest 0.025 mm using a digital
caliper and weight was measured to the nearest 0.001 g. The remaining pair was used for the chemistry
and MFA analysis.

Static MOE and MOR determination

Static MOE and modulus of rupture (MOR) were determined using the small clear specimens measuring
2.5 x 2.5 x 41cm (radial x tangential x longitudinal) prepared from the remaining log samples after the
specimens were conditioned (at 65%RH, 23°C for three month) to approximately 12% equilibrium
moisture content (EMC). Four outermost specimens (the first 2.5 cm sample obtained from each log
without the bark material of the tree) from the north, south, east and west directions around the
circumference of each log — totaling 136 specimens were used for the static bending tests following the
protocols of ASTM D143 (ASTM D143 2007). The load was applied on the tangential-longitudinal face
in a three-point configuration using a Z010 Zwick Roell Testing System (Zwick Roell, Kennesaw, GA,
USA) at a loading rate of 1.3mm/min. The moisture content and outerwood density [referred to as
outerwood density (ODW) in this study and it is the first 2.5 cm sample obtained without the bark
material of the tree at test were determined following the protocols described in ASTM D143.

MFA determination

Strips measuring 1 cm in width were extracted through the pith of the pair of disk samples meant for the
MFA measurement. One sample was prepared in the “south- north” direction while the other was in the
“east-west” direction. Two thin sections of wood samples measuring 0.2mm were sliced from along the
entire length of both 1cm strips per log — one along the north-south and the other east — west directions.
The thin samples were macerated using equal volumes of hydrogen peroxide (30%) and glacial acetic
acid at 80°C for 24 hours for thorough maceration (Essien 2011; Peter et al. 2003). Temporary slides were
prepared from the macerated fibers and an MFA measured following the procedure described by Peter et
al. (2003). The MFA measurements were performed on forty fibers selected from both the earlywood and
latewood using Differential Interference Contrast (DIC) Microscope (Olympus BX53).

Chemistry

The remaining portion of the disks that were used for the MFA measurements were also used for
chemistry; although the MFA measurements were extracted from subsamples of a smaller scale. The
wood was ground to pass the 40-mesh screen sieve using a 3383L10 Wiley Mini Mill (Thomas Scientific,
Swedesboro, NJ). Five grams of the ground sample were extracted with 150ml of acetone for six hours
using a Soxhlet apparatus. The extractive free samples were then used to determine the lignin, cellulose
and hemicellulose content according to the NREL/TP 510-42618. One-half grams of the air-dried
extractive free sample was digested with 72% sulfuric acid and incubated in a water bath set at 30°C for
two hours with intermittent stirring to ensure full and uniform hydrolysis. The solution was diluted with
deionized water to a concentration of 4% and was then autoclaved at 121°C for one hour. The residue
after hydrolysis was filtered and oven-dried to calculate the acid insoluble lignin (AIL). In order to
account for the total lignin content in the specimens, UV- spectrophotometer was used to determine the
acid soluble portion of the lignin. Portions of the filtrate were used to determine the Acid soluble lignin
(ASL) using UV- spectrophotometer (Genesys 10-S Thermo Fisher Scientific, Madison, WI) set at the
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absorbance wavelength of 240nm. The lignin content used in this study is the sum of the AIL and ASL.
The remaining portion of the filtrate was used to determine the monosaccharide composition of the
samples using High-Performance Liquid Chromatography (Shimadzu LC-20A) equipped with an Aminex
87 P column and differential refractive index detector, operated at 85°C for 35 minutes. The
holocellulose, cellulose and hemicellulose contents of the samples were calculated using equations 1, 2
and 3 respectively (Acquah et al. 2015)

Holocellulose = Glucan + Xylan + Arabinan + Mannan Equation 1
Cellulose = Glucan — (é * Mannan) Equation 2
Hemicellulose = Holocellulose — cellulose Equation 3

The actual moisture content of the air-dried extractive free samples used in this study were determined in
order to calculate the dry weight of the samples used in the determination of the chemical composition of
the samples and hence moisture was not included as weight during the computation of the cellulose,
hemicelluloses and lignin. All experiments were performed in duplicate (Via et al. 2014). The data was
analyzed using SAS (SAS, 2014)

Results and Discussion

Chemistry, MFA, density, velocity and mechanical properties

The descriptive statistics of the parameters studied are presented in Table 1. The influence of chemistry,
MFA, and density on velocity, stiffness, and strength are presented in Table 2. Multiple linear regression
analysis conducted reveals significant positive relationship between the response variables and cellulose,
hemicelluloses and density (Table 2). On the other, MFA and lignin exhibit non-significant relationship
with the entire response variables (Table 2). From Tables 2, cellulose, hemicellulose and density are
required to estimate MOR, MOE, and velocity. The results from the indirect path analysis indicate a
significant positive and negative relationship between the outerwood density versus cellulose and lignin
respectively (Fig 1). Also, there were significant negative and positive relationships between the
hemicellulose versus cellulose and lignin respectively (Fig 1). However the relationship between the
predictors when disk density was used in the indirect path analysis indicates a non-significant relationship
among the predictor variables except a significant negative relationship between cellulose and
hemicellulose (Fig 2).

Density is the most influential predictor of MOR and MOE while cellulose is slightly important predictor
of velocity than density (Table 2). The importance of hemicellulose and cellulose in predicting stiffness
and strength confirmed several reports (Winandy and Rowell 2005; Via et al. 2009; Clausen and Kartel
2003). Via et al. (2009) reported that hemicellulose and cellulose associated wavelengths were very
significant in predicting the strength and stiffness of 41 year old longleaf pine using principal component
regression and near infrared reflectance (NIR) spectroscopy. Furthermore, Clausen and Kartal (2003)
attributed the initial rapid loss of MOR (strength) to degradation of side chain sugars especially arabinose
and xylose associated with hemicellulose when the wood is subjected to bio — deterioration.

Density, cellulose and hemicellulose are required for predicting velocity and MOE support the theoretical
fact that the acoustic tools are capable of estimating the stiffness of wood. The major variables driving the
wave propagation in order of importance are cellulose, density, and hemicellulose respectively. In
softwoods, the S; layer which accounts for 80-86% of the cell wall and is composed of 32.7%, 18.4%,
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and 9.1% for cellulose, hemicelluloses, and lignin respectively (Reiterer et al. 1999). Mark (1967)
estimated the densities of the cell wall to be 1.5 g/cm? for cellulose, 1.49g/cm? for hemicellulose, and 1.4
g/cmd for lignin. The higher proportion and density of cellulose and hemicellulose may be responsible for
their respective importance in driving the propagation of acoustic waves at the molecular level. Stamm
(1964) asserted that more than 60% of the cellulose appeared as crystalline which is much stiffer and
stronger than the amorphous portion. The high crystallinity of the cellulose in the S; layer may be
responsible for the sound conductance at the molecular level (Hori et al. 2002). Hori et al. (2002) found a
positive correlation between the acoustic velocity and crystallinity of cellulose. From Models 1 and 2
(Table 2), hemicellulose is less important as compared with cellulose and density in the transmission of
sound waves. At the molecular level, the hemicellulose, which is linked to the non-crystalline portion of
the cellulose and lignin, functions as a coupling agent for effective distribution of stresses (Winandy and
Rowell 2005) just as couplants such as silicone grease function in improving the transmission of sound
waves during acoustics studies of wood (Hasegawa et al. 2011). It is therefore plausible that
hemicellulose acts as a coupling agent for the lateral sound transmission between lignin and cellulose.

The velocity had a negative correlation with lignin. This negative coefficient is important because it
supports the hypothesis that increased lignin slows the sound velocity.

It was hypothesized that lignin which has a highly branched tri-dimensional structure and hydrophobic in
nature and hence may act as a sound dispersant or sink at the molecular level. Via et al. (2009) indicated
that hemicellulose and lignin becomes very important when wood is loaded in the transverse direction.
Similarly, when sound wave is transmitted in the transverse direction of wood, the less sound conductive
hemicellulose and sound dispersant lignin become very important sound driver hence they can influence
the magnitude of the incoming wave at the receiver probe. This observation explains the 2 and 3 times
respective reduction in sound wave velocity in the radial and tangential directions as compared with
sound propagation in the longitudinal direction as reported by Hasegawa et al. (2011). Lignin appeared to
be non-significant predictor in the present study perhaps because the absorption of sound energy by lignin
is passive compared to cellulose which acts as a conductor of sound resulting in a more direct influence
on ToF. When lignin was investigated independently through the path analysis (Figure 1), it has a
significant positive relation with hemicellulose. Notwithstanding however, since these polymeric
constituents accounts for over 95% of the weight of southern pines (Via et al. 2009), their roles may
overlap and therefore different constituent may assume critical influence contingent to the experimental
methods, instrumentation and/or the statistical analytical procedure used.

The relationship between MFA and velocity, MOE and MOR are consistently non-significant as shown
on Table 2 . This result is unexpected as it has been reported that a decrease in MFA will result in an
increase in velocity because the sound wave travels through the axis of the cellulose along the MFA
(Hasegawa et al. 2011). This unexpected result may be due to the sampling method used in the present
study. Most studies investigating the effect of MFA on other wood properties optimize the range of MFA
values through the use of matured wood (from 34 to 63 years) such that the MFA values cover wider
range (Via et al. 2009; Hasegawa et al. 2011). In the present study, the random natural MFA range present
in the 14 year old samples were used hence there was no intention of selecting a wide range of MFA to
optimize its variance. The wood samples used for this study contained higher proportions of latewood
which is not typical of 14 year old loblolly pine. The narrower range of MFA coupled with the higher
density might have the potential to mask the importance of MFA on velocity, strength and stiffness as
observed in this study.
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Table 1 - Summary descriptive statistics of log velocity, chemistry and wood properties

Mean Standard deviation Minimum  Maximum
Disk density (DD) (g/cmq) 0.57 0.06 0.47 0.73
Outerwood density (OWD) (g/cm?) 0.56 0.08 0.42 0.76
Modulus of elasticity (MoE) (GPa) 7.97 2.37 2.71 13.30
Modulus of rupture (MPa) 74.47 16.42 37.10 112.25
Cellulose (%) 42.01 2.30 38.46 48.15
Hemicelluloses (%) 23.84 3.55 16.86 29.91
Lignin (%) 27.39 0.99 25.20 29.39
log velocity (km/s) 4.44 0.44 3.40 5.18
MFA (°) 23.88 2.15 19.35 28.05

Table 2 - Full multiple linear regression models of chemistry, density and MFA for predicting MOR,
MOE and velocity.

MOR MOE Log velocity
Coefficient SE R? Coefficient SE R? Coefficient SE R?
Model 1 T4.47*%** 1.49 76.39 7.97%** 0.23 72.9 4.44%*%* 0.05 59.13
Cellulose 1.95™ 1.74 0.84™ 0.27 0.22*** 0.06
Hemicelluloses 5.18** 1.72 1.00*** 0.26 0.14" 0.06
Lignin 1.41m 1.67 0.17™ 0.25 -0.04"s 0.05
OoOwD 13.6%** 1.68 1.62%** 0.26 0.21%** 0.06
MFA -0.89"™ 1.54 -0.05" 0.23 0.08M 0.05
Model 2 T4.47*%** 2.06 54.4 7.97%** 0.29 56.4 4.44%*%* 0.05 60.04
Cellulose 6.94** 2.29 1.44%** 0.32 0.30%** 0.06
Hemicelluloses 8.29** 2.38 1.37%** 0.34 0.19** 0.06
Lignin -1.06™ 2.23 -0.12m 0.31 -0.06™ 0.06
Disk density 9.99*** 2.13 1.15%** 0.31 0.20** 0.06
MFA -1.06™ 2.21 -0.07ms 0.30 0.07"m 0.05

*p<0.05, **p<0.01, ***p<0.001, ns not significant at p >0.05 DD= disk density OWD = outerwood density, MOE=
modulus of elasticity, MOR= modulus of rupture

MOR

Densityouterwood

Fig 1 - Path analysis of the chemistry, MFA, outerwood density and MOR to examine the effect of
outerwood density on the variables in the model. *p<0.1, **p<0.01, ***p<0.001 ns= nonsignificant at
p>0.1
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Cellulose 0.42™

Hemicellulose

> Lignin

MOR
MFA

» Density disk

Fig 2 - Path analysis of the chemistry, MFA, disk density and MOR to examine the effect of disk
density in the model *p<0.1, **p<0.01, ***p<0.001 ns= non-significant at p>0.1

Conclusions

Acoustic velocity and mechanical properties of the suppressed loblolly pine wood were predicted using
the cellulose, hemicellulose, lignin, MFA and density. Both the multiple linear regression and path
analysis indicate that the same set of variables is responsible for predicting the stiffness and velocity. This
result provides a molecular level evidence to confirm the capability of ToF acoustic tools to estimate
stiffness. The results revealed that at the molecular level, cellulose is the most important molecular
constituent responsible for the acoustic wave propagation; followed by the hemicelluloses; while lignin
acts as a dispersant or sink, thereby reducing sound transmittance. Also the fact that the polymeric
constituents and disk density explained higher proportion of variations in velocity than with outerwood
density provides molecular level support that the ToF acoustic measurements on trees may rely on
dilatational wave instead of the one-dimensional wave. It is possible that using matured trees may present
a different picture which may further help us understand the theoretical operations of the acoustic tools.
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Abstract

Acoustic technologies are progressively being deployed in forestry and wood processing operations
particularly where end wood product values are dependent upon stiffness. Hitman® technology has been
developed to enable application of this technology in harsh operational environments, demanding robust
ruggedised tools. Significant values are associated with stiffness in log supply for LVL veneer production
and structural lumber manufacture. Measurement of acoustic speed allows this value to be captured
through better decision-making, allocation of resource to highest value uses, and application of best
processing methods dependent upon log-by-log measures. This paper reviews recent improvements of
acoustic tools available for research and operational use to measure the stiffness of trees and logs in tree
improvement, mid-rotation and pre-harvest inventory, harvesting and log-making, mill yard, and
processing operations. It highlights technology improvements for easier use, improved precision, and
better results.

Keywords: acoustic technology, Hitman®, stiffness, robust ruggedised tools, value, tree improvement,
inventory, harvest, log making, bucking, mill yard, wood processing

Introduction
Background

Acoustic technology is increasingly being deployed in forestry and wood processing operations around
the world, with greatest value where stiffness is an important property of end wood products. Field-
rugged acoustic tool development and initial operational deployment began in New Zealand 18 years ago
in response to demand from stiffness sensitive wood processors. Tools are used to measure the stiffness of
trees and logs in tree improvement programs, mid-rotation and pre-harvest inventories, harvesting, log-
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making, and mill yard and wood processing
operations. The application of acoustic technology
was summarised on a map of the world by
participants at the 19th NDT symposium in Rio de
Janiero in 2015.

Research and operational application of acoustic
technology has continued to expand around the
world in response to diminishing supplies, transition
to plantation grown forests, intensive silviculture,
genetic improvement in growth rate rather than
wood properties, and declining average age of
harvest.

Targeted wood products include both LVL and machine stress graded structural sawn timber.
Rugged field and processing site environments need robust, waterproof, rugged tools which keep on
working in all weathers and take the knocks.

Where product values depend upon stiffness,
measurement of acoustic speed enables better
decision-making, allocation of resource to highest
value uses, and application of best processing
methods based on log-by-log measures. The most
significant end product value propositions have
been identified in engineered wood products
including LVL, structural plywood, laminated
beams, and structural lumber products.

Tools and technology

The range of tools and technology available has expanded to include hand tools for measuring standing
trees in the forest, and for measuring logs on harvest sites, log yards, and processing operations.

Hitman® ST300 ﬁ#

B
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Hitman® HM200

Automated mechanized versions of these acoustic hand tools have been developed for harvest operations
and wood processing sites.

|

! \ ‘mn T
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It is envisaged that where possible, there will be opportunity dependent upon tool age for Hitman® hand
tools to be upgraded from the current Hitman® ST300 to the new Hitman® ST330 specification, and from
the current Hitman® HM200 to the new Hitman® HM220.

Hitman® standing tree tool improvements

While mechanised systems are subject to ongoing development and improvement and continue to gain
acceptance in harvesting and wood processing operations, recent improvements have also been made to
the hand tools in response to user feedback. The Hitman® ST300 will be superseded by the soon to be
released Hitman® ST330 for measuring stiffness in standing trees. The new Hitman® ST330 implements
a number of learnings from the PH330 processor head development program, including faster hitting,
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better software and hardware filters, more repeatable results, and a number of usability improvements are
planned.

Better productivity
No delay between ‘hits’ — now you can tap the probe in rapid succession, without waiting
for each “tap’ to be processed — simply keep ‘tapping’ until you hear the ‘beep’

Better precision
Precision to the nearest 0.01km/sec simply by ‘tapping’ until this level is reached

Better options
Use your own mobile device (Windows, Android or Apple) with the Hitman® ST330

uapp”

Hitman® ST300 study

A comparative study was undertaken in a radiata pine plantation near InFact Limited’s laboratory in
Christchurch, New Zealand to compare the current Hitman® ST300 tool with the new improved Hitman®
ST330 model.

Objectives

1. To determine the effectiveness of implementing the PH330 waveform filtering and sorting
algorithm in the ST300 in a lab situation, and validation in a real world situation

2. To quantify the amount by which the PH330 time of flight (ToF) determination algorithm
reduces ToF variation

3. Validate the improved time of flight measurements between the ST300 and ST330

Method

Required Tools
1. 2 xST300 Rx tools with production settings (FW V5.00, Threshold = 500, Knee 1 = 8, Knee 2 =
35)
2. 2 x ST330 Rx tools with the PH330 algorithms installed and previously determined algorithm
settings.
1 x Tx s/n 0026.
1 x HM200.
1 x Panasonic Tough book field laptop and P121-010-ST Connect program to record the ToF
measurements (Lab testing).
Testing hammer.
7. Tape measure.

ok w

o

Evaluation of ToF Variation (Lab Testing)
Log Selection

A single dry Radiata pine log was used to perform the lab testing. The log had been stored in the InFact
workshop for approximately 12+ months.
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Testing

The method used to carry out the testing in the lab was as follows:
1. Install the Rx probe holder 200 mm from the cut end and install the ST300 Rx probe (s/n 0120).
2. Install the Tx (s/n 0026) approximately 500 mm from the Rx probe holder.

Measure and record the face to face distance between the Tx and Rx probe using a tape measure.

Record the distance displayed on the Rx probe.

Connect the ST300 to the P121-010-ST Connect program.

Ensure the algorithm settings are standard.

Perform 100 hit samples. For each set of hits, record the ToF measurements.

Leaving the Tx probe and Rx holder in place, remove the Rx probe and replace with a ST330

(s/n 0058) Rx probe running the ST330 algorithm (using the previously determined algorithm

settings).

8. Repeat steps 2-6 for the ST330 tooling.

9. Start again from step 1 to achieve 3 sets of tests of 100 sequential hits for the ST300 and ST330
tooling.

10. Carry out steps 1-9 with the exception of steps 4 and 5 and instead record the velocity and ToF
measurements from the readout on the Rx probe.

w

No ok

Evaluation of ToF Variation (Four Freshly Cut logs)

Log Selection
Two Radiata pine and two Douglas fir logs were sourced for testing. The properties of the test logs are
given in the following Table.

SED [mm] LED[mm] Length [mm] Species
320 370 2640 Radiata
275 300 2590 Radiata
290 345 2635 Douglas fir
250 300 2595 Douglas fir

Algorithm Settings
For each log the output of the filtered accelerometer waveform data of 20 hits per log were recorded to
determine suitable values for algorithm settings.

Testing
Each of the four logs was tested to determine the ToF at a probe spacing of 500 mm, 1000 mm and 1500
mm. The method used was as follows:

1. Install the Rx probe holder 200 mm from the cut end and install the ST300 Rx probe (s/n 0120).
2. Install the Tx (s/n 0026) approximately 500 mm from the Rx probe holder.

3. Measure and record the face to face distance between the Tx and Rx probe using a tape measure.
Record the distance displayed on the Rx probe.

Use the STConnect software with the Toughbook to record 5 lots of 20 ToF measurements.
Repeat steps 3-4 for the ST330 (s/n 0058) tooling.

Repeat steps 2-5 for each distance of 500mm, 1000mm and 1500mm (note: Do not remove the
Tx probe and Rx probe holder between tests with the ST300 and ST330 tooling).

1SRN o
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7. 7. Repeat steps 1-6 for each of the four test logs.

Results and Observations

Evaluation of ToF Variation (Lab Testing)

To test the effectiveness of the ST330, three sets of tests of 100 sequential hits were carried out in the
InFact workshop using both the ST300 and ST330. The time of flight for each hit was recorded using the
P121-010-ST Connect monitoring program. Table 4 gives the average ToF and the standard deviation
across the 100 hits of each test. Across all the tests the ST330 produced ToF data with a standard
deviation of between 1 pus and 2 ps. The standard deviation of the ToF data using the ST300 was between
5 ps and 6 ps. This implied that the variance of the measurements using the ST300 was between 3 to 5
times larger than when using the ST330.

Table 1: Raw data

ST300 ST330
Average ToF [us] Std. Dev [us] Average ToF [ps] Std. Dev [us]

302 6 315 2
Test 1

302 6 315 1
Test 2

303 5 315 1
Test 3

Figure 1: Raw data

S$T300 and $T330 Raw Data at 1000mm Probe Spacing The ST300 and ST330 were retested in the same
manner as described in the method with the
exception of taking the averaged ToF reading
from the Rx display. Table 5 gives the average
of ToF readings and the standard deviation
across the 100 hits of each test. In all the tests,
the ST330 produced ToF readings with a
standard deviation of 1 ps. The standard
deviation of the ToF readings using the ST300
was between 2 us and 3 us. This implied that the
. : variance of the ST300 measurements was
L w e e w ww www between 2 to 3 times larger than that of the
ST330.

Table 2: Rx Readout data

ST300 ST330
Average ToF [pus] Std. Dev [us] Average ToF [ps] Std. Dev [ps]
Test 1 251 2 262 1
Test 2 251 2 263 1
Test 3 255 3 262 1

63



ST300 and ST330 Rx Readout at 1000mm Probe Spacing F|gu re 2: Data taken from RXx readout

it Number

Figure 3 shows how the ToF measurement’s cumulative standard error of the mean (SoM) decreased with
an increase in number of hits. The ST300 SoM did not improve greatly after 90 to 100 hits whereas the
ST330 SoM did not improve significantly after 30 hits. This implies that for testing, a sample of size of
90 to 100 hits would produce an average ToF result with a target standard error of 0.01km/s for both
tools. It is also implied that for both the ST300 and ST330 tooling, after 90 sequential hits, the mean of
each test would be less than 0.1 us away from the “real” ToF value of the test specimen. The SoM
calculation method is described in the Appendix.

Cumulative Std Error Of The Mean Figure 3: Cumulative Standard Error of the
Mean

o Assuming a test of 100 hits would be sufficiently
| close to the “real” ToF value of the test specimen,
5 : a two tailed t-test could be carried out to produce
e a ToF measurement within a pre-defined
{1 tolerance and a specified confidence interval
3 (refer Appendix). If a 95% confidence level was

chosen there would be confidence that the ToF
value found after x number of hits would be plus
» = = = orminus the tolerance level away from the

sample mean in 95% of the tests.

Based on a 100 sample size and the cumulative standard deviation of the three tests carried out on the
ST300 and ST330, Figure 4 shows that in order to report an average ToF measurement to an accuracy of
43 ps of the “real” ToF value with 95% confidence, at least 20 hits are required for the ST300 and at least
3 hits are required for the ST330. The minimum number of hits only applies to the individual test and
therefore must be computed in real time. It should also be noted that an absolute minimum number of
hits, for example 8, should be chosen to ensure the standard deviation was statistically significant.

This method could be used as a way of determining the number of hits required to get to a pre-determined
level of accuracy with 95% confidence, at which time the tool would signal the user to cease taking hit
samples. Alternatively the confidence interval method could be used to estimate and display the standard
error of the mean of the velocity measurements taken in real time such that the user would continue
tapping until such time as an accuracy level determined by the user was met.
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" Figure 4: Number of hits required to meet a
L selected tooling accuracy
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Evaluation of ToF Variation on Four Freshly Cut logs

Using the ST300 and ST330 tooling, ToF and wave velocity measurements of four freshly cut logs were
taken at probe spacings of 500 mm, 1000 mm and 1500 mm. 5 lots of 20 ToF measurements were carried
out at each distance for each tool. It was found that the variation in the ToF measurement in both species,
was between 1.5 and 9 times larger for the ST300 than for the ST330 (refer Table 6 and Table 7). The
variation in ToF measurements of the ST300 between the Radiata and Douglas fir logs was found to be
approximately the same, with the largest difference in ToF of 1.5 between the species (refer Table 6). The
variation in ToF measurements in the ST330 between Radiata and Douglas fir logs was found to be between
0 and 3 times greater (refer Table 7). Figure 5 shows the comparison of the ToF test results of the ST300
and ST330 tooling for both species of log.

The same testing process was carried out on a brass calibration bar to use as a datum, due to the homogenous
material properties of brass. The average ToF and wave velocity measurements in brass for both toolings
are also given in Table 6 and Table 7.

Table 6: ST300 Average ToF and Wave Velocity at Nominal Distances

ST300 Log 1 (Radiata) Log 3 (Douglas fir) Brass Calibration Bar
Nomin[z;l]!] nI:q);stance Average ToF [us] Standard Dev. Average ToF [ys] Standard Dev. Average ToF [ys] Standard Dev.
500
1000

1500

Nominal Distance Average Velocity Standard Dev. Average Velocity
[mm]

500
1000
1500

ST330 Log 1 (Radiata) Log 3 (Douglas fir) Brass Calibration Bar

Nominal Distance Average ToF [us] Standard Dev. Average ToF [us] Standard Dev. Average ToF [us] Standard Dev.
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500
1000

1500
Nominal Distance

[mm]
500

1000
1500

$T300 and ST330 Time of Flight at Different Lengths Figure 5: Comparison of ToF at Different
Lengths

For each test length the face to face tooling
distance, minus 150 mm for face to probe tip
offset, was divided by the ToF measurement at
that length to give the velocity of the acoustic
wave (refer Table 6 and Table 7). This was
carried out in order to normalise the ToF with
respect to distance. Assuming that velocity is
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e mpt

Tima of Flight [jis]
x g "

- @M Mﬁx‘ﬁ&ﬁt”’&w@ constant throughout the Iog.’s length and is not
R e =7 dependant on probe separation, the trend of
oo m m % e » w oa o® ow ow velocity across the different probe distances

Sequestial Hit Number

should be horizontal.

Figure 6 and Figure 7 compare the acoustic wave velocity in a brass calibration bar, Radiata and Douglas
fir, as measured by the ST300 and ST330 tooling respectively. The brass calibration bar was used as a
datum as the material was considered to be homogenous throughout its length and has similar wave speed
as seen in Radiata and Douglas fir. Figure 6 and Figure 7 show that the trend of velocity with respect with
probe distance was found to be horizontal. This implies that the probe spacing had no effect on the wave
velocity measurements.

Figure 6 shows that the variation in wave velocity of the ST300 was largest when the probe spacing was
at 500 mm. However the ST330 did not show the same sensitivity, as the variation in velocity
measurements were consistent at all distances on both log types (refer Figure 7). The ST330 velocity
measurements at 500 mm showed the same or less variation than the ST300 at all probe distances.

Error was introduced due to measurement and calibration uncertainties. The face to face measurement
was carried out using a tape measure. It was assumed that the face to face distance could be measured to
an accuracy of +5 mm. The calibration process reports a tooling accuracy of + 3 s, which was used as a
source of uncertainty. The relative uncertainty error from both sources was propagated to find the
uncertainty error of the velocity measurements and is shown in Figure 6 and Figure 7 and also given in
Table 8.
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ST300 Velocity in Brass Calibration Bar and Logs

Figure 6: ST300 Comparison of Wave Velocity
at Different Lengths*
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\ Figure 7: ST330 Comparison of Wave Velocity
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Table 4: Uncertainty Error in Wave Velocity Measurements

Brass Bar Radiata

Douglas fir

ST300 NEE ST300 ST330 ST300 NEE

Nominal Distance [mm] Error [+tkm/s] Error [+km/s] Error [+km/s] Error [+tkm/s]

500

Error [+tkm/s] Error [+km/s]

1000

1500

Conclusions

From lab testing it was found that the filtering and sorting algorithm used in the new model ST330

produced sequential time of flight (ToF) measurements with less variation when compared to the existing
ST300.

From analysing the raw ToF data over 100 sequential hits the ST300 measurements were found to have a
standard deviation between 5 pus and 6 ps for each test. The standard deviation for each test from the
ST330 data was found to be between 1 ps and 2 ps. From the averaged ToF data taken from the Rx
display the standard deviation across 100 sequential hits was found to be between 2 ps and 3 ps for each
test using the ST300 and 1 ps for each test with the ST330. The decrease in variance in sequential
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measurements implied that the algorithm implemented in the ST330 improved the repeatability of the
ST330 measurements when compared to the ST300. During testing no warm up behaviour was observed
in either the ST300 or ST330 tooling.

The use of a confidence interval was proposed to determine when to stop taking hit samples either by
allowing the user to choose the desired level of accuracy and cease taking hit samples when their chosen
level was met or by pre-determining an accuracy level which when met the user would be informed by the
tooling to stop taking hit samples.

The testing of four freshly cut logs at 500mm, 1000 mm and 1500mm probe spacing found that the
variation in the ToF measurements was between 1.5 and 9 times larger for the ST300 than the ST330. The
variance for the ST300 ToF measurements was between 6 ps and 9 us in Radiata pine and between 4 ps
and 9 us in Douglas fir logs. The variance for the ST330 ToF measurements was between 1 ps and 3 ps in
Radiata pine and 1 us for all distances in Douglas fir. The results from the log testing further supported
the result of the lab testing and validated the improvement of the filtering and sorting algorithm used in
the ST330.

Due to the horizontal trend of the velocity measurements at various probe spacings, it was concluded that
probe spacing had no effect on the wave velocity measurements.

Appendix
Standard error of the mean

The standard error of the mean (SoM) is calculated from a sample by taking the average of a successively
growing subset of the ToF data, then taking the standard deviation of a successively growing subset of the
averages found and dividing the cumulative standard deviations by the sample subset size. The equation is:

Yici (g —%)?

O':
$ n—1

SoM =

Sl

Where:
SoM cumulative standard error of the mean.

n is the subset sample size which grows with every recalculation (in this case hit) until the final SoM
includes all ToF values in the sample.

o is the cumulative standard deviation.
x is the ToF data.

X 1S the subset ToF mean.
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Confidence Interval

Table 5: Two tailed t-test
t Table

cum. prob ts U ) tas te LY om Te ¥ 595 L LEY
one-taill] 050 025 020 015 0.10 0.05 0.025 0.01 0005 0.001 0.0005
two-tails| 100  0.50 040 030 0.20 010 005 0.02 001 0.002 0.001

1] 0.000 1.000 1.376 1963 3.078 6.314 1271 3182 6366 31831 636.62
2 0.000 0.816 1.061 1.386 1.886 2.920 4303 6.965 9.925 22.327 31.599
3 0.000 0.765 0.978 1250 1.638 2353 3182 4541 5841 10215 12924
4 0.000 0.741 0.941 1.180 1.533 2132 2776 3747 4.604 7173 8610
5 0.000 0.727 0.920 1.156 1.476 2.015 2571 3365 4.032 5.893 6.869
6| 0.000 0.718 0.906 1134 1.440 1943 2447 3143 3.707 5.208 5.958
7| 0000 0711 0.896 1119 1415 1.895 2365 2998 3.499 4.785 5.408
8| 0.000 0.706 0.889 1108 1.397 1.860 2.306 2896 3.355 4501 5041
9 0.000 0.703 0.883 1100 1.383 1.833 2262 2821 3.250 4297 4781
10| 0000 0700 0879 1.083 1372 1.812 2228 2764 3.169 4144 4587
11 0.000 0.697 0.876 1.088 1.363 1.796 2201 2718 3.106 4025 4.437
12|  0.000 0.695 0.873 1.083 1.356 1.782 2179 2681 3.055 3.930 4318
13| 0.000 0.694 0.870 1079 1.350 1771 2.160 2650 3.012 3.852 4221
14] 0.000 0.692 0.868 1076 1.345 1.761 2145 2624 2977 3787 4140
15| 0.000 0.691 0.866 1.074 1341 1.753 2131 2.602 2.947 3.733 4073
18] 0.000 0.690 0.865 1071 1337 1.746 2120 2583 2921 3686 4015
17] 0.000 0.689 0.863 1.069 1333 1.740 2110 2567 2.898 3646 3.965
18| 0000 0688 0.862 1.067 1330 1.734 2101 2552 2.878 3.610 3.922
19] 0.000 0.688 0.861 1.066 1328 1729 2,093 2539 2861 3579 3883
20 0000 @ 0.687 0.860 1.064 1325 1725 2086 2528 2.845 3.552 3.850
21  0.000 0.686 0.859 1.063 1323 1721 2,080 2518 2.831 3527 3819
22] 0.000 0.686 0.858 1061 1321 1717 2074 2508 2819 3505 3.792
23| 0.000 0.685 0.858 1.060 1319 1714 2,069 2500 2.807 3.485 3768
24] 0.000 0.685 0.857 1.059 1318 1711 2.064 2492 2797 3.487 3.745
25| 0.000 0.684 0.856 1.058 1.316 1.708 2.060 2485 2.787 3.450 3725
26| 0000 0684 0.856 1.058 1315 1.706 2056 2479 2.779 3.435 3.707
27] 0.000 0.684 0.855 1.057 1314 1.703 2.052 2473 27mM 3421 3.690
28| 0000 0683 0.855 1.056 1313 1.701 2048 2467 2.763 3.408 3674
29] 0.000 0.683 0.854 1055 1311 1.699 2045 2482 2.756 3396 3.658
30| 0.000 0.683 0.854 1055 1310 1.697 2042 2457 2750 3385 3646
40  0.000 0.681 0.851 1.050 1.303 1.684 2021 2423 2.704 3.307 3551
60| 0.000 0.679 0.848 1045 1.296 1671 2.000 2390 2660 3232 3.460
80| 0.000 0.678 0.846 1043 1292 1.664 1.990 2374 2.639 3.195 3416
100  0.000 0.677 0.845 1042 1.290 1.660 1.984 2364 2.626 3174 3.390
1000| 0.000 0.675 0.842 1037 1.282 1646 1.962 2.330 2581 3.098 3.300

Z| 0000 0674 0842 1036 1282 1645 2326 2576  3.080 3291
0% 50% 60% 70% B80% 90% 95% 98% 99% 99.8% 99.9%
Confidence Level

Assuming the mean ToF of infinite hits will approximately equal to the ToF of the sampled tree, the t, 5
value for an infinite set is:

to o5 Value = 1.960

The confidence interval or error about the sample mean (%) is:

Os

€0.95 = to.95 (\/_ﬁ)
Where: o, = Cumulative standard deviation of sample, n = number of samples or hits taken.

The error (+&q95 [us] ) will mean you are confident that the mean of your sample data will be within
t¢&9.95 [unit] of the “real” ToF value 95% of the time.

Velocity measurement display

After hitting has ceased and a certain length of time has passed the velocity measurement of the sample is
to be displayed in the same way as the ToF measurements i.e. “v + E, o5[km/s]” for example “3.15+.02
km/s”.

where:
v= % is the velocity [km/s]

X is the average ToF of the hit data

Ey o5 1s the error of the velocity measurement

The error of the velocity measurement will be propagated by:
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€0.95
Egos = v *( 7 )

Modified z-score method

The modified z-score method is a statistical technique developed by Iglewicz and Hoaglin (U.S Dept. of
Commerce, 2013). The modified z-score of the data point is calculated at each hit. The method identifies
potential outliers in the data by assessing whether the z-score value exceeds a threshold value (the value
recommended by Iglewicz and Hoaglin is t = 3.5 however, this value can be changed to suit the typical
ST330 ToF data). The formula for the modified z-score is as follows:

_ 0.6745(x; — %)

i MAD
Where:
x; Is the data value (i.e. ToF)
X is the median of the data subset
n is the data subset size
MAD is the median absolute deviation:
MAD = Yizilx — X|
n

If [m;| > t then the data point x; may be a potential outlier.

It should be noted that the modified z-score has no significant effect in data sets with less the 6 data points.
The larger the data set the more pronounced the effect of an outlier is and therefore the m; value will be
larger.

An explanation of the Modified z-score method can be found at:
http://www.itl.nist.gov/div898/handbook/eda/section3/eda35h.htm
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Abstract

We aimed to evaluate the hybrid poplar plantations from two growing sites by stress wave and
fractometer nondestructive test techniques in order to determine the effects of growing site, clone
differences and initial plant density on the wood quality of standing trees. The experiments were carried
out on 11 years old and 12 years old stands in Ipsala and izmit districts, respectively. These stands were
consist of adjacent parts where five hybrid poplar clones, 1-214 (Populus nigraxP. deltoides), 1-45/51 (P.
nigraxP. deltoides), I-77/51 (P. deltoides), S307 (P. nigra), and 89M (P. nigra) were planted with initial
spacing of 2x2 m, 3x2 m, 3x3 m, and 4x3 m. Twenty five sample trees for every clones and initial
spacing in two growing sites were measured to determine the wave velocity parallel to grain. A wood core
in 5 mm diameter was extracted from the breast height of every trees with an increment borer for the
bending fracture strength and compression strength. The results showed that there were no significant
differences in stress wave velocities of the clones between the growing sites except 1-77/51. However the
bending fracture strength and the compression strength of poplar wood from Ipsala were sligthly higher
than Izmit. We found significant differences between the wave velocities of the trees from different
clones. Similarly, the bending and the compression strengths obtained from the core samples by
fractometer changed significantly between the clones. In general the lowest values were obtained from I-
214 followed by 1-45/51 and 89M at both growing sites. The highest values were observed in S307 and |-
77/51. As for the plant density, we couldn’t observed any comprehensible results in wave velocity and
fractometer test.

Keywords: nondestructive test, stress wave, fractometer, poplar clones, plant density, growing site

Introduction

In Turkey, as well as all over the world, industrial plantations with fast growing species are of high
priority to tackle the shortage of wood supply. Poplar (Populus spp.) represent the fastest growing trees in
the temperate regions. Turkey is one of the major country for poplar plantations with an area of 125.000
ha which represents a remarkable increase in past two decades (FAO 2012). Planted poplar forests are
primarily owned by the private sector (98% of total area) and are largely used for production purposes
(=80.000 ha for roundwood production). The registration and identification of poplar clones of different
origins have continued in the experimental nurseries of the Poplar Research Institute, 1zmit. Programs
concerning the genetic modification of poplars continue to enhance resistance against pests, diseases and
other stresses, namely drought or flooding, and to improve technical properties as well as growth and
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yield. Breeding programs focus on black poplars (Populus nigra L.) as one of the main poplar species in
the country. P.x euramericana “1-214”, P.x euramericana “I-45/51” and P.deltoides “Samsun” clones have
been successfully planted in hybrid poplar plantations, which are composed of 75% “1-214” and “1-45/51”
clones, and 25% “Samsun” clones, the latter being preferred in the Black Sea region due to its rapid
growth (IPC 2012). In planted poplar forests, including highly productive poplar clones, growth rates are
reported to range from 2.75 to 41 m3/ha/yr mean annual increment, on average 17 m3/ha/yr. Rotation
periods are rather short and span in most cases 10 to 20 years for the production of industrial roundwood,
and 2 to 30 years, on average 20 years, for the production of fuelwood and biomass (IPC 2012).

Poplar wood production continues to increase on or close to agricultural land. More than 80% of black
poplar wood is utilized as roundwood for rural construction purposes and for the daily needs of the rural
people. Additionally, poplar wood industries have developed, producing fiber boards and chip boards,
furniture, packing material, particle boards, plywood, and matches, mainly from hybrid poplars (P.x
euramericana). Turkey is one of the top producers of poplar wood with reported removals of 3.5 million
m3 (IPC 2012).

As forest products companies are interested in hybrid poplar clones for the manufacture of a variety of
products, the selected clones must meet the needs of the forest industry for diverse end uses. The physical
and mechanical properties of hybrid poplar wood may shows great variations depending on the growing
site factors as well as the genetic differences between the clones. It is widely reported in the literature
that significant variation in physical and chemical composition exists among hybrid poplar clones
depending on the genetic makeup (Chantre 1995; Ivkovich, 1996; Matyas and Peszlen 1997; Hernandez
et al. 1998; Peszlen, 1998; Goyal et al 1999; DeBell et al 2002). Information on basic wood properties of
poplar grown in short-rotation plantations and on opportunities to alter such properties through
silvicultural practices and management decisions is limited. Reports on the relation of wood density or
specific gravity to growth rate are inconsistent. Beaudoin et al. (1992) and Hernandez et al. (1998)
pointed out significant but weak negative correlations between wood density or mechanical properties and
growth rate in P. deltoidesxnigra. Peszlen (1998) found no effect of growth on specific gravity or
mechanical wood properties of three poplar clones.

Significant efforts have been devoted to develop robust nondestructive evaluation (NDE) technologies
capable of predicting the intrinsic wood properties of individual trees, stems, and logs, and to assess the
value of stands and forests. Such technologies can help foresters make wise management decisions, grow
higher quality wood, and lead to greater profitability for the forest industry. Acoustic technologies have
been well established as material evaluation tools in the past several decades. Recent research
developments on acoustic sensing technology offer further opportunities for wood manufacturers and
forest owners to evaluate raw wood materials (standing trees, stems, and logs) for general wood quality
and intrinsic wood properties. This provides strategic information that can help make economic and
environmental management decisions on treatments for individual trees and forest stands, improve
thinning and harvesting operations, and efficiently allocate timber resources for optimal utilization (Wang
et al. 2007).

The aim of this study is to evaluate the hybrid poplar plantations from two growing sites by stress wave

and fractometer nondestructive test techniques in order to determine the effects of clone differences and

initial plant density on the wood quality of standing trees. Effect of growing site on the acoustic velocity
and the strength of wood determined on the increment cores was also investigated.
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Materials and Methods

Experimental stands

Two experimental poplar plantations planted by The Izmit Poplar Research Institute for research purposes
in Ipsala and Izmit districts were selected as the sample sites. These plantations were composed of
adjacent parts where five hybrid poplar clones that are 1-214 (Populus nigraxP. deltoides), 1-45/51 (P.
nigraxP. deltoides), I-77/51 (P. deltoides), S307 (P. nigra), and 89M (P. nigra) were planted with initial
spacing of 2x2 m, 3x2 m, 3x3 m, and 4x3 m. Figure 1 shows the plantation plan of the experimental
sites. Each part of the stands had 25 poplar trees at the age of 11 in Ipsala and 12 in Izmit. Therefore, 500
trees from each growing site were sampled for the acoustic measurements and increment core tests.
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Figure 1— The plantation plan of the experimental sites.

Measurements on the standing trees

Time-of-flight (TOF) acoustic method was employed to determine the acoustic velocity of the standing
poplar trees. The system includes two probes containing piezzoelectric sensors (start sensor and stop
sensor), a portable timer, and a hand-held hammer. The probes are inserted into the tree trunk (into
sapwood) with an angle of less than 45° with the stem and aligned within a vertical plane on the same
face. The lower probe is placed about 0.5-0.6 m above the ground. The distance between the lower and
upper probes was 1 m (Figure 2). The acoustic energy is then directed into the tree trunk by hammer on
the input probe. The resulting acoustic waves are detected by the sensors and transmitted to the timer and
hence, time-of-flight was measured. After TOF measurement, acoustic velocities were calculate by

o S
T~ TOF
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where Cr is tree acoustic velocity (m/s), and S is distance between the two probes (sensors) (m).

Tree measurements were taken from a randomly selected side of the tree trunk. Three readings were
collected from each tree to derive average acoustic velocity. Diameter at breast height (DBH) of each tree
was also measured.

Fractometer device developed by IML was used to determine the bending fracture strength and
compression strength of the trees. This device breaks a radial increment core, 5 mm in diameter, under
bending and compression loads. The bending angle, bending load at fracture and compression strength are
determined. A wood core was extracted from the breasth height of each tree trunk in a diameter of 5 mm
with an increament borer. The wood cores were then placed in the corresponding clamping device,
aligned according to its fibre direction, and loaded with bending and compression forces. The load is
transmitted to the core sample by slowly and continuously pushing the two lever arms and it has to be
increased until the wooden core fails or brakes. The maximum transmitted load equates to the failure load
(Figure 3).

Accelerometer

S=1m

W D Timer

Figure 2— Experimental setup for acoustic measurements.

8 & d

Figure 3— Experimental setup for radial bendifng (left) and compreséion‘ barallel to gra.i.'r-i Eright) test on the

increment cores.
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Data analysis

Analysis of Variance (ANOVA) was used to determine the effect of clone differences and the planting
density on the acoustic velocity of standing trees and the mechanical properties measured on the
increment cores. Duncan test was applied to determine the homogeneity groups. In addition, t-test was

applied to compare the poplar clones grown in Izmit and Ipsala.

Results and discussions

Table 1 shows the results of the acoustic velocity measurements of the poplar trees from Izmit district.
The letters below the numbers indicate the homogeneity groups. The results showed that the acoustic

velocity values of the trees changed significantly between the clones at a confidence level of 95% in lzmit

district. The acoustic velocity of the 1-214 and 1-45/51 clones (P. nigraxP. deltoides) were found
significantly lower than the I-77/51 (P. deltoides), S307 and 89M clones (P. nigra) at low planting
densities (9 m2 and 12 m?) where the latter clones were identical. However, when the planting density
increased to 4.5 m? and 6 m? the differences between the clones have become insignificant except for
S307 clone which had significantly higher velocity than the others. When the effect of planting density
within the clones is examined, a significant decrease is seen in the velocities of 1-214 and 1-45/51 clones
with the decreasing planting density to 9 m2 and 12 m2, while it was not found a comprehensible change
in the velocity values depending on the planting density in the other clones. This finding also explains
why 1-214 and 1-45/51 clones had significantly lower velocity values than others when planted sparsely
while there were no remarkable difference between the clones when planted denser.

Table 1—Acoustic velocity measurments results for 1zmit district

Planting density (m?)

14 3861,8 (263,9) 3784, (280,4) 3610,8 (251,1) 34372 (228,1)
DE* CD B A
L4551 3840,8 (338,8) 236468 (244,7) 3659,1 (271,7) 35382 (140,6)
DE BC BC AB
— 38115 (296,8) 41234 (236,6) 4162,0 (220,4) 4004,8 (198,2)
CD FGH GH EFG
S307 41983 (250,2) 39914 (277.4) 41181 (1759) 3897,7 (192,5)
H EF FGH DE
soM 38433 (248,7) 3775,6 (330,8) 3992,3 (2353) 38443 (285,6)
DE CD EF DE
*p<0,05

Table 2 shows the results of the acoustic velocity measurements gathered from Ipsala district. As in the
Izmit plots, significant differences were found between the poplar clones in Ipsala plots. The acoustic
velocity of the 1-214 and 1-45/51 clones (P. nigraxP. deltoides) were found significantly lower than the
others while 1-77/51 and S307 clones generally had the highest velocity values at all planting densities.
When we examined the effect of planting density on the acoustic velocity, the results were a little bit
confused. Nevertheless, it can be said with the exception of 1-214 clone that the highest velocity values
were obtained at the lowest planting space (4.5 m?) and inversely the lowest velocities were obtained at
the highest planting space (12 m?).
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Table 2—Acoustic velocity measurments results for Ipsala district

Planting density (m?)

14 3763,4 (448,3) 36253 (19355) 3692,5(242,9) 37834 (257,4)
BC B B BC
L4551 3801,1 (253,7) 33054 (220,8) 3784,2 (267,1) 34543 (241,9)
CD A BC A
— 42421 (210,0) 3770,8 (195,0) 3954,7 (240,2)  3752,1 (169,1)
G BC D BC
<307 41209 (193,8) 41839 (142,9) 40182 (1658) 37432 (207,5)
EFG FG DE BC
soM 4053,6 (344,7) 3758,4 (321,9) 3906,4 (204,7)  3632,6 (165,3)
DEF BC CD B
*p<0,05

Table 3 and Table 4 show the results of radial bending strength and compression strength parrallel to
grain on the increment cores in Izmit district. As seen on the Tables, the lowest strength values in both
bending and compression tests were determined in 1-214 and 1-45/51 clones which also had the lowest

velocity values. However, when the planting space increase to 9 m? and 12 m?, the bending strength of I-
45/51 were significantly higher than 1-214 and identical with the other clones. The strengt values obtained
from 1-77/51, S307, and 89M clones were relatively close to each other and generally placed in the same
homogenity group at all planting density. When we consider the planting density, even if some significant

differences were observed, it can be conclude that the planting density had no comprehensible effect on

the strength values determined on the increment cores.

Table 3—Radial bending strength results for 1zmit district

Planting density (m?)

Clones 4.5 6 9 12
1-214 6,60 (0,91) 7,03 (0,46) 6,61 (0,61) 7,63 (1,36)
A AB A BCD
|-45/51 7,04 (0,69) 7,50 (1,28) 8,60 (0,83) 8,38 (0,93)
AB BC FGH EFG
1-77/51 8,61 (0,98) 9,14 (0,87) 8,78 (0,76) 8,91 (0,62)
FGH H FGH GH
3307 7,78 (0,78) 8,26 (0,98) 8,76 (0,91) 8,63 (0,75)
CDE EFG FGH FGH
89M 7,38 (1,09) 8,46 (1,35) 8,17 (0,65) 8,36 (1,30)
BC FG DEF EFG
*p<0,05
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Table 4—Parallel compression strength test results for 1zmit district

Planting density (m?)

Clones 45 6 9 12
1214 17,44 (160) 17,79 (141)  17,51(1,22) 16,52 (2,08)
AB BC AB A
L4551 17,64 (1,28) 16,49 (127)  18,79(2,20) 17,72 (1,39)
ABC A c BC
L7751 2158 (1,86) 22,40 (1,61)  21,61(1,36) 22,02 (1,57)
EF F EF F
$307 2258 (2,02) 2057 (167)  21,75(157)  22,23(1,71)
F DE EF F
8OM 2039 (1,93)  21,72(291)  2148(217)  20,35(2,35)
D EF DEF D
*p<0,05

Table 5 and 6 show the results of radial bending strength and compression strength parrallel to grain on
the increment cores in Ipsala plots. It is clear from the tables that the lowest strength values in both
bending and compression tests were determined in 1-214 and 1-45/51 clones at all planting spaces. The
other clones were found close to each other and higher than 1-214 and 1-45/51 clones in terms of the
strength values. As mentioned before similar trend was also observed in velocity values. Conflicting
results were obtained about the effect of planting density on the strength values of hybrit poplars.

Although the some significant differences were found between the planting densities, the results were not

comprehensible. For instance, the compression strength of S307 clone tends to be low as the planting

space increse, but we couldn’t observed the same trend in radial bending. No significant differences were
found between the compression strength of 1-77/51 depending on the planting density. 1-214 and 1-45/51

clones reached the highest compression strength at 6 m2 planting space, while 1-77/51 and 89M clones

reached the highest value at 9 mz2,

Table 5—Radial bending strength results for Ipsala district

Planting density (m?)

Clones 45 6 9 12
1214 8,93 (1,08) 8,37 (0,92) 8,07 (0,67) 8,35 (0,95)

CDE ABC A ABC
L45/51 8,85 (0,95) 8,65 (0,66) 8,19 (0,56) 8,66 (0,73)

BCDE ABCD AB ABCD
177751 10,13 (0,86) 9,39 (0,72) 8,93 (1,14) 9,98 (0,84)

HIJ EFG CDE GHI
S307 10,67 (1,11) 8,96 (0,59) 9,56 (0,98) 9,72 (0,76)
J CDE EFGHI FGHI

SOM 9,45 (1,82) 9,23 (0,86) 8,39 (1,14) 10,21 (1,07)

EFGH DEF ABC 13
*p<0,05
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Table 6—Parallel compression strength test results for Ipsala district

Planting density (m?)

Clones 45 6 9 12
1214 17,45(0,96) 19,27 (1,40)  18,15(1,74) 17,07 (1,82)
A c ABC A
L4551 18,87 (1,19)  19,13(1,60) 17,99 (1,33) 18,94 (1,33)
BC c AB BC
L7751 22,74 (1,38) 21,59 (1,49) 22,67 (1,49) 21,79 (1,41)
G EFG G FG
$307 2247 (156)  22,33(1,31)  21,40(1,64) 20,40 (1,14)
FG FG DEF D
8OM 2158 (1,28)  20,62(2.21)  2251(1,93) 21,36 (1,48)
EFG DE FG DEF
*p<0,05

Also the confusing results were observed when compared to the same clones in terms of the growing site.
For example, for 1-214 clone, according to t-test results, there was no significant difference between Izmit
and Ipsala at 4.5 m?, 6 m?, and 9 m? spacing with regards the acoustic velocity while significant difference
was found at 12 m2. However, in 1-77/51 clone, there were significant differences between Izmit and
Ipsala at all planting density. Nevertheless, the velocity values obtained from two plots ranged from 3437
m/s to 4198 m/s for Izmit and ranged from 3305 m/s to 4242 m/s for Ipsala. Thus it can be say that the
velocity values obtained from lzmit and Ipsala district were too close to each other. The same situation
was true for radial bending and compression strength values.

When a general evaluation is made between the acoustic velocity and the bending and compression
strength obtained from clones, it seem that the compression strength values were verified the acoustic
velocity measurements where the values of 1-214 and 1-47/51 clones were significantly lower than the
others while the other clones were close to each other. However, the same clear relation could not been
observed between the velocity and radial bending strength.

Conclusions

The acoustic velocity values of the hybrid poplar trees changed significantly between the clones at a
confidence level of 95% in both growing sites. In general, the acoustic velocity of the 1-214 and 1-45/51
clones were found significantly lower than the 1-77/51 (P. deltoides), S307 and 89M clones (P. nigra).
The same results were also obtained by the radial bending and parallel compression strength tests
performed on the increment cores where the lowest strength values were determined again in 1-214 and |-
45/51 clones. Conflicting results were obtained about the effect of plant density on both the velocity and
the strength values in both growing sites. We could not find a clear difference in velocity values or
strength values of the poplar clones between Izmit and Ipsala growing sites. The parallel compression
strength test performed on the increment core was more compatible with the acoustic measurements than
the radial bending test.
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Abstract

Cross laminated timber (CLT) is a multi-layer wooden panel that has received much attention in the last
two years in Chile. Dimensional lumber is the main input material and it is desirable to know its material
damping, specially for vibration performance assessment. The present study focuses on the evaluation of
material damping in lumber board specimens with dimensions that are typical for CLT panels. Using the
impact test method, 60 lumber boards made out of Radiata Pine were subjected to flexural vibrations. The
tests involved different visual grades and lumber board orientations (edgewise and flatwise). A total of
240 material damping evaluations were performed, through Logarithmic Decrement and Circle Fit
methods. The findings of this study suggest that lumber boards for CLT panels have low material
damping ratios, with mean value of 0.72%. Lumber boards with lower visual grades have the highest
damping ratios for edgewise vibration. On the other hand, both logarithmic decrement and circle fit
methods are useful for estimating material damping ratios, with good accuracy. Finally, the exhaustive
material damping database presented in this work may improve knowledge about damping mechanisms
and vibration performance of CLT panels

Keywords: material damping, lumber boards, comfort properties, transverse vibration

Introduction

Cross laminated timber (CLT) is a multi-layer wooden panel that has received much attention in the last
two years in Chile. Dimensional lumber is the main input material and it is desirable to know its material
damping, especially for vibration performance assessment (Karacabeyli and Douglas, 2013).

Material damping is defined as internal friction by transformation of mechanical energy into heat during
cyclic stress (Woodhouse, 1998; Ouis, 2002). When damping is close to resonance, it will have a large
beneficial influence on the structural response since it decreases both the amplitude of steady-state
oscillations as well as the duration of transient oscillations (Labonnote et al, 2013)

What is known about wood material damping is largely based on musical instruments studies (Fukada,
1950; Fukada, 1951; Ono and Norimoto, 1985; Nakao et al 1985; Foster, 1992; Bremaud et al, 2011). In
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the last few years, much more information on material damping has become available for an acoustic use
of timber (Obataya et al, 2000; Bucur, 2006; Spycher et al, 2008), or else concerning the mechanical
pulping use of timber (Havino, 2009).

However, has been little discussion on the damping properties of timber elements for structural use. Some
preliminary work was carried out in the early 1970s (Yeh et al, 1971). They reported material damping
values on real-sized wood frames, by free flexural vibration tests. In a major advance in 2013, Labonnote
et al provide new values for material damping of timber beams that are typical for common floor
structures. They tested 22 timber beams, of two different types, in flexural vibrations through the impact
test method. Their damping evaluations were performed for various configurations, which included
different spans as well as orientations.

The present study focuses on the evaluation of material damping in lumber board specimens with
dimensions that are typical for CLT panels. About sixty Pinus Radiata D.Don lumber boards
(33x145x4900mm), with different visual and mechanical grades (INN, 2005), were tested in transverse
vibration according ASTM D6874-12 standard (ASTM, 2012). A total of 240 material damping
evaluations were performed, through logarithmic decrement and circle fit methods (Ewins, 2000; Brandt
2011). Due to the scarce quantification of damping properties for structural use, the intention of the
present study is to provide new and reliable values for material damping of lumber boards that are typical
for CLT panels.

Materials and Methods

Experimental Setup

A total of 60 Pinus Radiata D.Don lumber boards, with different visual grades, were tested in transverse
vibration according ASTM D6874-12 standard. The nominal dimensions and properties are summarized

in Table 1, and they represent typical dimensions in common lumber boards for Chilean CLT panels

Table 1— Nominal dimensions and properties of the tested lumber boards

Property Lumber type 1 Lumber type 2  Lumber type 3
Visual grade (worst to better) G2 Gl GS

Number of specimens 20 20 20

Length (mm) 4900 4900 4900

Cross section (mm x mm) 33x145 33x145 33x145

Mean density (kg/m3) 479 488 513

Mean moisture content (%) 11 11 12

Mean modulus of elasticity (GPa) 10.52 12.00 13.11

Each lumber board was simply supported with a symmetric overhang. Supports used were constructed of
either rigid steel tripods or sections of thick steel cylinders. Teflon sheets were added in between the
timber beam, and the steel supports in order to minimize friction and other sources of structural damping.
Unless otherwise stated, all boards were measured for 2 orientations: flatwise and edgewise, as shown in
Figure 1.
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(b)

Figure 1—(a) Board orientations. (b) Example of visual grades of boards

Experimental evaluations of material damping ratios

A general-purpose modal analysis impact hammer was used to set the board into motion. A soft tip was
employed in order to excite lower frequencies. Transient vibrations due to modal hammer impact were
recorded by one industrial, ceramic shear, IMI accelerometer screwed into the board. The load and
acceleration time series were then digitalized and processed by a compactDAQ system. The sampling
frequency was fixed to 1652 Hz, and 10 s data were recorded for each impact. The experimental setup is
displayed in Figure 2.

F(t)
Loading

Acceleration

-
- T T W%

Figure 2— Experimental setup for material damping ratio evaluation

Logarithmic Decrement (LD) and Circle Fit (CF) methods were used for determining the fundamental
frequency and damping ratios. LD uses the exponential regression line of the maximum amplitudes in the
acceleration time history (Brandt, 2010), while CF uses the frequency response function between
acceleration and force, through fast Fourier transformations (FFT) (Ewins, 2000). Figure 3 shows typical
curves for both methods.
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Figure 3— (a) Acceleration time history used for LD method. (b) Frequency response function
used for CF method Experimental setup for material damping ratio evaluation

Results and Discussion

A total of 240 material damping evaluations were performed, through LD and CF methods, for edgewise
(EW) and flatwise (FW) orientations. The mean value for material damping ratio was 0.72%, and
significant difference was found between G2 and GS visual grades in FW orientation. On the other hand,
no significant difference was observed between LD and CF methods, as shown in Figure 4.
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Figure 4— Confidence intervals (95%) for damping ratio evaluations
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Conclusions

The findings of this study suggest that lumber boards for CLT panels have low material damping ratios,
with mean value of 0.72%. Lumber boards with lower visual grades have the highest damping ratios for
edgewise vibration. On the other hand, both logarithmic decrement and circle fit methods are useful for
estimating material damping ratios, with good accuracy. Finally, the exhaustive material damping database

presented in this work may improve knowledge about damping mechanisms and vibration performance of
CLT panels.
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Abstract

Southern pine is one of the most used softwood resource in the United States, which is commonly used in
light frame construction. The use of wood as structural lumber requires a suitable method to ensure the
strength and stiffness of the material. The majority of southern pine lumber is visually graded. Visual
grading is based on the effect of growth characteristics have on the performance properties of structural
lumber. Pith, number of rings per inch (RPI), and percentage of latewood (LW) are growth characteristics
that can be visually identified, and its presence may indicates higher percentage of juvenile wood. The
objective of this study was to evaluate the effect of pith (not included in the visual grading rules), RPI,
and LW on specific gravity (SG), modulus of elasticity (MOE), and modulus of rupture (MOR). A total
of 291 specimens of southern pine No. 2 2 x 8 lumber were used. Near half (54.7%) of the specimens
tested contained pith, and averaged 4.5 RPI and 42.5 % latewood (LW) and met or exceeded the strength
requirements for southern pine No. 2 grade. All growth characteristics (pith, RPI, and LW) had significant
effect on SG, MOE, and MOR. However, the improvement in SG, MOE, and MOR yielded using RPI
and LW as an indicator of stronger boards was higher than using pith.

Keywords: pith, rings per inch, percentage of latewood, mechanical properties

Introduction

The use of wood as structural lumber requires a precise grading method to ensure its strength and stiffness
values (Blass and Frese 2004). There are two main methods of grading lumber; visual and mechanical
grading systems. In the U.S., the most commonly used method is visual grading (Kretschmann and
Hernandez 2006).

The visual grading system classifies lumber into grades based on characteristics of knots, wane, and warp
which decrease lumber value and serviceability (Kimball and Lowery 1967). In addition to these
characteristics, pith, annual rings and percent of latewood are growth characteristics that can also be used
to classify lumber into different grades (Kretschmann 2010).

Visual grading was first developed in or around 1927 and it was based on lumber that contained a large
percentage of mature wood from old-growth trees with a high percentage of clear wood. Juvenile wood
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was not included in the visual grading system (Madsen and Nielsen 1992). To meet the demand for wood
products, many landowners supply trees from managed plantations. The growth rate of southern pine is
classified as fast-growing in plantations and the success of these plantations is largely due to an extensive
silviculture program. Silviculture practices have significant positive impacts on the growth and yield of
southern pines (Antony et al. 2015).

Any change in the growth of timber results changes in wood properties and consequently in the quality of
wood products (Zobel and Van Buijtenen, 1989). Fast-grown plantations tend to be harvested in short age
rotations which results in higher proportions of juvenile wood. Juvenile wood typically exhibits lower
stiffness and strength and may not meet the performance requirements for dimension lumber (Larson et
al. 2001; MacPeak et al. 1990; Kretschmann 2010).

A simple and fast way to identify lumber that contains high percent of juvenile wood is the presence of
pith. However, this characteristic is not included in the visual grading rules (SPIB 2014). Many authors
have reported that presence of pith can be an indicator of juvenile wood, which affects the density of the
piece. In many cases, it is possible to identify the high strength pieces by eliminating those pieces that are
low in density (Winandy and Boone 1988; Kretschmann and Bendtsen 1992; Tong et al. 2009; Dahlen et
al, 2014). The objective of this study was to evaluate the effect of pith, number of rings per inch (RPI)
and percentage of latewood (LW) on specific gravity, and bending strength and stiffness of commercially
produced southern pine No. 2 2 x 8 lumber.

Material and Methods

A sample of southern pine visually graded weight by production per region was collected from 15 of the
original 18 southern pine growth regions (Jones 1989) (Figure 1). A total of 291 pieces of 2 x 8 No. 2
grade structural lumber was collected. The lumber was grade stamped from either the Southern Pine
Inspection Bureau (SPIB) or Timber Products Inspection (TP) grading agencies. The sampling mimicked
the in-grade lumber sampling used to derive design values by SPIB. No. 2 grade lumber was selected
because it accounts for the largest volume of southern pine produced. A certified grader from either SPIB
or TP regraded all specimens to assure that the sample were actually No.2 grade.

1.000
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Figure 1. Map of southern pine growth regions of southern pine
The RPI and LW were measured at each end of each piece according SPIB (2014), and an average value

for RP1 and LW was calculated and recorded for each piece. All six faces of the specimens were
inspected in order to evaluate the presence of pith. If pith appeared on either half of the length it was
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considered as containing pith. The dimensions, weight, and moisture content (MC) of each specimen was
recorded.

Edgewise bending tests were performed according to ASTM D 198 (2014c) via four-point loading on an
Instron testing machine utilizing Bluehill 3 software, with a depth/span ratio of 17 to 1. The specimens
were oriented randomly in the test fixture to better represent the actual in-service use. The rate of loading
was in accordance with ASTM D 4761 (2014b). The deflection was measured by a deflectometer in the
mid span to determine MOE. MOR was calculated from the maximum load.

The adjustments of each piece for MOE to standard loading conditions, were according to ASTM D 1990
(2014d), ASTM D 2915 (2014a), and Evans et al. (2001). Then, data was adjusted to 15% MC and
adjusted to four-point uniform loading. The MOR of each specimen was adjusted to 15% MC according
to ASTM D 1990 (2014d). The allowable design bending strength (Fy) for the sample was calculated
using the nonparametric 5th percentile at a 75% confidence interval and divided by 2.1 safety and load
duration factor according to ASTM D 2915 (2014a) and Evans et al. (2001). The results found in this
research for MOE and F, were compared to the new and prior design value (SBPIB 2013).

The statistical analyses and associated graphs were developed in SAS 9.4 (SAS Version 9.4, 2013)
according to ASTM D 2915 (2014a). The mean, and coefficient of variation (COV) for RPI, LW, SG,
MOE and MOR were calculated. Pith, RPI, and LW were divided into groups to evaluate their effects, if
any, on mechanical properties. Pith was divided into groups, specimens containing no pith, and specimens
containing pith.

The cut off point for RPI and LW groups followed SPIB rules. For souther pine lumber, No. 2 grade
should have approximately 4 or more annual rings per inch on either end of the piece, or 1/3 average of
summerwood. The two RPI groups were called upper RPI (specimens with RPI higher or equal to 4.0),
and lower RPI (specimens with RPI lower than 4.0). The same was done for LW, upper LW group
(specimens with LW higher or equal to 33.0%), and lower LW group (specimens LW lower than 33.0%).
Statistically significant differences for SG, MOE and MOR between pith, RPI and LW groups were found
using PROC GLM at a = 0.05 level.

Results and Discussion

The summary statistics for pith, number of rings per inch, and percentage of latewood are shown in Table
1. Approximately, half (54.5 %) of the specimens contained pith, with an average of 4.5 RPI, and 42.5 %
of latewood. The 2 x 8’s specimens collected met the number of rings per inch, and percentage of
latewood required for No. 2 grade southern pine lumber (SPIB 2014).

Table 1. Summary statistics for pith, number of rings per inch (RPI), percentage of latewood (LW),
specific gravity (SG), modulus of elasticity (MOE), modulus of rupture (MOR) of No. 2 2 x 8 southern

pine lumber

Overall Mean Median cov
Pith (%) 54.7" - -
RPI 45 3.7 57.0
LW (%) 425 41.1 25.1

“Percentage of samples that contained pith
The effect of pith, number of rings per inch, and percentage of latewood on specific gravity, modulus of

elasticity (MOE), modulus of rupture (MOR) are shown in Table 2. The SG, MOE and MOR mean values
were 0.54, 10.5 GPa, and 39.0 MPa, respectively. The overall MOE yielded in this study exceeded the
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new design value (9.7 GPa), and met the old design value (11.0 GPa) after rounding according to ASTM
D1990 (2016).

Table 2. Effect of pith, number of rings per inch, and percentage of latewood on specific gravity (SG),
modulus of elasticity (MOE), modulus of rupture (MOR) in No. 2 2 x 8 southern pine lumber

Variable Overall Presence of Pith Rings per Inch Percentage of Latewood
No Pith Pith >4.0 <4.0 >33.0 <33.0

SG 0.54 0.55 0.52 0.57 0.52 0.55 0.50
(10.0%) (10.0 %) (9.0 %) (10.5 %) (8.3%) (9.3 %) (7.8 %)

MOE 10.6° 10.9° 10.0° 12.02 10.0° 11.0° 9.2°
(20.6 %)  (19.4 %) (21.1 %) (18.3 %) (19.1 %) (19.3 %) (18.4 %)

MOR 39.0 40.3 37.1 44.4 36.8 40.5 34.6
(332%)  (36.1%) (27.7 %) (36.2%) (29.4%) (33.6 %) (27.8 %)

Coefficient of variation (shown in parenthesis)

“ns indicates no statistical difference at o = 0.05 within groups

3Indicates MOE value met 2011 design value (11.0 GPa) after rounding to nearest 0.7 GPa ASTM D1990 (2016)
bIndicates MOE value met 2013 design value (9.7 GPa) after rounding to nearest 0.7 GPa ASTM D1990 (2016)

Specimens in the upper RPI yielded the higher MOE values (12.0 GPa), and exceeded the current (9.7
GPa) and previous (11.0 GPa) design value required for No. 2 grade southern pine lumber (SPIB 2014).
Specimens in the upper LW (11.0 GPa) also exceeded the current design value and met the previous
design value. The MOE yielded for lumber that contained pith (10.0 GPa), lumber with RPI lower than
4.0 (10.0 GPa), and lumber with LW lower than 33% (9.2 GPa) met the new design value only.

There was a significant effect of pith in SG, MOE, and MOR (Figure 2). The SG of specimens that
contained pith was significantly higher than specimens that contained no pith, 0.55 vs 0.52, respectively.
The MOE found for specimens that contained no pith were significantly higher than specimens with pith
(10.9 vs 10.0 GPa). Same trend was found for MOR, where specimens with no pith were significantly
higher than specimens with pith (40.3 vs 37.1 MPa). The results of this research were similar to the
results reported by Dahlen et al. (2014), where specimens without pith were higher in SG (0.50 vs 0.44),
MOE (11.9 vs 8.8 GPa), and MOR (53.4 vs 35.8 MPa) than specimens with pith.

MOE (GP3)
o

(@) (b) (©)
Figure 2. Boxplots of specimens contacting pith and containing no pith for (a) specific gravity; (b)
modulus of elasticity (MOE); (c) modulus of rupture (MOR)

The RPI groups also had a significant effect on SG, and bending properties (Figure 3). The SG (0.57 vs
0.52), MOE (12.0 vs 10.0 GPa), and MOR (44.4 vs 36.8 MPa) of specimens that had RPI higher or equal
to 4.0 were higher than specimens that had RPI lower than 4.0. For LW, specimens with LW equal or
higher than 33% were significant higher in (0.55 vs 0.50), MOE (11.0 vs 9.2 GPa), and MOR (40.5 vs
34.6 MPa) (Figure 4).
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Figure 3. Boxplots of lumber in upper and lower classes of rings per inch for (a) modulus of elasticity
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Figure 4. Boxplots of lumber in upper and lower classes of percentage of latewood for (a) modulus of
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elasticity (MOE); (b) and modulus of rupture (MOR) of No. 2 2 x 4 southern pine lumber

Table 3 shows the improvement in SG, MOE, and MOR of specimens that contained no pith, had upper
RPI higher or equal to 4.0, and LW higher or equal to 33%, against specimen with pith, RPI lower than

4.0, and LW lower than 33%.

Table 3. Improvement of pith, number of rings
per inch, and percentage of latewood on specific
gravity, modulus of elasticity, modulus of rupture

in No. 2 2 x 8 southern pine lumber

Variable SG MOE MOR
Pith 5.5% 8.2% 8.0%

RPI 8.7% 16.6% 17.1%
LW 9.1% 16.3% 14.1%

The SG was the variable less influenced by pith, RPI, and LW (5.5%, 8.7%, and 9.1%, respectively). The
highest improvement in MOE and MOR was observed between upper RPI and lower RPI groups (16.6%
and 17.1%, respectively). For all growth characteristics evaluated, pith had the least percentage of

improvement.

Many studies have been shown pith as an indicator of juvenile wood, which is the wood with lower
strength and stiffness, and it could be used to improve the visual grading system. Kretschmann and
Bendtsen (1992) found that specimens of 2 x 4 loblolly pine with pith were composed of at least 80% of

juvenile wood. The authors also reported that pith could be used to improve the visual grading system.
Dahlen et al. (2014) studying the effect of pith on SG, and mechanical properties in 2 x 4 southern pine
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lumber, reported that lumber without pith was 14% greater SG, 35% greater MOE, and 49% greater
MOR, which are higher than the results found in this study.

It appears that the difference on the effect of pith on 2 x 4s and 2 x 8s dues to the width of the specimens.
Alexander (2014) observed a significant effect of pith on MOE, and an increase in MOR on specimens
with pith when compared to the MOR of specimens with no pith (). The author reported that the increase
in MOR may due to the effect of knots sizes rather than presence of pith. Future studies in different sizes
and different growth characteristics (knot, slope of grain, wane) would be in order to improve the quality
of visual grading system.

Conclusions

Pith, number of rings per inch, and percentage of latewood had significant effect on specific
gravity, and modulus of elasticity, and modulus of rupture

e Specimens that contained no pith, or RPI higher or equal to 4.0, and LW higher or equal to 33.0%
LW vyielded greater mean values of specific gravity, and bending properties

o Number of rings per inch and percentage of latewood yielded higher improvements in SG, MOE
and MOR, than pith

e Pith appears to have less impact on 2 x 8s compared to 2 x 4s
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Abstract

Bending stress intensity on a structural element can influence the results of some non-destructive testing.
Three beams with cross-section (50mm x 100mm) and span (2100mm) of Apuleia leiocarpa specie were
submitted to the four-point bending test, with load intensity varying from 0% to 50% of the estimated
rupture load. For each level, sclerometric impacts were applied at nine fixed points on each lateral face
and, the ultrasonic wave propagation velocity was determined by these corresponding points. Statistical
analysis showed that the results obtained by sclerometric test were equal. On the other hand, for stress
levels, we obtained differences in the wave propagation velocity, implying non-homogeneity of the
ultrasonic method results. The results of this research indicate that sclerometric method has a potential for
estimating some properties independently of the stress level of beams in service.

Keywords: non-destructive testing, sclerometry, incremental loading.

Introduction

External forces applied to structural elements in service changes the internal stress state, which can affect
the results of non-destructive testing, such as civil construction inspections. Research is necessary to
understand how much the results of each method can be affected.

Presently, there are some studies to evaluate how the non-destructive methods are affected by stress
intensity variations on wood structural elements. André et al. (2006) observed that it is possible to
estimate wood stress level though the non-destructive method NIR (Near-infrared). For this, beams with
cross-section 50.8mm x 50.8mm and span equal to 1016mm were submitted to four-point bending test,
while NIR was applied between the load points, at tension and compression zones. They estimated
tension and compression loads by NIR results and correlated this loads with applied loads, then they
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obtained correlation coefficients greater than 0.96, proving that stress state changes the results of the non-
destructive test used.

The wood’s acoustoelasticity phenomenon, i.e., the relationship between state of stresses and waves
propagation velocity through the material was evaluated by Goncalves and Ormonde (2005). For this
purpose, six pinus beams were submitted to flexural test with applied load in the middle of the span
(three-point bending). During the application of loads varying from 10 to 50% of the rupture stress,
ultrasonic wave velocity was obtained in the tangential direction to the fibers, i.e., the same direction of
load application. The authors concluded that compression wave velocity decreases with the increase of
the stress.

Ormonde et al. (2006) evaluated timber beams of Eucalyptus, measuring 60mm x 200mm x 6000mm and
100mm x 500mm x 1500mm, submitted to four-points bending test, and the ultrasound test was applied to
the three wood orthogonal directions. They found correlation coefficients higher than 0.84 between the
incremental tension and the ultrasonic velocity. They concluded that the results obtained from the normal
direction to the grain were more influenced by bending load variation, therefore being the most
recommended direction to evaluate the wood's acoustoelasticity.

In a recently study, Soriano et al. (2014) used the non-destructive sclerometric method to estimate wood
density. For this, they used prismatic samples with 80mm x 200mm x 300mm extracted from beams of
three Brazilian species. Sclerometric impacts were applied on radial, tangential and longitudinal
anatomical directions of wood. They concluded that sclerometric indexes have correlation to wood
density. Even if each direction needs an equation for estimating the density through sclerometric indexes,
all anatomic directions showed correlation coefficients greater than 0.84 between sclerometric indexes
and wood density. However, it is questioned if the results of this non-destructive method are affected by
the stress intensity of beams.

In this context, this research aimed to evaluate if the increased stress in timber beams could produce some
significant difference in sclerometric impact and ultrasonic velocity applied in the perpendicular direction
of wood fibers.

Metodology

In this research were used three beams of garapa specie (Apuleia leiocarpa), with cross-section 50mm x
100mm and 2500mm of length. From one tip of each beam, a piece measuring 50mm was discarded, and
another piece with 150mm was cut off to produce specimens for the compression parallel to grain testing.
Thereby, each beam with 2300mm of length were used in four-point loading test as procedure described
by American Society for Testing and Materials D198 (2014).

Four-point loading

The four-point loading test was applied as procedure of ASTM D198 (2014). Thus, the support points
were placed with 2200mm span, and the distance between each support and load point was equal to
700mm (Figure 1).

To suppress the stress concentration influence on the loading points, the nearest 100mm from the load
points were not used, resulting in a central region measuring 500mm for sclerometric and ultrasonic
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testing (Figure 1). In this beam region, bending moment action is uniform and shear stress is zero, which
is important for the purposes of this research.

700mm ! 700mm ! 700mm
Figure 1. Four-point bending test and points for sclerometry and ultrasonography.

Points for sclerometric and ultrasonic testing

For sclerometry application, in the central span of the beam (500mm) a middle line and two other lines,
25mm distant from the top and bottom of the beam, were marked (Figure 2), as minimum value described
by European Committee for Standardization BS EN 12504-2 (2012). Each line contained 21 points with
equal stress zone: neutral line, compressive and tensile stress (Figure 3).
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Figure 3. Beam marked at the compressive (C), neutral (N) and tensile (T) zones.

Load levels estimation

To evaluate the effects of varying load levels on sclerometry, seven load levels were preset accordingly to
the fiber-parallel compression load. For this purpose, three specimens obtained from the beams with
dimensions of 50mm x 50mm x 150mm were submitted to compressive test, as specified by Brazilian
Association of Technical Standards ABNT NBR 7190 (1997). The lowest value of parallel compression
strength was used for calculating the tensile strength (Eg. 1), that was used to estimation of the maximum
load applied in the flexural test (Eq. 2).
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where fiest is the estimated tensile strength (MPa), feo is the lower compressive strength parallel to the
fiber obtained from the three samples for each beam (MPa)

Then, the maximum load to be applied on each beam was calculated by:
Fmax = ,L—h (2)

where Fmax IS the maximum flexural estimated load supported by beam (N), | is the beam’s inertial
moment (m?), L is the span between the supports (m), h is the beam height cross-section (m)

Based on the maximum load (Fmax), SiX intensity levels with 10%, 15%, 20%, 30%, 40% and 50% were
calculated, that were applied on the beams at the four-point bending test (Table 1).

Concerning to the 0% level, only the weight of steel I-beam (equal to 1kN) were applied. The I-beam
(Figure 1) was used to application of load in two points.

Table 1. Minimum fiber-parallel compressive strength (fco), estimated maximum load (Fmax) and the load levels
applied on the beams.

Beam 1 Beam 2 Beam 3
foo (MPa) 78.44 66.86 70.65
Fmax (KN) 23.92 20.25 21.87
0% (kN) 1.00 1.00 1.00
10% (kN) 2.39 2.02 2.19
15% (kN) 3.59 3.04 3.28
20% (kN) 4,78 4.05 4.37
30% (kN) 7.18 6.07 6.56
40% (kN) 9.57 8.10 8.75
50% (kN) 11.96 10.12 10.93

Sclerometric test

A Digital Silver Schmidt BN (PROCEQ, Switzerland) with 2.207J was used to apply sclerometric
impacts. The equipment measures the rebound energy in relation to the energy from the impact applied
against a plain surface. For each load level intensity in the bending test, the impacts were applied on three
columns of points, in both faces of the beam. For each load level, a total of 18 sclerometric impacts were
performed (Figure 4).
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Figure 4. Sclerometric test.
Ultrasonography

On the same points of sclerometry application, the ultrasonography was performed, then, a total of nine
ultrasonic wave velocity were obtained for each load level (Eq. 3). In each corresponding point, the
ultrasonic test was applied before and during the flexural test. For this test, the equipment EPOCH 1000
(OLYMPUS NDT, EUA) and plane transducers of 1MHzwere used (Figure 5).

®)

where V is the ultrasonic wave velocity (m/s); b is the cross-sectional width (m); t is the time obtained in
the EPOCH 1000 (OLYMPUS NDT, EUA) (s)

The frequency of the transducers was chosen so that the piece thickness is comprised between 3 and 5
wavelengths, or more. Alves et al. (2013) evaluated cubic pieces of Garapa (Apuleia leiocarpa)
measuring 150mm, at 12% moisture content, and obtained to the perpendicular direction of grain the

wave velocity around 1,600m.st. With this velocity and with the use of 1MHz transducers, by Equation
4, the wavelength results in approximately 1.6mm.

V=2-f (4)
where V is the wave velocity (m.s™); 4 is the wavelength (m); f is the frequency of the transducers (Hz).

In the perpendicular to grain direction, the beams dimensions were approximately 50mm, ensuring at least
31 wavelengths through the material, according to the minimum number of ultrasound waves.
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Statistical analysis

The normality of data was performed through skewness and kurtosis of the sclerometric impacts groups

applied to each load level. Data were considered normal when skewness and kurtosis values were

between -2 e 2. If group normality is observed, the Tukey method can be applied for grouping creating.

Results

The statistical analysis showed that both sclerometry and ultrasonography data had a normal distribution,

since skewness and kurtosis values varied between -2 and 2, as presented in Table 2.

Table 2. Sclerometric indexes, wave velocity, and data normality.

Sclerometry

Ultrasonography

Load SI* SDev™ Skewness  Kurtosis WV SDev™ Skewness Kurtosis
Level (m/s)
0% 22.9 6.4 0.33 -1.23 2094.1 34.9 -0.17 -1.93
10% 23.3 6.3 0.57 -1.32 2055.3 28.3 0.60 -1.42
15% 22.9 8.6 -0.86 1.45 2028.2 26.9 0.98 -0.48
Beam 1 20% 23.0 5.3 0.71 -0.18 2011.5 20.6 0.73 -1.52
30% 24.3 4.8 -0.23 -1.05 2027.5 30.3 0.76 1.61
40% 23.2 4.5 0.83 1.72 2047.8 15.5 1.29 0.65
50% 25.3 5.1 -0.14 -1.05 2051.4 19.6 0.00 -1.54
0% 22.6 3.7 -0.64 0.44 2248.6 28.1 -0.08 -1.79
10% 22.2 5.1 -0.04 0.18 2201.0 6.1 -0.77 -1.50
15% 20.7 5.4 -0.18 -1.16 2190.6 20.8 0.68 -0.88
Beam2 20% 22.3 5.2 0.77 2.00 2181.6 26.8 -0.59 -0.02
30% 22.5 5.4 -0.09 -0.63 2188.6 23.9 -1.02 1.90
40% 21.9 5.3 -0.59 -0.77 2157.1 15.3 -0.91 0.33
50% 23.2 5.1 -0.53 -1.11 2165.3 26.1 -0.77 -0.11
0% 24.9 5.1 -0.23 -0.61 1919.2 13.1 -0.30 -1.60
10% 23.0 4.4 -0.38 -0.33 1901.7 17.9 0.29 -1.40
15% 23.1 6.2 0.35 -0.66 1888.1 16.3 -0.51 -0.71
Beam 3 20% 24.3 7.3 0.25 -1.48 1954.6 60.9 0.90 -0.60
30% 23.4 5.9 0.13 -0.39 1923.4 36.0 0.20 -1.51
40% 25.0 6.2 -0.45 -0.31 1946.6 68.4 0.68 -1.24
50% 22.5 5.5 0.39 -0.08 1881.2 29.4 -0.81 -0.24

* Sl = Sclerometric indexes, equivalent to the mean of 18 sclerometric impacts. ** Standard deviation

*** \WV = Wave velocity, equivalent to the mean of nine wave velocities obtained by ultrasonography.

After verifying the normality of the sclerometrics and ultrasonic wave velocities results, the data from
both methods were grouped through Tukey method at 95% confidence.

As the Tukey method denoted the same letter for all sclerometric data (Table 3), for each column, it is

possible to conclude that the distinct load levels cannot be discerned for each one of the beams.

The non-differentiation of the sclerometric indexes results with the increase of bending load represent a
useful information for some desired applications of the method. For example, when the sclerometric
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method is used to estimate the density of the structural elements in service, the results are not dependent
of the external loads applied.

Table 3. Sclerometry groupings.

Beam 1 Beam 2 Beam 3

II__:\?SI NSI®  Mean Group™ II__:\?:I NSI® Mean  Group™ II__:\?SI NSI* Mean Group™
50% 18 25.3 A 50% 18 23.2 A 40% 18 25.0 A
30% 18 24.3 A 0% 18 22.6 A 0% 18 24.9 A
10% 18 23.3 A 30% 18 22.5 A 20% 18 24.3 A
40% 18 23.2 A 20% 18 22.3 A 30% 18 23.4 A
20% 18 23.0 A 10% 18 22.2 A 15% 18 23.1 A
15% 18 22.9 A 40% 18 21.9 A 10% 18 23.0 A
0% 18 22.9 A 15% 18 20.7 A 50% 18 22.5 A

* NSI =Number of sclerometric impacts
** Based on the LSD Tukey test with a 5.0% margin of error, there is no statistically significant difference between the values denoted by the

same letter.

For ultrasonic results, as the Tukey method denoted different letters for distinct levels, it is possible to
conclude that the distinct load levels cannot be discerned by ultrasound methods. The groupings are
mixed, and it is not possible to discern the load level by the ultrasonic results, as occurred in the results of
sclerometry.

However, it is estimated that the use of transducers with lower frequencies, the larger the wavelengths and

the smaller the number of waves within the material would lead to more homogeneous groupings.

Table 4. Ultrasonography groupings.

Beam 1 Beam 2 Beam 3

Load NWV*  Mean Group™ Load NWV" Mean  Group™ Load NWV"  Mean  Group™
Level Level Level

0% 9 2094.1 A 0% 9 2248.6 A 20% 9 1954.6 A
10% 9 2055.3 B 10% 8*** 2201.0 B 40% 9 1946.6 A
50% 9 2051.4 B 15% 9 2190.6 BC 30% 9 19234 AB
40% 9 2047.8 BC 30% 9 2188.6 BCD 0% 9 1919.2 AB
15% 9 2028.2 BC 20% 9 2181.6 BCD 10% 9 1901.7 AB
30% 9 2027.5 BC 50% 9 2165.3 CD 15% 9 1888.1 B
20% 9 20115 C 40% 9 2157.1 D 50% 9 1881.2 B

* NWV =Number of wave velocity measurements. ** Based on the LSD Tukey test with a 5.0% margin of error, there is no statistically
significant difference between the values denoted by the same letter. *** For this measurement, one of the wave velocity was discard due to the
presence of internal defects in the beam.
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Conclusions

Based on the results obtained by sclerometric and ultrasound testing perpendicular to the wood fibers it
was concluded that:

e The load level does not affect significantly the non-destructive sclerometric test results, showing the
method’s viability to evaluate wood structures on service, where loading is unknown.

e Ultrasonography was affected by the loading, however in a non-linear, unpredictable way. More
research is needed to verify the relationship between load levels and ultrasonic wave velocity.
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Abstract

The main procedure during the lumber grading process is the identification of the strength
reducing characteristics that impact the modulus of rupture (MOR). Non-destructive evaluation
technology can be used to identify higher-stiffness material. This study investigated the use of
longitudinal and transverse vibration methods to evaluate the mechanical properties of 2x4 and
2x6 southern yellow pine lumber. A total of 1240 samples were conditioned to 12% equilibrium
moisture content. All samples were first nondestructively tested using edgewise and flatwise
transverse vibration equipment (Metriguard E-computer) and three different longitudinal
vibration equipment (Fakopp Portable Lumber Grader, Director HM200 and Falcon A-grader)
to obtain the vibration properties in the transverse and longitudinal methods. Dynamic modulus
of elasticity (MOE) of each sample was calculated based on the fundamental wave equation.
Static bending was subsequently conducted according to ASTM 198 (2012) and the speed of
testing followed ASTM D4761 (ASTM, 2012). The results showed significant correlations
between the properties determined by nondestructive techniques and the static MOE. No strong
correlations were found for MOR because it is related to the ultimate strength of material, often
associated with the existence of a localized defect (such as a knot) on the test specimen. This
study indicates the nondestructive techniques can potentially be used to evaluate 2x4 and 2x6
southern pine lumber stiffness. The tools were suitable in this case.

Keywords: modulus of elasticity, transverse vibration, longitudinal vibration
Introduction

Wood is one of the main materials used in construction due to 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 tools 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 (Divos 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 product manufacturers and users.

Predicting the MOE of lumber with longitudinal stress wave analysis 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 which is 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).

The objectives of this study are to investigate the relationships between dynamic MOE and
modulus elasticity, and compare the results to that of static bending MOE and MOR. For a
better understanding of the relationships between dynamic and static evaluation methods,
experimental tests on full size, in-grade lumber were conducted with four commercially
available nondestructive tools.

Materials and Methods

To fully understand the relationships between dynamic and static lumber evaluation methods,
experimental tests on 2x4 and 2x6 southern pine lumber were conducted with four
commercially-available nondestructive tools. A total of 1240 pieces of No. 2 southern pine
lumber were obtained from retail lumber yards in the southeastern U.S. The lumber was divided
into two groups according to the cross section dimensions: 629 pieces of 2x4 (38 x 89 mm?) and
611 pieces of 2x6 (38 x 140 mm?). The average moisture content when tested was 11.4%, and
the average air-dried density of was 557 kg-m,

First, the lumber was vibrated using a transverse vibration technique. Lumber specimens were
simply supported flatwise as a beam spanning the entire length with a knife-edge support on one
end 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.
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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:

. fZWS3
tv — Kalg

D)

where Ey 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), Kg 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:

C== 2
where C is stress wave velocity (m.s2), 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.

Esy = p.C? 3)

where Esw is dynamic modulus of elasticity, p is the density at 12% moisture content (kg.m=),
and C is stress wave velocity (m.s™).
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Results and Discussion

All statistical analyses were conducted using SAS 9.4 (SAS, 2013). Analysis of variance
(ANOVA) was performed to characterize the differences within the specimens sampled by cross
sections.

Statistical analyses of the static bending MOR and MOE values, dynamic MOE values obtained
from NDT tools are listed in Table 1. There is a statistically significant difference (a=0.05)
between groups (2x4 and 2x6) only for MOR.

Table 1 - Static bending MOR and MOE values, dynamic MOE values obtained from
NDT techniques

Size Mean | Median | Minimum | Maximum STD Cov
MOR? 2x4 55.39 53.76 10.89 121.35 20.76 37.5%
(MPa) 2 %6 45.88 44.66 7.70 99.25 17.93 39.1%
MOEP 2 x4 10855 | 10747 3616 19141 2798 25.8%
(MPa) 2 %6 10414 | 10252 3650 18270 2395 23.0%
dMOEgak® 2x4 11.51 11.49 3.95 21.42 3.03 26.3%
(GPa) 2%6 11.16 10.82 3.82 20.77 2.89 25.9%
dMOEpir¢ 2%x4 11.65 11.54 3.93 21.59 3.05 26.2%
(GPa) 2 %6 11.25 10.93 4.08 21.05 2.88 25.6%
dMOEFraL® 2%x4 11.02 10.97 3.81 20.46 2.89 26.2%
(GPa) 2 %6 11.95 11.53 411 26.31 3.14 26.3%
dMOEkepce’ 2x4 11.61 11.50 4.26 20.80 2.93 25.2%
(GPa) 2 %6 11.19 10.90 4.17 20.30 2.67 23.9%
dMOEF.aT? 2%x4 11.51 11.41 4.16 20.50 3.00 26.1%
(GPa) 2 %6 11.31 11.07 3.93 21.60 2.86 25.3%
2 Modulus of Rupture
® Static bending MOE value
¢ Longitudinal vibration MOE value from Fakopp lumber grader
d Longitudinal vibration MOE value from Director HM200
¢ Longitudinal vibration MOE value from Falcon A-Grader
fEdgewise transverse vibration MOE value
9 Flatwise transverse vibration MOE value

Static bending MOR values ranged from 7.7 to 121.5 MPa. The average MOR value of all
specimens is 55.4 MPa for 2x4 and 45.0 MPa for 2x6. Strength is greatly affected by the
position of knots during destructive testing. For 2x4, the minimum, average and maximum
MOE values are 3.62, 10.86 and 19.14 GPa respectively. For 2x6, the minimum, average and
maximum MOE values are 3.65, 10.41 and 18.27 GPa respectively.

Doyle and Markwardt (1966) studying SYP dimensional lumber found MOE values ranging
from 8.8 to 13.2 GPa. The dynamic MOE obtained with longitudinal vibration ranged between
5.3 and 18.4 GPa, with the average around 11.5 GPa for all three longitudinal vibration tools.
The Falcon tool detected a greater range between low and high stiffness material. Applying
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transverse vibration techniques, the dynamic MOE obtained ranged between 3.8 — 26.3 GPa,
with the average being 10.0 GPa.

Mean trends in the relationship between dynamic MOE and bending MOE for the No.2 southern
pine lumber are shown in Figure 2. Linear regression plots for each lumber size (2x4 and 2x6)
for bending MOE versus dynamic MOE from (a) Fakopp Lumber Grader; (b) Director HM200;
(c) Falcon A-Grader; (d) edgewise transverse vibration; (e) flatwise transverse vibration.
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Figure 2 - Linear regression plots for each lumber size: bending modulus of elasticity
versus dynamic MOE from (a) Fakopp Lumber Grader; (b) Director HM200; (c) Falcon
A-Grader; (d) edgewise transverse vibration; (e) flatwise transverse vibration.

The results indicated significant correlations between the properties determined by
nondestructive techniques and the static MOE (Table 2). Many studies with other softwood
species and grades have already demonstrated the potential of these methods to estimate MOE
(Ross et al., 1991; Divos & Tanaka, 1997).
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Linear relationships between dynamic MOE and MOR were in general weak (Table 3.3). The
low correlations are largely explained by (1) the presence of knots and other wood defects such
as checks, splits and grain deviation present in SYP dimension lumber as well as by the fact that
all lumber was in the same grade and (2) the NDT analysis was performed over the entire length
of each piece but the static bending was performed over a 17:1 depth to span ratio that was
randomly positioned in the testing machine. Inclusion of multiple grades would have provided
specimens of both greater and lesser quality which would have most likely improved these
correlations.

Mean trends in the relationship between dynamic MOE and bending MOR for the No.2 pine
lumber are showed in Figure 3. Linear regression plots for each lumber size (2x4 and 2x6) for
bending MOE versus dynamic MOE from (a) Fakopp Lumber Grader; (b) Director HM200; (c)
Falcon A-Grader; (d) edgewise transverse vibration; (e) flatwise transverse vibration.
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Figure 3 - Linear regression plots for each lumber size: modulus of rupture versus
dynamic MOE from (a) Fakopp Lumber Grader; (b) Director HM200; (c) Falcon A-
Grader; (d) edgewise transverse vibration; (e) flatwise transverse vibration.

The coefficients fo and f: are used in the generalized model static property = o+ p1-dMOE.
Results of linear regression analyses relating static bending MOE and dynamic MOE from
different tools for 2x4 and 2x6 southern pine dimensional lumber are listed in Table 2.
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Table 2 - Results of linear regression analyses relating static bending modulus of
elasticity and dynamic MOE from different tools for 2x4 and 2x6 southern pine

dimensional lumber

Modulus of elasticity (MPa
. Standard Durbin-
Size Tool Po s r error (u) Watson
FAK 0.6191 0.0010 0.8593 1.1368 2.0111
DIR 0.6271 0.0010 0.8695 1.1011 1.9270
2x4 FAL 0.5744 0.0001 0.8657 1.0615 1.9347
EDGE 0.8718 0.0001 0.8909 0.9694 1.9200
FLAT 0.7220 0.0001 0.8584 1.2781 1.9228
FAK -0.3599 0.0011 0.8415 1.1511 1.7321
DIR -0.1130 0.0011 0.8236 1.2101 1.7043
2Xx6 FAL -0.3987 0.0012 0.8185 1.3384 1.7069
EDGE 0.4563 0.0010 0.8543 1.0202 1.5220
FLAT 0.0363 0.0011 0.8246 1.1968 1.6867

Results of linear regression analyses relating static bending MOR and dynamic MOE from

different tools for 2x4 and 2x6 southern pine dimensional lumber are listed in Table 3.

Table 3 - Results of linear regression analyses relating static bending MOR and
dynamic MOE from different tools for 2x4 and 2x6 southern pine lumber.

Modulus of rupture (MPa)

Size Standard Durbin-
Tool Po s v error (u) Watson

FAK 6.4932 0.0906 0.3855 2.3761 1.7436

DIR 6.5668 0.0917 0.3905 2.3798 1.7365

2x4 FAL 6.2118 0.0868 0.3878 2.2663 1.7271
EDGE 6.5815 0.0908 0.4128 2.2487 1.7199

FLAT 6.5631 0.0894 0.3818 2.3626 1.7276

FAK 6.4187 0.1034 0.4119 2.2172 1.6386

DIR 6.6862 0.0994 0.3833 2.2625 1.6272

2Xx6 FAL 6.8646 0.1108 0.4001 2.4319 1.6530
EDGE 6.5997 0.1001 0.4512 1.9802 1.6686

FLAT 6.6986 0.1006 0.3987 2.2163 1.5945

Table 4 summaries research conducted to examine the relationship between longitudinal
vibration MOE and static bending (MOE and MOR) of structural lumber. The correlative

relationships found in this study were comparable to those reported in the literature.

Table 4 - Summary of research conducted to examine the relationship between
longitudinal vibration modulus of elasticity and static bending (modulus of elasticity
and modulus of rupture) of structural lumber

Reference Material Correlation coefficient
Gerhards (1982) Southern pine dMOE x MOE = 0.87
Knotty lumber dMOE x MOE =0.95
Clear lumber
Porter et al. (1972) Clear lumber dMOE x MOE = 0.90-0.92

dMOE x MOE =0.81
dMOE x MOR = 0.42

Shmulsky et al. (2006) Southern pine dowels

Yang et al. (2015) Southern pine dimensional dMOE x MOE =0.92

lumber

111



Table 5 summaries research conducted to examine the relationship between free transverse
vibration modulus of elasticity and static bending (modulus of elasticity and modulus of
rupture) of structural lumber.

Table 5 - Summary of research conducted to examine the relationship between free
transverse vibration MOE and static bending (MOE and MOR) of structural lumber

Reference Dimensional Reported Correlation MOE x dynamic
Lumber Material properties MOE
Pellerin (1965) Douglas-fir MOE, MOR dMOE x MOE =0.98
dMOE x MOR =0.67-0.93
O’Halloran (1969) Lodgepole pine MOR, MOR dMOE x MOE =0.98
dMOE x MOR =0.89
Ross et al. (1991) Spruce-Pine-Fir MOE dMOE x MOE =0.99
Wang et al. (1993) Spruce-Pine-Fir MOE dMOE x MOE = 0.96-0.99
Yang et al. (2015) Southern pine MOE dMOE x MOE =0.95

Pellerin (1965) using free transverse vibration of Douglas-fir dimensional lumber found
correlations between 0.67-0.93 for various lumber grades. O’Halloran (1972) studying
lodgepole pine dimensional lumber with transverse vibration technique found coefficient of
correlation equal 0.89. Green & McDonald (1993) using transverse vibration flatwise found
correlation equal 0.58 for northern red oak lumber.

Carreira (2012) tested the transverse vibration method with Eucalyptus sp. logs in bending tests
and concluded that this technique was not efficient to provide reliable estimates of the logs
MOR. Vega et al. (2012) studying chestnut timber found r? between 0.10 to 0.17 using three
different NDT methods (ultrasound, impact wave and longitudinal waves) concluding that
dynamic variables are not adequate by themselves to estimate bending strength.

The quality of a strength grading system is determined by the ability of the tool and operator
during measurement of the parameter to predict strength. This factor can be quantified by
regression analysis (the obtained coefficient of determination, r?). The measurement error of the
predictor parameter is another factor and can be quantified by the coefficient of variation of the
measurement error.

Another factor is the systems capability to sort-out pieces with different characteristics but
consistently low strength. If the regression analysis is based on measurements made in the same
conditions and the same apparatus that is used in the strength grading machine, the effect of the
measurement error and coefficient of variation is already included in the r? value directly. If the
measurements are made in laboratory conditions, the effect of measurement error should be
considered separately, when evaluating the effectiveness of a certain strength grading system.

The differences of r? values among the tools were small and not considered as indication of
superiority of a certain method compared to another due to reasons explained above.
Furthermore, when considering the fitness of a strength grading system to a certain application,
the evaluation of the prediction accuracy in terms of r? and coefficient of variation is not
adequate alone. Obviously, the price of the system, its fitness to production line and target
strength classes are other important factors.

Conclusions

o All tools tested are able to predict MOE. The differences between tools are minimum.
o Transverse vibration flatwise and longitudinal vibration MOE showed slightly lower
correlation with static MOE compared to transverse vibration edgewise.
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o Vibration methods were not reliable to predict MOR.

o Potentially, this study could have been improved by testing lumber specimens in both
higher and lower grades and by testing the entire span of each piece consistent with the NDT
analysis.

o Including additional grades, a greater range of stiffer/stronger pieces as well as less
stiff/weaker pieces would have elongated the response data. The collective influence of the
defects associated with each specimen perhaps interact and thus influence the stiffness to
strength relationship.
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Abstract

The flexural properties of wood composite panels are typically determined through static bending tests of
half-size panels or small specimens cut from the full-size panels. In this study, we investigated the
feasibility of using a free vibration method to directly evaluate the mechanical properties of full-size
oriented strand board (OSB) without cutting the panels. The hypothesis is that the plate vibration theory
with all free edges can be applied to a simple vibration test setup where the OSB panel is simply
supported at the first nodal lines. To validate the test setup, we first conducted modal testing and free
vibration test on 8 full-size OSB panels in 4 different thickness. Mode shapes and natural frequencies of
the panels were determined and analyzed. In the second phase, 50 full-size OSB panels in different
quality ranges and 5 different thicknesses were obtained and subjected to free vibration test using the
vibration test setup. The panels were then cut into half-size and small specimens for determination of
mechanical properties, including modulus of elasticity (in major and minor directions), shear modulus,
internal bond, impact resistance, and Poisson’s ratio. Our preliminary results indicate that, under the
nodal-line support condition, the natural frequencies in the first 7 orders obtained from free vibration test
showed an excellent agreement with the frequencies obtained from the modal analysis. The frequencies of
1%, 3 and 7" order obtained from vibration test were found to correspond to the vibration modes (2, 0),
(2, 1), and (2, 2) respectively. The mechanical testing of the half panels and small specimens is currently
underway. Further results will be reported later when the phase 2 is completed.

Keywords: Frequency, full-size panels, modulus of elasticity, oriented strand board, plate vibration, shear
modulus, vibration mode
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Introduction

Oriented strand board (OSB) is an engineered material that are suitable for load-bearing applications in
construction. The most common uses are sheathing in walls, flooring, and roof decking. As an important
structural component in a building system, OSB panels are required to meet certain mechanical
performance standards to ensure the safety and integrity of the building system. Modulus of elasticity
(MOE) (in both long and short axis) and in-plane shear modulus are important mechanical properties that
determines the performance of an OSB panel under various loading conditions. A nondestructive method
that can rapidly and accurately determine these properties in full-size panels will enable manufacturers to
better control the manufacturing process and ensure the final products meeting the required specifications.

The most common method to determine MOE and shear modulus of a full-size OSB panel is to conduct
static destructive tests on small specimens cut from different parts of a panel (ASTM 2006a). Based on
the testing results of multiple small specimens, average property values are derived and assigned to a full-
size panel. This is a costly and time-consuming process to OSB manufacturers. Research have been
conducted to develop nondestructive methods to determine MOE of small OSB specimens with good
results (Turk et al. 2008; Shyamasunder et al. 1993). However, very limited efforts have been made on
developing nondestructive methods that can directly measure the mechanical properties of full-size OSB
panels.

A simple method to calculate resonant frequencies and loss tangents were proposed by Nakao et al.
(1985). They try to put forward this method to various shapes of plates. The plate was supported on four
pieces of sponge rubber to simulate a completely free boundary condition. The experimental values were
in good agreement with the theoretical values (Nakao el at 1985). The testing system consisted of four
pieces sponge rubber supported under a 300mm x 300mm wood plate, assumed a completely free
boundary condition, and two microphones placed on the corner and the center part of the sample
respectively to collect the displacement, a software based on the different deflection phases of both edges
to identify the twist or bending modes to compute MOE automatically. The disadvantage of the system is
that it was not able to determine the Poisson’s ration (Sobue and Kitazumi 1991). To simultaneously
determine the orthotropic elastic constants, the plywood panel was placed vertically with one long-edge
supported by a V-cut rod and the other three edges were tapped with a small rubber ball, which was a
simulated SFFF (simply supported-free-free-free) boundary condition. It was found that the modulus of
elastic measured through vibration method were in a good agreement with those obtained by static
bending and twisting tests. The higher modes of frequency was recommended for determining the shear
moduli, in order to avoid the restriction of vibration at supported edge that affects the resonance
frequencies in low vibration modes (Sobue and Katoh1992).

The modulus of elasticity of a large specimen could be estimated by the cantilever torsional vibration
principle (Lau and Tardif 1996). Based on the orthotropic plate vibrations and experimental modal
analysis technique, a dynamic method for estimating the elastic properties of wood plane was proposed.
The correlation coefficient between the dynamic and static bending testing showed that the proposed
method was reliable. But there was a critical ratio of the plate length. When the ratio was lower than the
critical value, the lower bending mode was (0, 2). As the increasing of the ratio and then higher than the
critical value, the mode (2, 0) was the lower bending mode. It means that this method cannot be used
when the ratio of the length closes to the critical value, which was the disadvantage of this method
(Carfagni and Mannucci 1996). Bos and Casagrande (2003) developed a VibraPann system that can
provide a good quality indicator for online control. Vertical cantilever vibration technique was used to
determine the performance of chipboard and MDF-panels in large dimensions (Schulte et al. 1996). So
far, a real online evaluation of wood composite panel performance system was not yet developed.
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The objectives of this study were to determine the feasibility of using a free vibration method to directly
evaluate the mechanical properties of full-size OSB panels without cutting the panels. The hypothesis is
that the plate vibration theory with all free edges can be applied to a simple vibration test setup where the
OSB panel is simply supported at the first nodal lines.

Plate vibration model with nodal-line supports

To simplify the vibration model, the OSB panels will be treated as an orthotropic thin-plate defined in a
Cartesian coordinate system in a three dimensional space (Fig. 1). For an orthotropic thin plate, the
differential equation for a flexural vibration can be expressed as follows,

4
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dx*

d0*us
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T 12p TR T 2% T 12
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Where D,, D, are the flexural rigidities of the plate; D¢ is the torsional rigidity; E; and E, are Young’s
modulus in X, and y directions; Gi is in-plane shear modulus; v,; v,, are Poisson’s ratios; u3is the
displacement of the plate.

For a free-free plate, X(x), Y (y) could be substituted with appropriate beam functions. According to the
number of nodes, the integrals of characteristic beam function are different (Hearmon and Maradudin
1961). Appropriate solution to the differential equation 1 can be express as (Sobue and Katoh 1992):

. 1 |1 G.)) @.J) ) )
f(l,]):E\/;\/Dlala:] + D, “zbil +2D12“a32;; +4D66“;2;; (3)

Where i denotes the number of nodal lines parallel to Y axis; j denotes the number of nodal lines parallel
to X axis; f is frequency of the plate; a and b represent the length and width of the plate, respectively; h is
the thickness; p is the density.

In this study, a simply support with two nodal-lines was chosen for vibration testing of full-size OSB
panels because such support condition can be readily implemented in OSB production settings. For a
plate with two nodal lines parallel to Y axis and zero nodal line parallel to X axis, equation 2 can be
express as:

_ 4m’f2(2,0)pa*  12(1-vp1vip)
E, = 500.6 h3 (4)

When i = 2;and j = 1; equation 2 can be express as:

Eh3 ] 3a?b? )
12(1-V21V12) 148.44h3

Gi2 = [4m?phf2(21) -

When i = 2;and j = 2; equation 2 can be express as:
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Eqh3 500.6  61.5m2 vy1E1h3 148.44m?
12(1-v31V12) a* 8a2bZ ~ 12(1-vy1V12) 16a2b?

3] 3072(1-vp1v42) b*
G1zh ] 62575  h3 (6)

E, = [4n?phf?(2,2) -

With the equations 3 to 5, moduli of elasticity in major and minor strength directions and in-plane shear
modulus can be calculated when the geometry size (a, b, h), density (p), frequencies and the Poisson’s
ratios of a panel are given.

X

Y
Figure 1—A full-size OSB panel modeled as a thin-plate in a Cartesian coordinate system.

Materials and methods

The laboratory experiments of this study included 3 parts: (1) Modal testing and analysis of full-size OSB
panels with the nodal-line supports; (2) Free vibration test of full-size OSB with the nodal-line supports;
(3) Determination of mechanical properties of the panels through destructive tests of multiple small
specimens cut from the panels.

Modal testing and analysis

The supporting system designed for free vibration testing of full-size OSB panels is a simple support at
two nodal lines (22.4% and 77.6% of the length) across the width. Experimental modal analysis was first
performed to determine the modal parameters (modal or resonance frequency, mode damping, mode
shape) of full-size OSB panels under this support condition. Figure 2 shows the experimental setup and
grids of impact points for modal testing on a full-size OSB panel. The testing system is consisted of a
multiple channel signal acquisition and analysis system (B&K 3560-C, Briel and Kjar Copenhagen,
Denmark), an accelerometer (type 4507-B-004, Briiel and Kjar Copenhagen, Denmark), an impact
hammer (model 2302-10, Briiel and Kjer, Copenhagen, Denmark), a computer with data acquisition
software (Pulse Software) and modal analysis software (ME’scope Software).

Eight 1.22 by 2.44 m commercial OSB panels of 4 different thickness (12, 15, 18, and 20 mm) were
purchased and used in modal testing, 2 for each thickness. Each full-size OSB panel was simply
supported on two rods, each located 22.4% from the short edge and fixed on a tri-stand. Modal testing
was conducted with a single-point receiver coupled with multi-point excitation. The grids of impact
points were marked on each panel as illustrated in Figure 2. The vibrational responses of the panel being
tested were measured by an accelerometer attached to the corner, following the impacts at a series of
locations as specified by the grid points. Modal analysis was then conducted based on a total of 60
measurements of the frequency response functions (FRFs) given by the relationship of the system’s
dynamic response and the excitation causing it (Carfagni and Mannucci 1996). Following modal testing,
each panel was also subject to a free vibration test at the same support condition. The vibration responses
were captured through a single laser sensor located beneath the panel at the mid-span. Natural frequencies
of each panel were then determined through fast Fourier analysis (FFT) program.
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Figure 3—Laboratory experimental setup for free vibration testing of full-size panels.

Free vibration test

Fifty 1.22 by 2.44 m full-size OSB panels of 5 thickness categories were obtained for free vibration test.
Among the 50 panels, 26 panels were donated by two OSB manufacturers in the U.S., including 6
rejected panels (due to quality issues), and 24 panels were purchased from a local Home Depot store in
Madison, Wisconsin, USA. These full-size panels constitute a matrix of 5 thickness groups (6, 11, 13, 15,
and 18 mm), 10 panels for each group (Table 1). Upon receiving of the panels, they were stored in a
conditioning room (21 °C and 50% relative humidity) for over 2 months waiting for the vibration test
setup being built and ready for the full-size panel testing.

Figure 3 shows the schematic diagram of free vibration testing system and the testing apparatus
constructed. The test system included a test frame with two steel rods attached on the frame, each at a
nodal location and directly above the supports. Two load cells were installed under one of the bars to
measure the weight of each panel. Two laser sensors were used to measure the vibrational responses of
the panel, one located directly under the center of the panel and the other located at the corner of the
panel, both were placed about 10 mm below the panel.
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During vibration testing, a full-size OSB panel was first placed on the test frame and set to the test

position by the stop levers installed on the steel beam. The weight of the panel was measured by two load

cells. Then the panel was set into free vibration by impacting the center of the panel using an impact

hammer. The laser sensors fed the vibration signals into the computer through a data acquisition card. A

computer program was written and used for display and collect both the impact and response signals.

Figure 4 shows the vibration testing of an OSB panel.

Table 1—1.22 by 2.44 m full size OSB panels obtained for free-vibration testing.

Category Thickness  No. of Material source
(mm) panels  Manufactures® Home Depot
23/32 18 10 5 5
19/32 15 10 10 0 2 rejected panels
1/2 13 10 1 9 1 rejected panel
7/16 11 10 10 0 3 panels rejected
1/4 6 10 0 10

2 OSB panels donated by the manufacturers and purposely included some rejects.

Figure 4—Vibration test of a full-size OSB panel '
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Figure 5—Diagram of cutting various small specimens from full-size panel for mechanical testing.
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Determination of mechanical properties

Upon completion of vibration testing, 25 panels, 5 of each thickness group, were selected to cut into
specimens of various sizes and conduct mechanical tests to determine the following properties of the
panels: modulus of elasticity (in major and minor directions), shear modulus, internal bond, impact
resistance, and Poisson’s ratio. Figure 5 shows the specimen cutting diagram that resulted in six types of
specimens: type A—half panel for pure moment test; type B—small flexure specimens for bending test;
type C—small specimens for shear test; type D—small specimens for internal bond test; type E—small
specimens for falling ball impact test; and type F—small specimens for Poisson ratios test. Detailed
specimen information are shown in Table 2.

Modulus of elasticity

Modulus of elasticity of the type “A” (half panel) specimens will be determined based on ASTM D 3043,
method C (ASTM 2006a).

Modulus of elasticity of the small flexure specimens (type B) in both major and minor strength directions
will be determined through center point flexure test based on ASTM D 1037 (ASTM 2006b). A total of
12 small flexure specimens were cut from each panel, 6 along the main strength direction and 6 along the
minor strength direction. These flexure specimens were named as type “B” as shown in Figure . The load-
deflection cure will be recorded and used to calculate the MOE. Modulus of rupture (MOR) of the
specimen will also be calculated by the maximum moment when the specimen breaks. The average MOE
of 6 specimens in each direction will be treated as the MOE of the whole panel, in major and minor
direction respectively.

Shear modulus

Shear modulus (G,,) of type C specimens will be determined based on ASTM D3044 (ASTM 2006¢). A
support jig is currently being built to load and observe the deflections along the diagonals as stipulated in
the standard.

Internal bond

Internal bond, or tension perpendicular to surface, of type D specimens will be determined based on
ASTM D1037 section 11 (ASTM 2006b). Loading blocks of aluminum alloy 50-mm square and 25 mm
in thickness will be bonded with a suitable adhesive to the square faces of the specimens.

Falling ball impact

Falling ball impact test will be used to determine the impact resistance of the OSB panels from the kind of
damage that occurs in service when struck by moving objects. Two type E specimens were obtained from
each panel for this test. The test procedure will follow the ASTM D1037 section 21 (ASTM 2006b).

Poisson’s ratios

Poisson ratios of OSB panels are key parameters that are needed in predicting the MOE in major and
minor strength directions and shear modulus of OSB panels based on equations 4 to 6. However, this
information is not available in existing literature. In this study, we will attempt to determine Poisson’s
ratios of the OSB panels through special experiments on type F specimens cut from selected panels. The
experiments we used are similar to what Alan Sliker (1972) had done on solid wood specimens. The
results of this experiment will provide realistic estimates of the Poisson’s ratios of the OSB panels.
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Table 2—Miatrix of specimens and mechanical tests.
Specimen Thickness Length Width No. of specimens Total no. of

Mechanical tests

Type (mm) (mm) (mm) per panel specimens
18 1220 1220 1 5
Pure moment test A ig ggg ggg i g
(ASTM D 3043, method C) 1 1220 1220 1 5
6 1220 1220 1 5
18 482 76 12 60
. 15 432 76 12 60
(C:g;e&pg'qgg'%‘“re test B 13 356 76 12 60
11 330 76 12 60
6 203 76 12 60
18 457 457 2 10
Shear e c 5 e : 10
(ASTM D 3044) 11 457 457 2 10
6 203 203 2 10
18 51 51 8 40
Internal bond test (Tension 15 51 51 8 40
perpendicular to surface) D 13 51 51 8 40
(ASTM D 1037) 11 51 51 8 40
6 51 51 8 40
18 254 223 2 10
. . 15 254 223 2 10
(Fgg%bg”lgg%’“’t test E 13 254 223 2 10
11 254 223 2 10
6 254 223 2 10
18 254 51 4 20
Poisson’s ratios test o 254 51 4 20
F 13 254 51 4 20
11 254 51 4 20
6 254 51 4 20

Results and discussion
Vibration modes of OSB panels

Based on the FRFs measured at 60 grid points on each panel, the vibration modes and frequencies of each
tested panel were determined through modal analysis. As an example, Figure 6 shows the mode shapes of
panel OSB15-2. It was observed that the mode shapes at the 1%t and 2™ order were flexural along the
length direction; the mode shapes at the 3", 4™, and 5™ order were flexural along the length direction
combined with torsion; and the mode shapes at the 6" and 7" order were flexural along both the length
and width directions. These general observations about the mode shapes also apply to all other OSB
panels tested. It was also observed that the OSB panels of 4 different thicknesses exhibited the same mode
shape sequences in the experimental modal analysis. This observation is consistent with previous findings
on medium density board and particleboard panels (Zhou et al. 2014).

Table 3 summarizes the specific modes identified for each panel. There were four cases where the exact
modes were not very clear and hard to identify the exact nodal lines like the other modes. We speculate
that these confused vibration modes could be caused by the warps occurred to those panels which resulted
in an uneven supporting condition on the supporting rods. This implies that testing warped panels under
the nodal-line support condition is a challenge. However, this may not be a problem if the vibration
testing is conducted in a manufacturer facility when OSB panels are just coming out of the press with a
very flat form.
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The experimental mode shapes at the 1%, 3, 7" order were generally identified as the mode shapes (2, 0),
(2, 1), and (2, 2) respectively, which are same as those for an OSB panel in completely free-edge support
condition (Table 3). This can be explained by the fact that the nodal-line supports used for modal testing

of full-size OSB panels coincided with the nodal lines of the panel in a completely free-edge support
condition. It should be noted that exceptions were observed for OSB18-3 and OSB20-2 at the 3" order

and OSB 18-3 and OSB20-3 at the 7" order. The OSB panel 18-3 had a significant warp which affected

the experimental mode shapes as we mentioned early. The mode shapes of other 3 cases could also be
caused by the changes in supporting conditions resulted from the panel deformation, which could have

been overlooked during the model testing.

The experimental modes identified at the 2", 4™, 5™ and 6™ order were not in line with the same modes
typically found in a completely free-edge condition. Apparently, due to the existence of two line supports,

the nodal lines for these modes have shifted and resulted in these unique mode shapes.

(d)

(e) (f) (9

Figure 6—Mode shapes of OSB 15-2 identified through experimental modal analysis. (a) 1%t mode
(2, 0); (b) 2" mode (3, 0); (c) 3" mode (2, 1); (d) 4™ mode (4, 0); (e) 5™ mode (3, 1); (f) 6™ mode
(3, 1); (9) 7" mode (2, 2).

Table 3—Vibration modes of OSB panels identified in vibration testing under nodal-line supports.

Specimen  Thickness ? Vibration mode identified
No. (mm) 1st 2nd 3rd 4t 5th 6th 7th

0OsB12-2 12 (2,0 (3,0) (2,1)° (4,1 (3,2) (2,2) (2,2)°
OSB12-3 12 (2,00 (3,0) (2,2 (3,1) 4,1 4,1 (2,2)°
OSB15-2 15 (2,00 (3,0) (2,2 (4,0) (3,1) (2,2) (2,2)°
OSB15-3 15 (2,00 (3,0) (2,2 (3,1) n/a°® (3,2) (2,2)°
OSB18-2 18 (2,00 n/a°® (2,2 (3,1) 1,2) (4,2) (2,2)°
OSB18-3 18 (2,00 (3,0) nfa°® (2,1) 4,1 0,2) (3,2)
0OSB20-2 20 (2,00 n/a°® (3,0) (2,1) (3,1) 1,2) (2,2)°
0OSB20-3 20 (2,0 (3,0) (2,1)° (4,0) (3,1) (4,1 (3,2)

a Nominal thickness; * Same as the mode in a completely free-free condition; ¢ Vibration mode was not clear and

nodal lines cannot be identified.
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The results of modal analysis indicate that vibration modes are affected by the support conditions. Under
a simple two nodal-line support, the 1%, 3, and 7"" order frequencies measured in a full-size panel
correspond to the vibration modes (2, 0), (2, 1), and (2, 2) respectively. These frequency parameters can
be used to predict the modulus of elasticity (MOE) of the panels using equations 3 and 5, and predict the
shear modulus of the panels using equation 4.

Frequency comparison between modal analysis and free vibration test

The frequencies of the first 9 orders obtained from the experimental modal analysis and vibration testing
are presented in Table 4. The difference between the frequency from vibration testing and the frequency
from modal analysis was calculated for each order and shown as Af. Figure 7 illustrates this frequency
difference in relation to the frequency order. It is clear that two frequencies were very close within each
order for the first 5 orders, with an absolute difference less than 1 Hz. The frequency difference began to
increase at order 6. From there the difference got bigger when the order was further increased. The largest
frequency discrepancy occurred at the 8" and 9" order, which could be due to the misidentification of the
frequency orders. For example, in OSB12-2 panel, the 9" order from the modal analysis was actually
closer to the 8 order from the vibration test, rather than the 9" order. It is possible that one frequency
could have been missed in analyzing the response signal of the panel.

When we consider the frequencies of first seven orders, the frequency from vibration test showed a 1:1
linear relationship with the frequency from modal analysis (R?=0.99) (Figure 8). This indicates that the
vibration test system we proposed is a viable nondestructive testing system for obtaining the natural
frequencies of OSB panels.

Table 4—Frequencies of the full-size OSB panels obtained from modal analysis and free vibration test.

Frequency order
Sample no. Method 1 2 3 2 : 5 2 3 9
0SB 12-2 Modal test 6.99 13 15.7 174 25.2 33 36.2 414 56.4
B12- Vibration test 7.01 1271 1594 1765 26.01 3549 3724 5630 75.94
Af 0.02 -029 024 0.25 0.81 2.49 1.04 14.9 19.54
0SB 12-3 Modal test 7.49 11.1 15.3 17 215 26.3 343 38.1 434
Vibration test 7.48 11.03 1515 17.02 2143 2633 33.77 38.09 4313
Af -0.01  -0.07 -015 0.02 -0.07  0.03 -053  -001 -0.27
0SB 15-2 Modal test 9.3 16.2 20 22.8 255 28.4 39.8 434 48.9
Vibration test 9.30 16.16 1996 2277 2526 2832 39.91 4335 4833
Af 0 -0.04 -0.04 -003 -024 -008 0.11 -0.05  -0.57
0SB 15-3 Modal test 8.79 14.8 17.6 19.5 20.7 26.5 29.8 38.9 41.1
Vibration test 8.74 1467 1738 1943 20.62 2656 29.79 39.03 41.73
Af -0.05 -0.13 -0.22 -0.07 -0.08 0.06 -0.01  0.13 0.63
0SB 18-2 Modal test 10.8 17.2 22.4 31.9 374 44.5 49.9 52.1 56.4
B 18- Vibration test 10.90 1717 2297 3222 3743 4454 4838 4966 51.71
Af 0.1 -0.03 057 0.32 0.03 0.04 -152 -244  -4.69
0SB 18-3 Modal test 11.2 13.9 15.7 19 23.1 23.7 325 38.2 49.3
B 18- Vibration test 11.03 1349 1539 1893 2333 2533 27.22 33.06 46.01
Af -0.17 -041 -031 -0.07 023 1.63 -528 514  -3.29
0SB 20-2 Modal test 121 15.4 20.7 26 359 47.2 54.9 58.7 64
Vibration test 1207 1533 2073 2633 36.00 47.26 5489 5854 64.02
Af -0.03  -0.07 0.03 0.33 0.1 0.06 -001 -0.16 0.02
0SB 20-3 Modal test 12.4 20.3 255 285 31 36.5 47.8 54.3 73.4
Vibration test 1236 2025 2545 2828 3098 3656 47.69 5433 73.03
Af -0.04 -005 -005 -0.22 -0.02 0.06 -0.11  0.03 -0.37
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Figure 7— Difference between the frequency from vibration testing and the frequency
from modal analysis.
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Conclusions

The results of modal analysis indicated that vibration modes are affected by the support conditions. Under
the two nodal-line support condition, the 1%, 3, and 7" order frequencies measured in a full-size panel
correspond to the vibration modes (2, 0), (2, 1), and (2, 2) respectively. These frequency parameters can
be used to predict the modulus of elasticity and shear modulus of the panels based on the equations
derived from the plate vibration theory. The natural frequencies in the first 7 orders obtained from free
vibration test showed an excellent agreement with the frequencies obtained from the modal analysis. This
indicates that the vibration test system we proposed is a viable nondestructive testing system for
measuring the natural frequencies of full-size OSB panels.
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The vibration response signals of 50 full-size OSB panels are currently being analyzed to determine the
natural frequencies in multiple orders. The mechanical testing of the half panels and small specimens is
also underway now. Further paper will report the results on prediction of various mechanical properties of
the OSB panels using the frequency and physical parameters.
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Abstract

In this study, modal parameters of full-size medium density fiberboard (MDF) panels supported at four
nodes were analyzed for determining modulus of elasticity (E) in both major and minor axes as well as in-
plane shear modulus of the panels using a vibration testing method. Modal testing was conducted on three
full-size MDF panels of three different thicknesses (12, 15, 18 mm) to measure the natural frequencies
and mode shapes of the first nine modes of vibration. Results of modal testing were compared with those
obtained through theoretical modal analysis. A sensitivity analysis was then performed to identify
sensitive modes for calculation of the modulus of elasticity (major axis: Ex and minor axis: Ey) and in-
plane shear modulus (Gyy) of the panels. Mode shapes of the MDF panels from model testing were in
agreement with the results from finite element analyses. A strong linear relationship was found between
measured natural frequencies and calculated frequencies of the panels. The frequencies of modes (2, 0),
(0, 2) and (2, 1) were determined as characteristic frequencies and used for calculation of Ey, Ey and G,y
of full-size MDF panels under four-node support condition. The results indicated that four-node support
can be used in vibration testing to determine elastic properties of full-size MDF panels.

Keywords: modal testing, theoretical modal analysis, mode shape, natural frequency, panels, sensitivity
analysis, vibration testing

Introduction

Medium density fiberboard (MDF), as one of the typical wood composite panels (WCPs), is widely used
in furniture manufacture, packaging, decoration, building construction, musical instrument and other
industrial sectors. Full-size MDF panels with a nominal size of 2440 mm x 1220 mm (length x width) are
most universal in the production and sales. For full-size MDF panels, key mechanical characteristics such
as modulus of elasticity (E) and in-plane shear modulus must be taken into consideration under different
use conditions. Accurate measurement of these elastic properties for MDF panels is therefore of great
importance to meet the requirements of different environments.
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The application of non-destructive evaluation (NDE) methods, just like transverse vibration or
longitudinal stress-wave, for elastic properties determination of WCPs has been studied for many years
(Coppens 1988; Sobue et al. 1992; Schulte et al. 1996; Larsson 1997; Chi et al. 2006; Yoshihara 2011;
Hunt et al. 2013; Mirbolouk et al. 2015; Guan et al. 2015; 2016a; 2016b; Zhou et al. 2016). Among these
studies, property evaluation of small wood composite specimens through beam-vibrational method has
been used with good success and a dynamic cantilever beam apparatus for elastic properties determination
of small wood composite materials was presented by Hunt and Guan (2013; 2016a). However, non-
destructive evaluation of full-size WCPs through panel-vibrational method was still in the research stage.
A fundamental aspect of this method is to support a panel in a well-defined position, induce a vibration to
the panel by a short impact and to measure the resonant frequencies. Knowing the resonant frequencies of
different vibration modes and the boundary conditions, the elastic properties of the panel can be
calculated, including the E in both major and minor axes and the in-plane shear modulus of the panel.
Coppens (1988) was one of the first using this method to test the elastic constants of particleboards under
the four sides completely free (FFFF) boundary condition by hanging them up on rubbers ties. A
simultaneous measurement of elastic properties of full-size plywood with one edge simply supported and
three edge free (SFFF) boundary condition by this vibration method was conducted by Sobue and Katoh
(1992). The dynamic elastic properties of full-scale particleboard and MDF panels were tested using the
same vibration technique in a vertical cantilever (CFFF) arrangement (Schulte et al. 1996). A laboratory
testing apparatus was used to measure the dynamic MOE and dynamic viscoelasticity of full-size WCPs
supported on their two nodal lines by a vibration testing way (Guan et al. 2015; 2016b). Based on a modal
testing technique, Zhou et al. (2016) developed a NDE method for full-size engineered wood-based
panels with a boundary condition, in which two opposite sides were simply supported and the other two
sides were free (SFSF).In addition, finite element (FE) modelling was also used for estimation of elastic
properties of full-size WCPs combined with NDE method. Larsson (1997) tested full-size oriented strand
board modelled as thin orthotropic plate under FFFF boundary condition using modal analysis. These
elastic constants were then estimated by minimizing the relative errors between experimental frequency
and FE modelled values by an iteration process. It comes to a conclusion in all these works that there is a
good correlation between elastic constants of full-size WCPs obtained by this panel-vibrational method
and those measured by the traditional static method. However, due to poor operation, hitherto it seems the
reported methods in these studies above are only applicable to conduct in the laboratory and not widely
used for on-line property evaluation of full-size WCPs. Another conclusions can be also drawn from these
studies that elastic properties of WCPs are closely associated with their vibration modal parameters. In
order to determine elastic properties of full-size WCP, the key is to find out the vibration mode shapes
required and measure the corresponding resonance frequencies of the panel under the given boundary
condition.

In many cases, small MDF specimens are always regarded as being in-plane quasi-isotropic materials,
which have nearly the same property values in the major and minor directions (Chi et al. 2006; Yoshihara
2011; Hunt et al. 2013; Guan et al. 2016b). However, full-size MDF panels can be modelled as
orthotropic materials with non-uniform values in the major, minor and thickness directions in many
studies (Schulte et al. 1996; Mirbolouk et al. 2015; Zhou et al. 2016). Zhang et al. (2015) also found that
E along the major direction were 56% higher than that along the minor direction for a 20 mm thick full-
size MDF panel using cantilever-beam bending. Thus full-size MDF panels were considered to be
orthotropic materials in this study.

The objective of this presented study was to lay a foundation for determining elastic properties of full-size
MDF panel by a vibration method for on-line non-destructive testing. The first nine modal parameters
(natural frequency and mode shape) of the vibration of full-size MDF panel supported at four nodes with
three different thicknesses were tested by experimental modal analysis. Results from experimental modal
testing were compared with theoretical modal analysis by COMSOL Multiphysics® software (COMSOL
Inc., Stockholm, Sweden). The sensitivity analysis was then performed to determine the sensitive modes
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for calculation of E in both major and minor axes, as well as the in-plane shear modulus of full-size MDF
panels with four nodes of support.

Relationship between modal parameters and elastic properties of full-
size MDF panels

Full-size MDF panel is assumed for an orthotropic thin-plate modal. For a thin rectangular orthotropic
plate, neglecting the effects of shear deformation and rotatory inertia, its governing differential equation
for the transverse vibration is expressed as follows (Leissa 1969):

o'w o'w 0w 0w

DX87+ D, " +2(D1+2ny)aX28y2 +ph—3 =0 1)
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( _nyvyx)
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D, = Gy’ (5)
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where Dy and Dy are the flexural rigidities along the major and minor directions of the plate, D1 is the
equivalent rigidity; Dyy is the torsional rigidity; p is the mass density of the plate; h is the thickness of the

plate;v, and v are the Poisson’s ratios; and Ey, Ey, and G,y are the E along the major and minor
directions and in-plane shear modulus, respectively.

In this study, the four-node support is chosen for modal testing and analysis of full-size panels because
vibration tests under such support conditions can be readily implemented for on-line non-destructive
testing. The four-node support refers to a full-size panel being supported at four node points, the
intersections of two nodal lines of mode (2, 0) and mode (0, 2). These four nodal lines are located at
22.4% and 77.6% of its length and width, respectively. This support can be regarded as a special FFFF
boundary condition, therefore, the solution of Equation (1) is based on the Rayleigh method with one-
term deformation expression for the specific modes presented by Hearmon (1961). The resonant
frequencies for an orthotropic plate can be expressed as (Sobue et al. 1991):

1 1 a o o a
f(m’n) :E —h\/DXa—j+ Dyb—j+2D1 aztg)z +4DXy azgz (6)

where fm, ny is the natural frequency of a specific mode (m, n); a and b are the length and width of the
plate; (m, n) identifies the mode, where m and n represent the number of node lines including the simply
supported sides in the minor and major directions of the plate, respectively; and aim, n), 02m, n), @3m, n), and
a4m, n) are the coefficients for each specific mode related to the boundary conditions. Four mode shapes
are presented in Figure 1 and the corresponding coefficients axare given in Table 1 (Nakao et al. 1985).
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Nodal lines Nodal lines

© (d)
Figure 1-Four mode shapes. (a) Mode shape of mode (2, 0); (b) mode shape of mode (0, 2); (c)
mode shape of mode (1, 1); and (d) mode shape of mode (2, 1).

Table 1-Corresponding coefficients for four mode shapes.

Mode
al (25 a3 o4
m n
2 0 500.6 0 0 0
0 2 0 500.6 0 0
1 1 0 0 0 144
2 1 500.6 0 0 593.76

Substituting Equations (2)—(5) into Equation (6), and considering the corresponding coefficients for four
mode shapes shown in Table 1, the elastic properties Ex, E,, and G, of a full-size MDF panel can be
derived as follows:

48’ pa*-v v ) £
N (2,0)
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B =~ Jon ()
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v 593.76| A 484*(1-v_v ) (10)

Xy’ oyx
where v v is substituted with 0.01 for most wood materials (Hearmon 1946).
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When the panel geometry size (a, b, &) and density (p) are given, relationship between modal parameters
and elastic properties of full-size MDF panels are obtained by taking these parameters to Eq. (7) - (10).
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Materials and methods

Materials

Full-size MDF panels made of mixed species of both softwood and hardwood using urea-formaldehyde
resin were provided by a local MDF manufacturer for this study. There were three different nominal
thicknesses of 12, 15, 18 mm. The average moisture content of the panels was about 4%. The
specifications of the samples are presented in Table 2.

Table 2-Specifications of full-size MDF panels tested.
Panel sizes

Panel code (thickness x width x length, mm) Average density (kg/m?)
MDF12 12.0 x 1220 x 2440 803
MDF15 15.0 x 1220 x 2440 723
MDF18 18.2 x 1220 x 2440 705

Experimental modal testing

Experimental modal testing is a technique for determining the modal parameters (modal or resonance
frequency and mode shape) of a vibrating structure (Ewins 1986). The frequency response function (FRF)
is generated by the relationship of the structure’s dynamic response and the excitation causing it. Modal
testing of the panels were conducted in a room with a relative humidity of 30 + 5% and a temperature of
20 + 2 °C. To obtain the mode shapes, a response (or excitation) reference point is set and the FRFs are
measured at various points distributed on a preset grid. The mode shapes can then be reconstructed by
means of the signs and magnitudes of the imaginary part of each measured resonance frequency.

Figure 2 shows the system diagram of modal testing and modal analysis for full-size MDF panels. The
modal testing was performed using a Pulse signal collection and analysis system (type 3560-C, Briiel and
Kjer, Copenhagen, Denmark). The vibrational response of the full-size MDF panel tested was measured
by an accelerometer (type 4507-B-004, Briel and Kjear, Copenhagen, Denmark), following the impact by
an impulse hammer (model 2302-10, Briel and Kjer, Copenhagen, Denmark). The signals were acquired
and digitized via the chassis of this system. The modal parameters of the panels were obtained by some
modal parameter identification methods using the post-processing software of this system.

Computer )
Pulse software
; - +

Signal collection ME’scone software

il ME’scope software
analysis gystean Impusle hammer
Receiving point \ ﬁ‘_{iaﬂ
i e r4

2 ~
3 —e e

I Accelerometer

:
:;ﬁﬂ \

= fﬁ-:;\}J Node support |

/ 1)

I\
I\

Figure 2-System diagram of modal testing ar{d modal analysis for full-size MDF panels.
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The supporting system designed for vibration testing of the panels is a four-node support as shown in
Figure 2. In view of the reciprocity hypothesis satisfied between the excitation and response of the
system, a single-point receiver coupled with multi-point excitation was adopted for the modal testing. For
each panel under the four-node support, the receiver sensor is attached to the panel at a fixed position
(plate corner), the panel is excited using an impulse hammer at a series of locations as specified by the
grid points (Figure 2). In order to obtain ideal modal shapes, a total of 60 measurement points were
selected and marked on each panel (5 x 9 grids).

During the modal testing, a full-size panel was symmetrically placed on the four-node support test bench.
All of the measurement points on the panel were tapped successively to obtain the FRFs. To ensure the
measurement accuracy and reduce random error, each measurement point was tested three times to obtain
the average value of the FRFs. Then all the FRFs tested were imported into ME’ scope software (Vibrant
Technology Inc., Scotts Valley, USA) to carry through the modal parameter identification and mode
shape simulation. The natural frequencies and mode shapes of the first nine vibration modes of the panel
were obtained in this software.

Theoretical modal analysis

To further verify the modal parameters of the full-size MDF panel measured through the experimental
modal testing, a theoretical modal analysis was conducted for each panel to obtain calculated frequencies
and mode shapes of the first nine modes. Theoretical modal analysis is a modeling process that uses the
FE method to discretize a vibrating structure, build a mathematical model about system eigenvalues, and
solve the system eigenvalues and eigenvectors, namely modal frequencies and mode shapes of the
structure (Guan et al. 2014). In this study, the COMSOL Multiphysics® software was used for theoretical
modal analysis of the panels. Full-size MDF panels were modelled as a structural plate using plate
element of the mixed interpolation of tensorial component (MITC) type, which can be used for analyzing
both thin and thick plates. In this model, the major direction of the panel was set as X axis, the minor
direction as Y axis and the thickness direction as Z axis. Since full-size panels were regarded as
orthotropic materials, the model for each panel was established based on the input parameters including

two E (Ex and Ey), three shear modulus (Gxy, Gyz, Gx:), one Poisson’s ratio (v, ), density (p), and geometry

size (a, b, h). Among them, E, and E, can be initially estimated based on the natural frequencies of modes
(2, 0) and (0, 2) obtained in the above experimental modal testing according to Equations (7) and (8),
respectively. The in-plane shear modulus G,y was initially estimated using the natural frequency of mode
(1, 1) obtained in the experimental modal testing according to Equation (9). Out-of-plane shear moduli
Gy, and Gy, were determined by conducting three-point bending test on small MDF specimens cut from
the full-size panels at different short spans (Divos et al. 1998; Yoshihara et al.1998). Previous studies
showed that the Poisson’s ratio of a panel had a very small influence on the natural frequencies (Schulte
et al. 1996; Larsson 1997; Sobue et al. 1991). Hence, the value of the Poisson ratio from the literature data
was used in this study (Ganev et al. 2005).

In addition of density and geometry size (Table 2), other input parameters are shown in Table 3. Grid
division methods had a very small effect on the result of the FE analysis for the plate model, and the
model was conveniently meshed using free triangular meshing in the software. In order to ensure the
numerical accuracy of the FE analysis, an initial and a smaller element mesh were used to obtain
calculated frequencies, respectively. Through convergence analysis between calculated frequencies, a fit
element mesh was chosen with the modal meshed with the largest element of 24.4 mm and the smallest
element of 0.005 mm. According to the supporting system of the panel, the degree of freedom of four
nodes on the Z axis was restricted in the model.
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Table 3-Input parameters of the full-size MDF panels used in theoretical modal analysis.

| Cod MOE (GPa) Shear Modulus (GPa) Poisson’s Ratio
Panel Code
Ex Ey Gy Gy, Gx Vi
MDF12  4.09 4.22 1.99 0.12 0.13
MDF15  3.28 3.39 1.60 0.16 0.21 0.3
MDF18  3.10 3.66 1.55 0.17 0.17

Table 4-Initial calculated frequencies of full-size MDF panels in theoretical modal analysis.

Initial Calculated Frequencies (Hz)

Panel Code 1 > 3 1 5 6 7 3 9
MDF12 470 885 13.67 1477 1698 1843 19.83 2353 33.09
MDF15 553 1042 16.14 17.44 20.08 21.83 23.37 27.76 39.09
MDF18 6.63 12.48 19.48 20.86 24.22 26.33 30.02 34.97 48.23

Since there were no closed-form solutions for the rectangular plate with FFFF direction condition, and the
Rayleigh method applied for the calculation of Equation (1) was an approximate numerical method, the
estimation of Ey, Ey, and Gy, as three main input parameters, need to be refined. Those initially-estimated
three elastic constants were updated according to the following equations [4]:

fFE _ fEM fEM 2
@2 @915 0.01=E, (N+)= EX(N)( ‘ﬁg’} (11)
f(2,0) f(2,0)
FE _ fEM fFEM V2
08 _0P015001= E (N+1) = Ey(N)( ﬁ?} (12)
f(0,2) f(0,2)
FE ¢ EM fEM 2
L8 _E9150.01= G, (N+1) = ny(N)[ o ] (13)
f(1,1) f(1,1)

Where N is number of iterations; f ez represents the calculated frequency obtained by the FE method; and
f em represents the experimental frequency obtained in the experimental modal testing. The experimental
frequencies for modes (2, 0), (1, 1), and (0, 2) were compared with the corresponding initial calculated
frequencies (Table 4). The initial estimates of E, (1), Ey (1), and Gyy (1) were updated according to
Equations (11)—(13), respectively. The updated Eyx (2), Ey (2), and Gy (2) were then used as new input
parameters for another FE analysis. New frequencies were calculated next and were compared with the
corresponding experimental ones again. Iteration step number one was then implemented. It was found
that it was often effective to have three iterations.

Sensitivity analysis

Theoretically, any three natural frequencies can be used to calculate the three elastic constants (E, Ey, and
Gyy) of the panel under a FFFF boundary condition according to Equation (6). For a specific boundary
condition, however, some modes may be more sensitive to the variation of some elastic constants than
others; therefore, the identification of the most sensitive modes for calculation was needed. One approach
of sensitivity analysis is to change 10% of each elastic constant in a FE model and check the relative
frequency differences (Larsson 1997; Antunes et al. 2008). Based on this approach, the sensitivity (A)
can be defined as the frequency change as a specific elastic constant change:
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Where f mn[inc] represents the calculated frequency of mode (m, n) when the input specific elastic
constant in the FE model increases 10%, and f qn)[ref] represents the reference frequency. After three
iterations in the above theoretical modal analysis, the calculated frequencies obtained were used as
reference frequency values. Likewise, these input elastic constants for calculating reference frequencies
were chosen as reference values of specific elastic constants, shown in Table 5. At first, the constant E,
was increased by 10% from its reference value and a new FM calculation was performed. Relative
deviations between f mn[inc] and f ;mn[ref] of the first nine modes of vibration were calculated. Similar
calculations were performed for E, and Gyy. Scatterplots were used to indicate results of sensitivity
analysis for full-size MDF panels tested.

x100% (13)

Table 5-Reference values of moduli of elasticity E, Ey, and in-plane
shear modulus Gyy.

Elastic Constants (GPa)

Panel Code E, E, G
MDF12 4.09 3.92 1.55
MDF15 3.28 3.14 1.24
MDF18 3.10 3.37 1.22

Results and discussion
Comparison between mode shapes of full-size MDF panels

The first nine mode shapes of MDF12 obtained from the experimental and theoretical modal analysis are
shown in Figures 3 and 4, respectively. It can be seen from these figures that the same order for MDF12
shows the same mode shape obtained in the experimental and theoretical modal analysis: the mode shape
at the first, second, and fourth order is flexural along the length direction; the mode shape at the third and
sixth order is flexural along the length direction combined with torsion; the mode shapes at the seventh,
eighth, and ninth order are flexural along the width direction, flexural along the width direction combined
with torsion, and flexural along the length direction combined with flexural along the width direction,
respectively; it is noted that the mode shape at the fifth order is made up of torsion consisted of the left
and right part of two nodal lines along the width direction and nearly static part between two nodal lines
along the width direction, thus the mode shape at the fifth order can be considered as torsion in mode (1,
1) neglecting the static part between two nodal lines along the width direction. In addition, the first nine
order mode shapes for MDF15 and MDF18 obey the same rule in the experimental and theoretical modal
analysis. For the first nine mode shapes of full-size MDF panels of three thicknesses, the same order
shows the same mode shape in the experimental and theoretical modal analysis, which verifies the
feasibility of these two modal analyses.

Comparison between resonance frequencies of full-size MDF panels

The first nine natural frequencies of full-size MDF panels with three different thicknesses in the
experimental and theoretical modal analysis are given in Table 6. The calculated frequencies are the
values obtained after three iterations in the theoretical modal analysis. The relative deviation (Diff)
between the experimental frequency and calculated frequency are also given in Table 6. It can be seen
from the table that the experimental frequencies at the first nine modes are in good agreement with the
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calculated frequencies and the Diffs between all the frequencies are within 6% for all of the panels; the
Diffs between the frequencies at the first, fifth and seventh order are within 1% after three iterations.

Figure 5 shows the relationship between the experimental frequencies and calculated frequencies in the
first nine modes for the full-size MDF panels. There is a strong linear relationship between the
experimental frequencies and calculated frequencies of all of the panels. This indicates that the vibration
modal parameters of full-size MDF panels obtained through experimental modal analysis are valid.

(9) (h) 0]

Figure 3-The first nine mode shapes of MDF12 obtained through experimental modal analysis.
(a) Mode shape of the first mode (2, 0); (b) mode shape of the second mode (3, 0); (c) mode shape
of the third mode (2, 1); (d) mode shape of the fourth mode (4, 0); (e) mode shape of the fifth
mode (1, 1); (f) mode shape of the sixth mode (4, 1); (g) mode shape of the seventh mode (0, 2);
(h) mode shape of the eighth mode (1, 2); and (i) mode shape of the ninth mode (2, 2).
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(b)

(e)

(h)
Figure 4-The first nine mode shapes of MDF12 obtained through theoretical modal analysis. (a)
Mode shape of the first mode (2, 0); (b) mode shape of the second mode (3, 0); (c) mode shape of
the third mode (2, 1); (d) mode shape of the fourth mode (4, 0); (e) mode shape of the fifth mode
(1, 1); (f) mode shape of the sixth mode (4, 1); (g) mode shape of the seventh mode (0, 2); (h)
mode shape of the eighth mode (1, 2); and (i) mode shape of the ninth mode (2, 2).

(f)

(i)

Table 6-The first nine natural frequencies of the full-size MDF panels obtained through the experimental and

theoretical modal analysis 2.

Panel Code
MDF12 MDF15 MDF18
Order
EF (Hz) CF(Hz) Diff(%) EF(Hz) CF(Hz) Diff (%) EF(Hz) CF(Hz) Diff (%)
1 4.70 4,70 0.05 5.53 5.53 0.04 6.62 6.62 0.01
2 8.67 8.81 1.64 10.20 10.38 1.77 12.20 12.43 1.85
3 12.50 12.42 0.66 14.80 14.62 1.23 17.70 17.75 0.26
4 14.20 14.67 3.31 16.70 17.32 3.69 20.10 20.72 3.08
5 15.60 15.67 0.47 18.40 18.49 0.47 22.30 22.40 0.47
6 16.90 17.52 3.66 19.70 20.72 5.16 24.30 25.05 3.07
7 19.10 19.05 0.28 22.50 22.44 0.28 28.80 28.70 0.34
8 22.30 22.11 0.84 26.20 26.05 0.57 33.20 32.86 1.03
9 30.70 30.45 0.81 36.40 35.88 1.43 45.30 44.48 1.81

@ EF—experimental frequencies; CF—calculated frequencies.
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Figure 5-The relationship between the experimental frequencies and calculated frequencies of the
full-size MDF panels in three different thicknesses.

Results analysis of sensitivity analysis for full-size MDF panels

Results of sensitivity analysis for the modal parameters of full-size MDF panels are shown in Figures 6. It
can be seen from the figures that the frequencies of the first, second, and fourth orders, namely modes (2,
0), (3, 0), and (4, 0), are most sensitive to the change in Ey; frequencies of the third, fifth and ninth orders,
namely modes (2, 1), (1, 1), and (2, 2), are most sensitive to the change in Gyy; frequencies of the seventh
and eighth orders, namely modes (0, 2) and (1, 2), are most sensitive to the change in Ey; frequency of the
sixth order mode (4, 1) has nearly the same sensitivities to the changes in E, Ey, and Gyy. The results also
indicate that the full-size MDF panels with different thicknesses show the same results, indicating that the
panel thickness has no effect on the sensitivities of the mode’s frequency with respect to changes in Ey,
Ey, and Gyy.

In addition, the boundary condition of a full-size MDF panels under the four-node support can be
considered completely free on four sides. However, in fact, the six vibration modes (2,0), (2,1), (1,1), (0,
2), (1,2), and (2, 2) of the full-size MDF panels tested remain free when the other three modes (3, 0),(4,
0), and (4, 1) are attenuated (the four supports are not placed on the nodes for these three modes
(Hearmon 1966) ). Therefore, the corresponding frequencies of modes (3, 0) (4, 0), and (4, 1) are not
suitable for calculating the elastic constants of full-size MDF panels supported on four nodes according to
Equation (6). In summary, the sensitive modes for calculating Ex and E, of full-size MDF panels are (2, 0)
and (0 or 1, 2), and the sensitive modes for calculating G,y are (2, 1), (1, 1), and (2, 2). In view of the
strongest sensitivity and the convenience of the frequency testing, the frequencies of modes (2, 0), (0, 2),
and (2, 1) are preferred in calculating Ey, Ey, and G,y of full-size MDF panels based on Equations (7), (8),
and (10), respectively.
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Figure 6-Results of sensitivity analysis for full-size MDF panels with three different thicknesses.

(a) MDF12; (b) MDF15; and (c) MDF18.
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Conclusions

In this study, the natural frequencies and mode shapes of the first nine vibration modes for full-size MDF
panels supported at four nodes were determined using experimental modal analysis. Modal parameters of
the panels obtained from experimental modal testing were compared with the results of theoretical modal
analysis. Sensitivity analysis was performed to identify the vibration modes that are most sensitive to the
changes in elastic constants. Based on the results and analysis, we concluded the following:

(1) Mode shapes of the full-size MDF panels obtained from modal testing are in good agreement with
those obtained from theoretical modal analyses. A strong linear relationship exists between the
measured natural frequencies and the calculated frequencies of the panels.

(2) The frequencies of modes (2, 0), (0, 2), and (2, 1) of full-size MDF panels under the four-node
support condition are identified as the characteristic frequencies for determining moduli of elasticity
in major and minor directions and the in-plane shear modulus of the panels. Panel thickness has no
effect on the sensitivity of the frequencies in terms of elastic property prediction.

(3) The results of this study indicate that a free vibration system under four-node support has a good
potential to be used for evaluating the elastic properties of full-size MDF panels.
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Abstract

A current research topic of wood based materials is the determination of the elastic material parameters.
There are hardly any complete material parameter sets for wood based materials available in current
literature. One possible method, described in detail in this paper, is modal updating, in which the
mechanical characteristic values of a simulation model are adjusted until the modal parameters between
measurement and simulation match. For this purpose, an experimental modal analysis is performed and
the material parameters of a subsequent numerical simulation are optimized until the difference between
numerical and experimental eigenvectors and values has fallen below a certain threshold. The parameter
set, which represents the smallest deviation, provides an approximation for the characteristic values of the
real wood structure. The main advantage of this method is that it is non-destructive and no special sample
bodies are needed. Additionally, only one test setup is necessary to determine the values.

Keywords: mechanical properties, wood based material, model updating, material characterization

Introduction

Despite the longstanding use of wood based materials, there is a lack of engineering knowledge about the
mechanical behavior of wood based materials. The anisotropic fiber structure and the associated complex
material properties pose major challenges in the characterization of the orthotropic material parameters.
New insights from the research of structure-property relationships over the last decades show possibilities
to make use of structural anisotropy.

Already in 1931 Goens worked on the identification of the elastic modulus of beams (Goens, 1931). His
approach approximates the elasticity module from the beam theory according to Timoshenko by solving
the differential equations for the bending vibration of free bars. Hearmon applied Goens’ method for the
investigation of the shear effect and the rotary inertia on the free bending oscillation of wooden beams
(Hearmon, 1958).
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Ohlsson and Perstorper explored the elastic properties of wood by means of dynamic tests (Ohlsson and
Perstorper, 1992). The modal properties of a wooden beam are determined through experimental
experiments. Investigations on beams have made initial assessments of the elasticity and shear modulus of
wood. Due to the beam geometry it was possible to identify two independent material parameters
(Larsson, 1997). Dynamic tests on anisotropic plates, on the other hand, allow for the determination of
additional material characteristics. Taking into account the anisotropic properties, Hearmon investigated
the vibrational frequencies of wood panels (Hearmon, 1946). The elastic modulus in the x and y plane

directions (E, , E, ) as well as the shear modulus in the plane (G, ), were determined for various wood

materials. Albers carried out a further mechanical investigation on wood based panels (Albers, 1970).
Beech veneers and particle boards were used as sample materials. The aim was to investigate the
anisotropic material properties of wood materials, which have not yet been thoroughly investigated.
Numerous experiments studying elastic parameters have been carried out for this purpose. Kruse dealt
with the determination of the mechanical properties of wood panels using a non-contact method involving
ultrasound (Kruse, 1997).

In 1987, Deobald and Gibson were among the first to deal with the determination of orthotropic material
parameters via a vibration analysis. They modeled modes of vibrations of orthotropic plates using the
Rayleigh-Ritz method. The result was the determination of four of the nine elastic material properties
(Deobald and Gibson, 1988). Larsson determined the elastic properties of thin orthotropic oriented
structural board (OSB) on the basis of the experimental modal analysis. The results are limited to the plate
plane, so that only five of the nine elastic parameters could be determined (Larsson, 1997). Grimsel
(19999) defined all nine elastic material parameters of a beech timber wood panel with the same method.

It becomes clear that there some approaches for identifying the elastic material parameters especially of
timber wood. In this paper a method of the inverse identification of all nine parameters for wood based
materials by model updating will be presented. Due to the inhomogeneous structure and the high
attenuation of these materials, there was currently no method to reliably determine all nine parameters of
these substances. In addition, the stability of the process was examined for the first time and the
uncertainties resulting from external influences are investigated. Also the parameters of samples of
identical base material but of different size were determined and compared with each other.

At the beginning, the mechanical properties of wood based materials are described and the method of
model updating is presented. The different steps of the updating process are explained in more detail
below and applied to the inverse parameter identification for wood based materials. Following influences
on the eigenfrequencies and the uncertainty of the method are investigated. Finally, the results are
compared with reference values from the literature.

Materials and Methods
Materials

For this study, two different wood based materials were used; particle and medium density fiber boards
(MDF). The boardes have different bulk densities (between 470 and 750 kg/m?) and thicknesses (between
6 and 35 mm). The size of the plates varies between 200 mm x 300 mm and up to 600 mm x 800 mm. An
orthotropic material model is used to describe the mechanical behavior. Orthotropy is a combination of
orthogonal and anisotropic and describes directional properties of material with three orthogonal
symmetry planes (Lekhnitskii, 1963). The elastic properties in the three main cutting directions have
different values (Dunky and Niemz, 2002). In the three symmetry planes, the mechanical properties are
completely independent from one another (Stephen and Edward, 1971). With respect to these coordinates,
there are no couplings between normal and shear strains. This results in the following relationship in the
main directions:
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where g, is normal strain, E is Young's modulus, o, is normal stress, v is Poisson’s ratio, & is shear

strain, G; is shear modulus and oy is shear stress.

If the material is loaded outside these axes of symmetry, stress-strain couplings occur. The three main
directions of the orthotropy result in twelve material constants for the formulation of the elasticity law
(Lekhnitskii, 1963). These are three moduli of elasticity, three shear moduli, and six transverse
contraction numbers. Only three transverse contraction numbers are linearly independent because of the
symmetry conditions. For this reason, wood based materials can be mechanically described by nine
independent parameters. (Dunky and Niemz, 2002).

Methods
The model updating method is used to determine all nine material parameters required for the complete
description of wood materials as an orthogonal material. Model updating is a method for matching results

from an experimental and numerical modal analysis (Figure 1).

starting values from the literature

numerical modal analysis experimental modal analysis
v
—> numerical eigenfrequencies and modes experimental eigenfrequencies and modes
[terative optimization process comparison by means of a quality function

adjusting the material parameters
Figure 1—Model updating process to match measurement and simulation

Normally model updating is used to validate a numerical model of a structure by taking the results of the
experiment as a reference (Gladwell et al., 1995). In this paper, a numerical representation of the real
structure is also needed. The method is used to determine the mechanical characteristic values of the
examined wood based material samples by means of an inverse identification.

The results of the experimental modal analysis will deviate from the real properties by measuring
inaccuracies from the environment, the operating state or disturbance variables. Nevertheless, it is
generally assumed that the experimental results represent a good approximation of the real structural
properties and can be used to calibrate the simulation (Ribeiro et al., 2012). In order to ensure a realistic
representation of the dynamic properties using the numerical model, validation from the experimentally
obtained results is required. The measurements and results of the experimental modal analysis are used as
a reference to adjust the dynamic properties of the model. The experiment and simulation are matched by
means of defined quality functions (Marwala, 2010). The result of the quality function (residual) provides
the target value to be minimized in the optimization.

The relationship between residuals (the errors between analytic and experimental values) and the input
parameters, which are the material parameters in the case of the inverse parameter determination, is
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generally described by non-linear functions. So it is a non-linear minimization problem which must be
iteratively solved. In the case of iterative methods, the input parameters of the numerical model are
gradually adjusted. In each step the residue is determined (Heylen et al., 1998). By changing the input
parameters for the simulation, the target function is minimized until the residuals are below a certain
threshold. The material parameters used in the optimization step with the smallest residue represent a
good approximation of reality and are the result of the inverse parameter identification. The individual
steps of the model updating (Figure 1) are described in detail below.

Experimental Modal Analysis

Experimental modal analysis is a common method used to determine the eigenfrequencies and
eigenvalues of real structures (Hagedorn and Otterbein, 1987). This makes it possible to detect the
dynamic properties of the structure and thus to calculate its modal parameters on the basis of the
measured response Vibrations of a system. The eigenvectors and eigenvalues are determined by a direct
measurement of the free oscillations of the system. For this purpose, the system is excited to vibrate and
the vibration response is recorded (Hagedorn and Otterbein, 1987). Each measuring point at which the
response is recorded corresponds to a degree of freedom n. Theoretically, two measuring points are
sufficient to carry out the experimental modal analysis. The experiment must be repeated n-1 times to get
the vibrations of all n degrees of freedom. As the number of sensors increases, the experiment has to be
carried out less frequently. When using n sensors, it is sufficient to carry out the experiment once.
However, more sensors mean a higher additional weight application to the structure to be examined and
can thus influence the results. The oscillation excitation of the structure is often carried out by means of a
modal hammer, alternatively other forms of stimulation such as a sinusoidal signal can also be used (Maia
and de Silva 1997; Schwarz and Richardson, 1999). The modal hammer stimulates the body with a pulse-
like hit (Avitabile, 2001). Both the force of the pulse in the hammer tip and the resulting dynamic
displacement of the body at defined points are measured by measurement techniques (Schwarz and
Richardson, 1999). It is not important whether the path x(t) , the velocity x(t) or the acceleration x(t) is

measured since these can easily be converted into one another. Identification of the modal parameters
always follows the assumption of an idealized linear model:

MX+ Dx +Cx = f (t) 3)

For the tests 64 uniformly distributed measuring points on the plates were defined. The measurement
consists of 16 measurement series. In each series the vibration was measured at four positions at the same
time. In the following series acceleration sensors were put at the next measuring point. The excitation was
always at the same position. This method is called "Roving sensor” (16 series with 4 sensors equal 64
degree of freedom). The mean value of five measurements was determined in each measurement series.
From the examination of optimal storage, it has been found that acoustic foam shows the best repeat
accuracy and the smallest deviation with different positioning. Tested in different positions, the amounts
of wax needed to fix the accelerometers and excitation energies have shown a standard deviation of only
0.9 %. For this reason, the influence of the inaccuracy of the experimental modal analysis can almost be
ignored. The result of the experimental modal analysis is a universal file, which contains the geometry
data of the plates, the measuring points as well as the eigenmodes and frequencies.

Numerical Modal Analysis
The numerical modal analysis of the wood based board is carried out using a simulation. The model is
created in the simulation software ANSYS. In ANSY'S, a parametric and orthotropic model is created so

that an adaptation of the material parameters in the model updating process can be performed
automatically. The geometric data for the numerical mapping of the board are taken from the universal
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file. By meshing the body, additional net points are generated at the position where the oscillation was
experimentally recorded. After performing the numerical modal analysis, the numeric eigenmodes and
frequencies at these positions are exported in a text file.

Determination of the quality function

The eigenfrequencies and eigenmodes are used for the calibration of the model. In the process of model
updating, the numerical and experimental eigenmodes as well as the corresponding eigenfrequencies are
paired together (Brehm et al., 2010). This is an important step, as the eigenmodes of the simulation can be
interchanged with those of the experiment. It is also possible that the numerical model represents modes
which were not detected in the experiment. All further results are dependent on the eigenmodes being
correctly assigned. In order to compare the modes of the experiment with those from the simulation, the
Model Assurance Criterion (MAC) is a widely accepted method. The MAC forms the scalar product

between the normalized eigenvectors of the simulation v, . and the experiment v, ., and determines the
consistency of the eigenmodes (Allemang and Brown, 1982).

(l//iT,expl//jvnum )2
(l//iTeXPl//ixeXP )(l//jT’””ij'”um )

(MAC), = (4)

Target functions are defined in order to determine deviations between the numerical model and the
experimental results. The correlation of the MAC serves as a secondary condition in order to compare
equivalent modes only. The target function usually contains the difference of the eigenfrequencies and the
MAC values. From the literature, various target functions for model updating are known. One of these
target functions is described by Ribeiro et al. and was used for the calibration of a railway arch bridge
model (Ribeiro et al., 2012). The first part refers to the eigenfrequencies »™® and """, while the

second part considers the MAC values between the corresponding modes. The two components of the
function can be arbitrarily weighted by the factors « and g . Optimization has shown that the

combination of & =0.2 and S =0.8 is a suitable choice for the inverse parameter determination.

NUM|

q= az|w +/32|MAC -1 (5)

Optimization

The aim of the model updating process is to generate the highest possible correlation between the
experimental and analytical results while maintaining the physical significance of the updated parameters
by minimizing the quality function q . The material parameters, which are to be determined within the

scope of the optimization by inverse parameter identification, serve as correcting variables. Optimization
is based on target functions and the difference between the eigenfrequencies and MAC values of the
experimental and numerical modal analysis. In order to investigate the influence of the material
parameters on the different eigenfrequencies and eigenmodes, a sensitivity analysis is carried out before
optimization. This provides an understanding of the relationships between the frequencies, modes and
material parameters. Starting from the material values given in the literature, a design space of about 50%
of the initial values is defined. The design space is the area that is examined in the sensitivity analysis and
represents the limits of the individual parameters in the optimization. The design space is examined using
200 discrete designs of the numerical model within the defined range. Each design represents a different,
complete parameter set of the material properties. To determine the design samples, deterministic or
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stochastic approaches can be used. The present work uses the stochastic Advanced Latin Hypercube
sampling (Huntington and Lyrintzis, 1998). Figure 2 shows the dependence of the quality function for a
19 mm particleboard on the material parameters. The highest correlation is found for the elasticity
modules in the x- and y-directions and the shear modulus G,
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Figure 2— Result of the sensitivity analysis, relationship between material parameters and quality
function

However, the remaining six material parameters show a recognizable minimum of the target function.
After the sensitivity analysis, the optimization is carried out. Based on the target function, the numerical
model is optimized with respect to the experimental results in order to identify the material parameters.
The optimization is carried out in two stages with two different optimization strategies. Initially, a pre-
optimization is carried out on the basis of response surfaces out of the sensitivity analysis. The optimal
design is determined based on this metamodel. Since the required information from the sensitivity
analysis is already available, this optimization is very fast and has a low computational intensity. The
guality depends on the quality of the metamodel. Afterwards the final optimization is calculated by
additional numerical simulations. The results of the pre-optimization are used as starting designs. In
contrast to pre-optimization, the numerical modal analysis has to be solved and the calculations are very
complex and time-intensive. The parameter set with the smallest residual obtained in the optimization is
the best approximation of the real structure.

Results and Discussion

The results of the updating process are presented using the examples of a 12 and 19 mm particle board
(p.b.) and a 16 mm MDF board. For the 19 mm p.b., additional results from the analysis of the plate size
as well as a comparison to literature values are explained. For the 16 mm p.b. and 19 mm MDF board, 14
eigenfrequencies were identified in the experimental modal analysis. The numerical model maps all
frequencies very well. The percentage deviations for the p.b. are on average only 0.29 % and 0.41 % for
the MDF. The maximum deviation occurs with 0.58% for the tenth eigenfrequency and with 1.06% for
the fourteenth mode (Figure 3 a).

Figure 3b shows the comparison between the eignfrequencies and the MAC values as well as a

visualization of the eigenmodes for a 12 mm p.b.. It becomes clear that a high degree of matching could
be achieved between the measurement and the numerical simulation.
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modal analysis after the model updating (m.u.) a) for a 19 mm p.b. and a 16 mm MDF board b)
for a 12 mm p.b.

1604.01 1615.67 0.72 0.94

Table 1— Different board sizes, identical base material Table 1 shows an investigation with
Parameter Model Updating Literature differently sized plate dlmensmns_for the
300 x 194 320 x 300 400X 485 Albers [1970] 19 MM p.D.. The inversely determined
mm? mm?2 mm?2 material parameters show an average
deviation of 2.2% with the maximimum
E, [MPa] 2779 2728 2719 2636 differerence being 7.2%. In view of the
E,[MPa] 3201 3266 3279 3103 imhomogeneity of a p.b., these values are
E, [MPa] 480 462 496 206 very low and show good reproducibility
of the process. In addition to this, it becomes
Gy [MPa] 274 269 213 228 clear that non-linear effects, which could
G,, [MPa] 253 250 247 211 be caused by plate sizes of different sizes, are
G [MPa] 1478 1456 1519 1163 S0 s_maII that their influence is hardly
noticeable.
Vyy 0.269  0.265 0.275 0.22
v 0282 0276 0284 0.25 Compared to the parameter set known from
g Albers for a 19 mm p.b., a good agreement is
Vy, 0.274  0.273 0.279 0.24

also shown. Only the modulus of elasticity in
the z-direction and the shear modulus G,

show an increased deviation. The deviations can be explained by development in the bonding and
production of p.b..

Conclusions

In the paper has been shown for the first time that it is possible to determine the complete parameter set
for the description of wood based materials as an orthotropic material by using the model updating
method. It was also found that the uncertainties that arise during the experimental modal analysis are so
small that their deviations can be neglected. In order to demonstrate the reproducibility of the method,
plates of different sizes were examined and an updating procedure was carried out for each. The
comparison of these results shows deviations with a mean value of 2.2% and a maximum value of less
than 10%. In addition, a good agreement with values from the literature was shown.
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Abstract

Nondestructive testing technology such as stress wave, radar wave and micro-drilling resistance has been
applied for evaluating the internal condition of live trees for many years. The main purpose of this paper
is to analyze and evaluate the reliability and applicability of various instruments. A method was proposed
to estimate the defective area of tomography by extracting the pixels of defective region. The experiments
were finished in Yangzhou Slender West Lake Park, China. Not only the live trees were assessed, but also
three kinds of logs were chosen as samples to evaluate the accuracy of different equipments. The
experimental results showed that, the acoustic tomography and the resistance curve can accurately reflect
the position and degree of decay within the live trees, and accord with each other well. In addition, it was
found that the accuracy of radar scanner TRU™ system was lower than the other two instruments.

Key words: Nondestructive testing; Risk assessment; Tomography; Live trees

Introduction

The destruction, fragmentation and death of trees caused by the deterioration of the natural environment
directly lead to damage to the ecological balance and the loss of national heritage, and the nondestructive
testing and evaluation of live trees have drawn more and more attention from both research and industrial
fields. To increase the reliability of the inspection and decide the extent and location of any internal decay,
it would be practical to conduct multiple measurements in different orientations at one cross-section of
trees with different equipments. At present, stress wave testing, resistance micro-drilling and penetrate
ground radar have been applied in nondestructive testing and evaluation of live trees for a long time.

Xiping Wang et al. (2004) proposed the principles of stress wave nondestructive testing, and
measurement techniques for stress wave nondestructive testing. This guide was prepared to assist field
foresters in the use of stress wave timing instruments to locate and define areas of decay in standing
timber. Lina Karilinasari et al. (2016) combined traditional visual assessment with tomography to
evaluate the sound wave velocity change from green to dry conditions in agarwood and tomographic
images associated with changes in the moisture content. Guanghui Li et al. (2016) proposed a stress
velocity model in longitudinal-radial plane and proved a relationship between wave velocity and
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measurement angle. Andre’s Arciniegas et al. (2014) discussed the effect of various parameters when
using tomography techniques and gave a general conclusion to future signal-processing work in the
acoustic and ultrasonic tomography of standing trees.

Jana Jezova et al. (2016) investigated particularities of tree trunks’ radar images, considering the
circumferential data acquisition geometry, as a function of the radar configuration and trunk section
structures. Their experimental results showed satisfactorily the internal in homogeneity and the
information will be useful for future tomographic reconstruction. Li Guo et al. (2013) recently reviewed
the principle and application of GPR, and discussed its potentials, constraints, possible solutions, and
future outlooks. Because GPR root detection is highly site specific, Yeung Shan Wing et al. (2016)
provided a local reference for GPR performance for the detection of main roots. Their findings
demonstrate that the 900 MHz GPR is applicable in Hong Kong for the detection of main roots.

Micro-drilling resistance testing is an assessment method to measure borehole resistance. Pokorny Jill et
al. (2003) explained how to record the resistance by penetrometer when the probe was drilling into a trunk
by rotating at a high constant velocity. Similar to PICUS, the test results are affected by the physical
properties and the chemical properties of the environment and the material too. Fikret Isik and Bailian Li
(2003) suggested that the Resistograph® could be used reliably and efficiently to assess relative wood
density of live trees for selection in tree improvement programs. The efficiency of using the
Resistograph® as a means of indirect selection for improvement of wood density was 87% at the family
level.

To detect the internal defects of live trees accurately, people often use multiple nondestructive testing
tools. Ningsie Indahsuary et al. (2014) evaluated the reliability of sonic tomography (PICUS) to detect
agar wood within Microcarpa Baill. Xiping Wang and R. Bruce Allison (2008) demonstrated the
effectiveness of a trunk detection using a combination of visual inspection, acoustic test and resistance
micro-drilling. Michal Kloibera et al. (2016) assessed the suitability and sensitivity of selecting acoustic
devices used on detection, the results obtained indicate that it was not possible to fully rely on in situ
acoustic methods for inspection of defects in wooden elements of historical structures, and therefore they
should be combined with visual inspection and some other instrumental methods.

Nevertheless, the detection results with different instruments sometimes generate different conclusions,
which may lead to deviation from the actual situation of the trees. The main purpose of this paper is to
analyze and evaluate the applicability and reliability of various instruments.

Materials and Methods

The NDT experiments were conducted in the Slender West Lake Park, Yangzhou City, China. 157
ancient live trees aged from 90 to 300 years were chosen as testing samples, covering 32 species
including Cypress, Maple, Ginkgo and so on. In addition, three logs were detected for assessing the
accuracy of Resistograph®.

To ensure accuracy of NDT in operation, cross-sections at different heights were examined carefully, and
PICUS (Argus Electronic GmbH), TRU (Tree Radar Company), and 4452-P Resistograph® (Rinntech,
Inc.) were applied in this NDT. We assessed the trees’ health condition with two steps. Firstly, acoustic
wave and radar wave tests were utilized to distinguish trees which had serious cavity, crack or large
decay. Then, micro- drilling testing was applied to evaluate the defect severity precisely for the defective
trees.
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Based on acoustic wave theory, internal health conditions of each standing trees trunk were mapped to
image by tomography of PICUS. The imaging data was collected by sensors evenly deployed around the
tree cross-section. In general, the more sensors PICUS used around circumference, the higher quality
image could be displayed. However, less sensors could be used for those trees with small trunk such as
Buxus sinica. As shown in Fig. 1(a), PICUS testing based on acoustic wave required plunging nails on the
cross-section under test, which would result in damage to the tree trunk slightly. Afterwards, TRU would
be used to scan around the cross-section from the same beginning position as that of PICUS testing,
which is shown in Fig. 1(b). It is helpful to compare between different testing results of different
equipments. Based on the results of PICUS and TRU, F400S Resistograph® was further applied to assess
the internal defect level of live trees. It is essential to perpendicularly plunge the probe to the bark before
test as shown in Fig. 1(c), and to connect the starting point with the ending point of resistance curve of
each path, which is convenient to decide the defective region. Several stress wave paths should be
detected by Resistograph® tool to evaluate the testing results of PICUS and TRU.

(a) PICUS (b) TRU (c) Resistograph®
Figure 1—This figure caption is Field testing environment of three equipments, (a) is the
experimental environment of PICUS, (b) is the experimental environment of TRU, (c) is the
experimental environment of Resistograph®.

To assess the reliability of the equipment by comparing of the actual image and the mathematic
tomography, three performance parameters were proposed in this paper. First, the defect rate (DR) refers
to the proportion of the defective parts in the processing images. Second, the error rate (ER) refers to the
deviation between the two DR of actual imaging and of automatic imaging. Finally, the gather rate (GR)
means the difference between the DR values of two different instruments.

In order to ensure the feature extraction more accurately with clear boundary, the defective area was
extracted manually. As shown in Fig. 2(b), though there were slight errors around the image edge, the
deviation on the edge of decay area was small enough so that it can be negligible. The interested region in
Fig. 2(a) was mapped into white area in Fig. 2(b).

(@) Original image (b) Processed image
Figure 2—This figure caption is Comparison between processed image and primary image, (a) is
the original image imaged by PICUS, (b) is the image after image processing.

Finally, after the edge were accurately extracted, the parameters Rate which represent the area of
interested region can be calculated as follows.
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Rate = N _ w (1)
NUm w + Num b

Here, Num_w denotes amount of white pixel points, and the Num_b represents the number of black pixel
points.

Results
Accuracy of Resistograph®

To evaluate the accuracy of Resistograph® tool, micro-drilling testing experiments on three log samples
along different paths marked by black color as shown in Fig. 3(a) were finished. For example, the
resistance value of red interval of path 2 shown in Fig. 3(b) reflected the existence of cavity. For each
path of same samples, the comparison between actual defective length and that computed from the
resistance curve was showed in Table 1. The mean error was about 3 mm and the ER was about 3.36%.
So, we used the testing results of micro-drilling instrument as references to evaluate the accuracy of the
other two equipments.

(b) Resistence curve of one drilling
path

Figure 3—This figure caption is Experiments on log at different directions, (a) is one image of

three experimental logs, imaged by PICUS, (b) is Resistence curve of one drilling path.

(a) Image of log

Table 1—Comparison of deteriorate length between actual paths and dilling paths

Sample Actual Resistograph® Error length ER
(mm) (mm) (mm) (%)

1 166 168 2 1.20

2 162 160 2 1.23

3 164 167 3 1.83

2 69 73 4 5.80
> 65 64 1 154

® 63 68 5 7.94

! %0 94 4 4.44

8 % 93 2 2.10

3 o7 93 4 412

The table title is Comparison of deteriorate length between actual paths and drilling paths.
Accuracy of PICUS and TRU

Among these 157 trees, only 5 trees were suitable to take the micro drilling tests. After the stress wave
testing by PICUS, micro-drilling testing along the stress wave paths was carried out. After computing the
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defective length of the drilling curve and that of the tomography of PICUS for the same path, the decay
length ratio were calculated shown in Figure 4. From Fig.4, it can be seen that the decay length gotten
from the resistance curve is often longer than that calculated from stress wave tomography. In other
words, the PICUS has lower accuracy than Resistograph®.

Defuctive length %]

Resismageanh

- ————————————.

Figure 4—This figure caption is Ratio of decay length between Resistograph® and PICUS, the
green bars represent the ratio of deteriorate length on experimental paths of PICUS, the blue bars
represent the ratio of deteriorate length on drilling paths.

There were 60 live trees assessed by TRU. Dramatically, some results of TRU had opposite results to
PICUS. Except for 11 data sets of TRU which were collected from defective trees, the rest data consisting
of radius and DR were shown in Fig. 5(a). The decay range on images of TRU and PICUS reflects
opposite results on the same cross-section displayed by Fig.6. Fig. 6 illustrated that those trees which
were decided to be healthy by PICUS had negative conclusions by TRU. The GR of this kind of deviation
was not beyond 25% shown in Fig. 5(b). It explained that TRU had error on determining trees’ health
condition whether the internal decay existed or not.

There were 11 data sets measured from defective trees by PICUS and TRU. For example, Fig. 7 showed
the tomographic images of the same height from ground of No. 100 Mulberry tree generated by PICUS
and TRU. Fig. 7 (a) indicated that the defective area located at the top right of the cross-section, but Fig.
7(b) showed the defective area was in the center of cross-section. These results indicated that TRU has
lower accuracy than PICUS in evaluating the internal condition of live trees. Moreover, TRU uses only
one color representing the internal defects, which limits the ability of defect classification. A
correspondence of radius and GR were found by observing and analyzing these data from Fig. 11(a).
Fig.5 shows the relation between DR and radius of cross-section of tree. It can be seen that the radius of
each cross-section has impact on the imaging process of TRU. Actually, the DR value rises with the
increasing of the radius.

o

' .

Wl
]
-,

GR®)

(a) DR of TRU (99 samples) (b) GR of TRU(99 samples)

Figure 5—This figure caption is DR and GR of 99 samples on TRU, (a) is the image of DR and
radius of 99 samples on TRU, (b) is a line chart of the GR of TRU on 99 samples.
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(a) Tomography of PICUS (b) Tomagraphy of TRU
Figure 6—This figure caption is Comparison of results of one same cross-section by TRU and
PICUS, (a) is the tomography of one cross-section by PICUS, (b) is the tomography of one cross-
section by TRU.

(a) Tomography of PICUS (b) Tomagraphy of TRU
Figure 7—This figure caption is Tomogrphies Comparison between PICUS and TRU, (a) is the
tomography of one cross-section by PICUS, (b) is the tomography of one cross-section by TRU.

DR (%)

Figure 8—This figure caption is Relation between GR and radius, the red line chart represents the
radius of 99 samples, the blue line chart represents the DR of TRU on samples.

Special cases

During the test, some limitations affected the use of testing equipment. Firstly, the radius of the tree trunk
determines the amount of sensors and the reality of imaging. TRU has relatively strict limitation on
radius, and it is required that the tree trunk’s diameter should be more than 20cm to run the imaging
software. For example, a poplar tree with diameter about 15cm was unsuitable to test by TRU, but it can
be tested by PICUS. In addition, the TRU’s drilling depth should not exceed 45cm. Secondly, the
hardness of wood limits the effect of micro-drilling testing. For example, we found that smog or fire may
rise when the cypress trees with high hardness under micro-drilling test as showed in Fig. 9.
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Figure 9—This figure captio |sesistogaph® experirﬁnt with smog, smog rised by micro-
drilling testing.

Conclusions

This study demonstrated the effectiveness of using a combination of multiple equipments to detect the
location and size of internal defects of a tree trunk. We proposed a method of edge detection and feature
extraction to calculate the performance parameters (DR, ER, GR), and make quantitative analysis. It was
found that the results of stress wave testing and micro-drilling resistance testing were more accurate than
radar scanning. Furthermore, we put forward a comprehensive assessment on three testing instruments
(PICUS, TRU, Resistograph®) to estimate the applicability of each equipment for risk evaluation of live
trees. Each instrument has respective advantages and disadvantages. It is suggested that the stress wave
testing can be applied at first for evaluation of live trees, and then radar scanning can be used as an
auxiliary step. Once the internal defects are found by stress wave or radar testing, the micro-drilling
resistance testing may be used to decide the severity of defects.
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Abstract

The weather and other biotic factors can cause serious defects and damages in urban trees. The urban tree
inspections are very important methods to preserve as much tree as we can, and maintains safety on the
streets and public parks.

The goal of the research was to modify the conventional pulling test to a more realistic dynamic test by
changing the static pulling device to the realistic wind load. We measured the deformation of the tree trunk
by high sensitivity displacement sensor and wind velocity. The displacement sensor resolution is 260 nm.
About 50 trees were investigated with two displacement sensors. The applied anemometer is a ball type
anemometer, sampling rate is 1Hz. We measured not only the wind velocity but the wind direction as well.
Distance between anemometer and tree was less than 500m. We found linear relationship between the tree
trunk deformation and wind pressure. The wind pressure is calculated using the wind speed and air density.
The results are the critical wind pressure and tree trunk safety factor.

Keywords: wind pressure, tree trunk deformation, dynamic loading, tree trunk, safety factor, torque

Introduction

The stability of urban trees is a key question that affects everyone. Diseased and unstable urban trees pose
much risk for everyone, and are a serious liability for municipalities in case of an accident. Tree stability
and safety assessment is therefore of the utmost importance. In the meantime, it tends to be much neglected
in many areas.

At present, the most accepted method for evaluating the safety and stability of trees is the pulling test. It
involves applying a bending load on the trunk via a cable attached to the tree. The method can be used
either to assess the uprooting stability of the tree (by measuring the inclination at the bottom of the trunk),
or to establish the risk of trunk breakage (through measuring the bending stresses using extensometers
attached to the trunk). Both of these methods are introduced here briefly.

Pulling test for trunk safety evaluation

When trees sway in the wind, the trunk of the tree bends. If the wind load is severe, excessive bending may
lead to permanent damage, or even the breakage of the tree trunk, even if the roots are strong enough to
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hold. This is especially true if the trunk is diseased, hollow, or otherwise damaged. The trunk safety test is
designed to assess the safety of the tree in this respect.

anchor point

Figure 1. The pulling test setup for tree trunk safety assessment.

Trunk safety assessment is a technique very similar to uprooting safety evaluation, except, in this case,
instead of inclination, we measure the deformation of the tree trunk. During the pulling test, the trunk bends.
Bending causes both compaction and elongation in the trunk, on the side nearest to and farthest from the
cable, respectively. By measuring the extent of this deformation on either or both sides, it is possible to
predict the safety of the tree against trunk damage.

The testing procedure is much the same as in the case of uprooting safety determination, but in this case an
extensometer is used on the compression or the tension side (or possibly both sides) of the trunk, instead of
an inclinometer. The load and deformation data are collected analyzed by a computer software.

Trunk safety is determined based on the so-called linear elastic limit. When trees bend, up to a point, their
deformation is linear. More importantly, this deformation is not permanent, and, up to this point, there is
no permanent damage to the trunk. This safe limit of relative deformation is called the linear elastic limit
(EL).
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Figure 2. The load-deformation curve. The elastic limit (EL) is shown on the left and the
measured points of a real pulling test (blue) with the linear trend line (pink) on the right.
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The linear elastic limit is a constant that depends on the tree species. The deformation induced by the pulling
test (&max) Stays well below the EL. Based on the measured load and deformation data, it is possible to
extrapolate to the critical load (Fcrit) that would be required to reach the EL. Once we have the critical load,
the Safety Factor calculation is given by the following formula:

Mcrit = Ferich COS(CI), (1)

where h is the height at which the rope is attached to the tree, a is the angle of the rope, see figure 1. The
torque acting on the tree at a certain wind velocity is calculated using the following equation:

p
Mying = A 2 vzcwhcr' 2
where: A - crown surface area,
P - air density,
Vv - wind velocity
Cw - aerodynamic drag factor

hee - the height of the crown center point
The drag factor is a constant that is different for each wood species, determined by Wessoly and Erb (1998).
Comparing Mwing t0 Mcrit, we can calculate the so-called Safety Factor (SF) that indicates the tree trunk
stability:

_ Mcrit
SF - Mwind, (3)

If this value is above 1.5, the tree is safe, while a SF below 1 signals high risk. In-between these two values,

there is in a grey zone, a moderate risk of tree trunk failure.

Turning the static pulling test into a dynamic test

Converting the static pulling test to a dynamic test is necessary, because the wind load is a dynamic load,
(James 2014). Our idea is to replace static pulling with the dynamic load created by the wind. For this
approach, we need a high sensitivity extensometer, because, at moderate wind speeds, the tree trunk
deformation is rather small. Figure 3 shows the applied setup. Because the wind direction is unknown, we
use two extensometers at the same height, but at a 90 degrees angle around the tree trunk center, see bottom
left in figure 3. Instead of force, we determine the wind pressure:

Pwind = 0,5 pair V2 (4)

where pair is the air density and V the wind speed. Wind speed is measured using a high sampling rate (1Hz)
ball type TX20 anemometer. Data are recorded by a data logger and stored on an SD card together with the
time provided by GPS.

The extensometer is and LVDT (Linear variable Differential Transformer) type sensor. The resolution is
260 nm, working range is 15 mm. Even at minor (2 km/h) wind speeds we are able to detect the tree trunk
deformation. For easy mounting, the extensometers we adopted a quick mounting house — developed by
Dr. Ludek Praus, Mendel University, Brno, Czech Republic. Figure 3 shows the quick mounting house of
the LVDT sensor. The benefit of this device is that setup is really quick, takes less than 1 minute. The
procedure includes driving 2 screws into the tree to hold the LVDT, and opening the device head. The base
length — the distance between the two screws — is 235 mm.

163



anemometer

extensometers
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Figure 3. The applied setup for dynamic tree trunk evaluation.

The frequency of the tree trunk deformation measurement is 10 Hz. Data are recorded by a data logger and
stored on an SD card along with the time provided by GPS. Time data is used to synchronize the wind and
deformation data. The data collection period was typically 2 hours or longer. The data evaluation process
is, as follows:
- Wind and extensometer data synchronization,
- Taring of extensometer 1 and extensometer 2,
- Determination of the tree trunk deformation using the Pythagorean theorem, based on extensometer
1 and 2 data.
- Segmentation of measured data into 5-minute intervals. A 5-minute data set includes 300 wind and
2 x 3000 extension readings.
- Statistical evaluation of each segment, resulting in one data-pair representing wind and
deformation.
- Plotting the deformation versus wind pressure; determination of the slope of the trend line, see
figure 4.
- Calculation of the critical wind pressure (perit) using the elastic limit (EL).
- Safety factor calculation using the formula below:

M i itA hcrC {
SF = crit _ DcritAcrownllerCw — Dcrit (5)

Myindg PwindAcrownhercw Pwind

where pwing i the highest expected wind pressure of the given area. It is higher at sea shore and hill top and
lower in a valley. In Hungary, most places we use 33 m/s as maximum wind speed and 667 Pa as wind
pressure.
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The beauty of the dynamic tree trunk test compared to the static pulling test is no crown surface area (Acrown),

no crown center height (her) and no aerodynamic drag factor (cw) is necessary for the safety factor (SF)
calculation.

Figure 4 shows the relationship between wind pressure and deformation based on actual experimental data
of Picea abies and Sequoiadendron gigantea trees. The data set is one of the best among 42 tests. Some
scatter is still present. The reason is the chaotic relationship between the wind pressure and the tree’s
response. The correlation coefficient between wind pressure and tree trunk deformation is around 0.8 - 0.9.
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Figure 4.: The relationship between tree trunk deformation and wind pressure

The calculated safty factor of Picea abies and Sequoiadendron giganteum trees are 0,97 and 4,6 repectively.
The reference wind speed is 33 m/s, the reference wind pressure is 667 Pa. The calculation of the sfaty
factor according to the equation 5 is shown in table 1.

Tree slope (fig. 4.) Elastic | Critical wind | Safty factor
(%0/Pa) limit (%0) | pressure (Pa)

Picea abies 0,00355 2,3 648 0,97

Sequoiadendron giganteum 0,00130 4,0 3077 4,61

Table 1. The calculation of the sfaty factor

Conclusion

We have tested 42 trees and found good correlation between tree trunk deformation and wind pressure. Our
experiments indicate the capabilities of this technique of turning the static pulling test into a more realistic
dynamic test. The method’s major benefit is that no crown surface area, no crown center height, and no
aerodynamic drag factor is necessary in safty factor calculation for the safety factor calculation. The
limitation is that the technique is feasible only in windy conditions.
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Abstract

An investigation about the accuracy of different NDT methods was carried out in the Experiment
Forest of Northeast Forestry University in Harbin City, Heilongjiang Province. 100 cross-sections of
Fraxinus mandshurica and Populus simonii standing trees were tested by four methods: Electric
Resistance Tomography (ERT), Stress Wave Tomography (SWT), Resistograph and estimation weight
loss ratios of wooden increment cores. Taking wood core samples as research objects, testing results
of three other kinds of NDT methods were compared. Es determined by estimating weight loss ratios
of wooden cores was regarded as the truth value of degree of decay. Results showed that three NDT
methods were able to make different degree estimation for the degree of decay. ERT can show better
diagnosis than the other two for incipient decay of standing trees, while SWT can be significantly
used in the middle stage of decay testing, and Resistograph can be used in the different stages of
decay.

Keywords: weight loss rate; electric resistance tomography; velocity of stress wave; wood core
resistance loss; decay degree

Introduction

In recent years, several decay detecting techniques, such as Electric Resistance Tomography, Stress
Wave Imaging and Resistograph, are employed to survey and detect the internal decay for standing
trees. Practical application shows that each detecting technique has its own merit and demerit;
therefore, it is necessary to make comparisons on those techniques in order to find out the appropriate
technique matched with specific condition of standing trees in the forest field.
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Electric Resistance Tomography (ERT) is convenient to use for wood defect inspection since it has
been developed only in recent years in our country. It has been proved the possible of the ERT’s
application to wood defect inspection more early abroad (Jacobs, 1998). Combined with sonic
computerized tomography and EIT (Electric Impedance Tomography), ERT was used to detect and
guantify the internal decay for standing trees (Brazee, 2011). Measured resistance value, ERT could
be employed to analyze the moisture distribution and movement in the tree trunk, and then
two-dimensional resistively image could be acquired by means of inversion calculation, so that the
effect done by rainfall and diurnal variations on moisture variation could be known (Xu su, 2006; Wu
Hugiao, 2008; Zhou Quyou, 2009).

Stress Wave is widely used in fields of wood detecting due to its ability to inspect the mechanical
properties and internal flaw. Referred to Stress Wave Tomography (SWT), Xu Huadong et al. (2010)
made study of the application and propagation rules of stress wave by detecting 40 Salix matsuyama,
and he offered the assessment of Salix matsuyama’s safe condition. Wang Lihai et al. (2007) indicated
that sensors had influence to the fitting degree and error rate of the Stress Wave image, and pointed
out that it is needed at least 12 sensors to make the image fitting degree approach 90% and the error
rate reduce to 0.1. Ge Xiaowen et al. (2014) demonstrated that the relation between strss wave and
resistance value is significance by using Stress Wave and Resistograph technology toe detect the inner
decay of Salix Matsudana using.

Resistograph technology is mainly employed to inspect standing trees, timber bridges and wood
structure (Huang Rongfeng, 2007; Sun Tianyong, 2013; Sun Tianyong, 2014) . Resistance graph is the
most commonly used method for the structure security evaluation because of its good efficiency to
detect the wood internal defects.

The goals of this study were to detect the decay of standing trees trucks and to describe the decay
degree quantitatively on the base of field and indoor test. In order to investigate the accuracy of
different NDT methods, cross-sections of standing trees were tested by four methods: Electric
Resistance Tomography, Stress Wave Tomography, and Resistograph and estimation weight loss ratios
of wooden increment cores. Taking wood core samples as research objects, testing results of three
other kinds of NDT methods were compared to find out the appropriate technique matched with
specific condition of standing trees in the forest field.

Materials and methods
2.1 Research area

The research area lies in Experiment Forest of Northeast Forestry University in Harbin City,
Heilongjiang Province. This area is located longitude 126°37' E, latitude 45°43' N, is about 140 meter
above sea level, slope of 5degrees, covers 43.95 hectares. It is the warm temperate zone half moist
monsoon climatic region, with an average annual temperature of 3.6 degree, the highest temperature
in July is 36.4 degree and the lowest temperature is -38.1 degree. There is an average of the frost-free
period 600 millimeters a year of rain in this area. By afforestation on the spot between the early 1950s
and the late 1960s, there have been 18 species there which was divided in 46 sample plots, with a kind
of tree in each sample spot.

2.2 Experiment material and equipment

In July 2015, in the experimental field, we chose the trees that had internal decay defects by visually
checking from cavities in the trunk, withered leaves, and corrupt bark and so on. Then, we selected
25(15 decayed, 10 healthy) Fraxinus mandshurica standing trees and 25(15 decayed, 10 healthy)
Populus simonii standing trees, and all selected trees were 50-60 years. The DBH of Fraxinus
mandshurica standing trees was 20~38cm, the DBH of Populus simonii standing trees was 30~50cm.
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The instruments employed were mainly as followed: PICUS Tree Tronic electric resistance
tomography system of Argus Company from Germany , Arbotom stress wave tomography system of
RINNTECH Company form Germany, needle Resistograph of FrankRinnIML Company from
Germany , Wood core drill made in Sweden and 101-3A Electric Heating air-blowing Drier of Teste
Company from Tianjing.

2.3 Test Methods

Two sections were tested of each tree: one section was 30cm from the ground, and another was 100cm
from the ground. Firstly, ERT and SWT were employed to tested two highly sections of each tree.
Both of them were adopted 12 sensors equidistant arranged around the trunk, and were tested on the
same measure points. In order to be analyzed conveniently, the first sensor was arranged in the south
of the tree and the others were fixed up according to clockwise. The testing result of ERT and SWT
were two-dimensional resistively image (Bao Zhengyu, 2013) and two-dimensional stress wave image
(Wang Chaozhi,2006; Lin Wenshu,2005; Wang Lihai , 2008). Secondly, two directions of each section
were tested by Resistograph: one section was from south to north and another was from east to west
along radical direction, and the result was a resistance curve graph. After Resistograph detection,
wooden core was got out by Wood growth cone drill near the detecting point of Resistograph, and was
immediately took back to laboratory. When a wooden core was decayed, we would get out a healthy
wooden core nearby for comparison (Xu Kaihong, 2004; Li Wenbing, 2008.). Finally, the weight loss
rate of wooden core was calculated in laboratory. After weighing, the wooden cores were dried at 70°C
to a constant weight and weighed again. Weight per unit length of healthy wooden core (m;") was
calculated as

m. = D)

Where mj’ is the weight per unit length of healthy wooden core, m;is the weight of health wooden core
got out nearby the decayed wooden core, and L; is the length of healthy wooden core. The estimated
weight of decayed wooden core circumstanced healthy (m¢) was calculated as

=< Lg 2)

Where my' is the estimated weight of decayed wooden core circumstanced healthy, m;" is the weight
per unit length of healthy wooden core, and Ly is the length of decayed wooden core. The weight loss
rate of wooden core(Es) was calculated as

="M 1009 3)
Mg

Where E; is the weight loss rate of wooden, my¢' is the estimated weight of decayed wooden core
circumstanced healthy, my is the actual weight the decayed wooden core.

2.4 Statistical Analyses
2.4.1 Statistical Analyses of ERT

To quantitatively assess the tomograms of sample trees, all corresponding electrical resistances (ERs)
at each pixel of the tomogram were further calculated by the tomogram’s visualization and inversion,
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and ER maps of the cross-sections were displayed using Matlab software. The ERT and schematic of
the corresponding ER map grids are shown in Figs. 1-2. The decayed degree detected by ERT (Eq)
was calculated as

_Ro-Ry

0

Eq x100% (4)

Where E4 is the decayed degree by ERT, Rq is the average ER value of the detected direction in the
same healthy tree species cross-sections, in Q; Ry is the average ER value of the detected direction in
a decayed cross-section, in Q.
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Fig.2 Grey-scale map and corresponding value of resistance distribution

2.4.2 Statistical Analyses of SWT

The velocity distribution of stress wave about cross-section is shown in Fig.3. The Stress Wave
velocity distribution was dealt with as ER maps, and the decayed degree detected by SWT (Ey) was
calculated as

V-V
E, = x100% ®)
Vi

Where Ey is the decayed degree detected by SWT, V; is the average velocity of stress wave in the same
healthy tree species cross-sections, m/s; Vst is the average velocity of stress wave of the detected
direction in a decayed cross-section, m/s.
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Fig.3 The velocity distribution of stress wave about cross-section
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2.4.3 Statistical Analyses of Resistograph

The resistance curve of cross-section by Resistograph is shown in the Fig. 4, with the depth drilled
into the wood on the horizontal axis and the resistance of Resistograph on the vertical one. The
Physical and mechanical property of wood, such as hardness and density, influence the resistance
(Huang Rongfeng, 2008; An Yuan, 2008. ), while the wood is decayed, its mechanical strength and
density will reduce , therefore the resistance tested by Resistograph will also decrease. The area of
ABCD in the Resistance curve on the Fig.4 indicates that the cross-section is decayed. The decayed
degree (E) signified on the Resistance curve was calculated as

=L, H+h (6)
D 2

Where E is the decayed degree signified on the resistance curve, L is the length of decline curve on
the t horizontal axis, H is the length of left decline curve on the on the vertical axis, h is the length of
right decline curve on the on the vertical axis, D is the diameter of the tested cross section. The
decayed degree (E) of each resistance curves could be calculated according to formula (6), the
maximum value of all E values was as Emax, then the decayed degree tested by Resistograph(E;) was
calculated as formula (7)

E, = x100% (7)

max

Where E; is a percentage between 0% and 100%.

3. Result

Based on former calculation and analysis, the decayed degree determined by the weight loss rate of
wood core regarded as the truth value of the decayed degree (Es), the decayed degree tested by ERT
(Eq), the decayed degree tested by SWT (E,) and the decayed degree tested by Resistograph (E;) were
statistically analyzed (Table.1).

i

gy
|
|
|
|
|
|
|
|
|
|
v}

iE B

i H.

10

|
I || L {JllllI \qﬂ
. 1 A W

N
LV \__»u@__wmﬂw“ AT
T

/ L

O 5 % 1530 2 33040 45 50 % (0 00 70 75 &) B0 50 50 490 105110 115 20 125 £ Thn HA0 143 080150 00100 17 175 160 180, 0 19020 200 1010 0 Z3820 T30 340 240 20 258 200 200 027 280 280
L}

8
—l
—

=

5B ¥ a2 84

Fig.4 Resistance curve of cross-section by Resistograph

172



Tab. 1 Statistics of Various test results

decayed . -
average maximum minimum standard . .
degree category | | | deviati skewness  kurtosis normality test
(%) value value value eviation
Es 228 5580 2.30 1483 049  -070  followed the normal
distribution
followed the normal
Es<<30 Ey 24.46 63.90 0.00 17.26 0.79 -0.13 distribution
E, 2530  79.20 0.00 18.52 0.60 006  followed the normal
distribution
Eq 3551  58.00 14.20 9.78 006  -021  followed the normal
distribution
30= followed the normal
Es<50 Ey 45.50 76.00 19.50 10.04 0.51 0.16 distribution
E, 4292  69.10 2570 1024 071  -014  followed the normal
distribution
Es 5171  66.00 2560 1429 014 05  Tollowed the normal
distribution
followed the normal
Es > 50 Ey 73.21 91.00 41.20 17.22 -0.88 -0.45 distribution
E, 7394 9270 5590  12.68 0.01 016 followed the normal

distribution

3.1 The relation between Eq and Es

SPSS software was used to conduct the regression analysis between Eq and Es and the analysis results

are shown as following:

The correlation coefficient (R) between Eq and Es is 0.7188(P<0.01), and the regression equation is
Eq=0.6659E:+11.852 (8)

When Es was divided into three parts as Es<<30%, 30% <<Es;<<50% and Es=50%, some diffidence
were explored. When E;<<30%, The correlation coefficient (R) between Eq and Es is 0.8230 (P<0.01),
and the regression equation is

Eq=1.3033E:+4.2855 (9)

When 7£ 30%<E;<<50%, the correlation coefficient (R) between Eq and E; is 0.2602 (P<0.01), and
the regression equation is

Eq=0.75769E:+13.427 (10)

When Es=50%, the correlation coefficient (R) between Eq and Es is 0.5522 (P<0.01), and the
regression equation is

Eq=1.3622E,-30.292 (11)

The results are shown in Figs.5.
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Fig. 5 Relationship between result of measuring resistance Eq and the truth value of degree of
decay Es

3.2 The relation between Ey and Es

SPSS software was also used to conduct the regression analysis between Ey and Es and the analysis

results are shown as following:

The correlation coefficient (R) between Eyand Es is 0.799 (P<0.01), and the regression equation is
Ey=0.9993E;s+7.5369 (12)

When Es<<30%, The correlation coefficient (R) between Ey and Es is 0.632 (P<0.01), and the
regression equation is

E,=1.2501E.+5.9497 (13)

When 7 30% < Es;<<50%, the correlation coefficient (R) between E, and E;s is 0.658 (P<0.01), and the
regression equation is

E,=1086E.+1.268 (14)

When Es=50%, the correlation coefficient (R) between Eyand E; is 0.791 (P<0.01), and the
regression equation is

Ey,=2.011E.-47.8 (15)
The results are shown in Figs.6.
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Fig. 6 Relationship between result of Stress Wave E, and the truth value of degree of decay Es
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3.3 Therelation between E; and Es

SPSS software was also used to conduct the regression analysis between E; and Es and the analysis
results are shown as following:
The correlation coefficient (R) between E; and E; is 0.829 (P<0.01), and the regression equation is

E,=1.08E.+5.317 (16)

When Es<<30%, The correlation coefficient (R) between E; and Es is 0.711 (P<0.01), and the
regression equation is

E,=1.311E+2.538 (17)

When 7 30% < Es<<50%, the correlation coefficient (R) between E; and Es is 0.58 (P<0.01), and the
regression equation is

E,=1.184E.-2.398 (18)

When Es=50%, the correlation coefficient (R) between E; and E; is 0.914 (P<0.01), and the
regression equation is

E,=4.177E.-182.63 (19)

The results are shown in Figs.7.
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Fig. 7 Relationship between result of Resistance E;and the truth value of degree of decay Es

4 Discussion

4.1 Analysis of the relation between Ed and Es

Once the wood is infected by wood-destroying fungi, decay and disintegration could appear with the
wood cell wall’s decomposing. Wood stain and decay will enable water content to increase because of
the growth of hyphae, than ions will be released from wood cells. Research showed that many metal
ions such as potassium ions, calcium ions, manganese ions and magnesium ions in rotten wood would
increase with the wood decaying. While compared in the healthy wood, in the decayed wood, the
electrical resistance would decrease obviously with increasing the concentration of cation (Houston D
R.,1971). The decayed degree detected by ERT (E4) mainly reflects water content ratio and metal ions
increase of the decayed area of the standing tree. The decayed degree determined by the weight loss
rate of wood (Es) mainly reflects the wood weight loss rate which is closely related to decay
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distribution range, wood structural damage and mechanical strength. Both Eq and E; reflect the wood
decayed degree. In this study, when Es<<30%, there is significant correlation between E4 and Es, and
the correlation coefficient is the highest (YYang Zhong. 2005). Therefore, ERT can show better
diagnosis than the other two methods for incipient decay of standing tree. If wood decay be detected
as early as possible, it could be prevented and treated as soon as possible.

4.2 Analysis of the relation between Ey and Es

When Cellulose, hemicelluloses and lignin of wood are corroded by wood-rotting fungi, density of
wood will reduce accordingly and the internal hole defects of wood will appear. When stress wave
travel in the defective wood, it will spread along edges around the defective area, travel path will be
from straight line to curve, time of propagation will increase and velocity will be decrease(Xu
Huadong, 2014). The decayed degree detected by SWT (E,) mainly reflects the size of the internal
indication of standing trees, while the weight loss rate of wood is also closely related to decay
distribution range, wood structural damage and mechanical strength.There exist a correlation between
E, and E;, because both methods can indicate the decayed degree of standing trees. In this study, when
30% < E;<<50%, there is a significant correlation between E, and Es, and the correlation coefficient is
the highest among three methods, in other words, in this decayed degree, SWT is better than other two
methods.

4.3 Analysis of the relation between E; and Es

Decay leads to the decrease of the wood density and strength, therefore the decayed degree tested by
Resistograph (E;) mainly reflect the distribution ratio of decay area in the standing trees and decline
proportion of the mechanical strength (Huang Rongfeng, 2007), while the weight loss rate of wood is
also closely related to decay distribution range, wood structural damage and mechanical strength.
Both E; and Es embody decayed degree and have a strong correlation in theory. In this study, when E;
> 50%, there is a significant correlation between E; and Es, and the correlation coefficient is the
highest among three methods, in other words, Resistograph is better in the later stage of decay testing
than other two methods.

4.4 Compare of Three NDT Methods

Overall, E; fitted E; better than Eq and Ey. The reasons for this are likely as follows: electrical
resistance value of standing trees is affected by many factors such as ambient humidity, temperature,
moisture content, decayed degree, growing season and measuring position and so on, moreover, it is
easy to misjudge for the sensitivity of resistance testing (Wang Lihai, 2001; Just A,1998) The
detection results of SWT are affected by cross-section shape, defect types, decayed degree and
number of sensors(Bao Zhengyu, 2013; Liu Zexu, 2014). While for Resistograph, resistance is closely
related to wood mechanical strength and is difficultly influenced by other factors as well as the weight
loss ratio of wood.

For different decayed degrees, in three methods, when Es<<30%, Ed had a relatively high fitting
degree with Es. when 30%<E;<<50%, Ey had a relatively high fitting degree with Es, and when E; >
50%, E; had a relatively high fitting degree with Es. The result was connected with decay process of
timber. During incipient decay, wood quality and facade looked unchanged; however, chemical
component had changed a lot. Chi Yujie indicated that wood destroying fungi breed because of
extension and spreading of hypha, when as fungus invaded and settled down into wood cells, and then
they secreted several enzymes to decompose cellulose, hemicelluloseand ignin as fuel (Chi Yujie,
2002). Electrical resistance of wood is mainly related with moisture and metal ions content, so ERT
was more exact during incipient decay. Once decomposition of fungi began to stabilize, variation of
electrical resistance became to flatten (Chi Yujie. 2002.). For SWT, during incipient decay, SWT was
notoriously inaccurate as there have been not cavitations. Then SWT was more accurate. As there

176


javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);

were holes slowly with the decay grew worse (Li Jian, 2002). Some research has showed that stress
wave could travel around the holes when it met holes, then propagation of stress wave would lengthen
and the travel time of stress wave would increase. According to the calculation method of stress wave,
the velocity change of stress wave could reflect the decayed degree (Xu Huadong, 2014). For
Resistograph, once wood is decayed, the density and strength of wood will decrease, so the result
tested by Resistograph can be relatively accurate, no matter what decayed degree (Zhang Houjiang,
2011). Studies have shown that the more decay serious, the more result of Resistograph decline
obviously.

5 Conclusions

The purpose of this study was to compare three NDT methods to find out the appropriate technique
matched with specific condition of standing trees in the forest field. 100 cross-sections of standing
trees were tested by three NDT methods: Electric Resistance Tomography, Stress Wave Tomography
and Resistograph and estimation weight loss ratios of wooden increment cores. The results showed as
following:

(1) Positive correlation was shown obviously between the result decayed degrees detected by ERT
(Eq) and truth-value of the decayed degree (Es), and when Es<<30%, Eq had the highest correlation
coefficient (R=0.823, P<0.01)with Es among the three methods.

(2) Positive correlation was shown obviously between the result decayed degrees detected by SWT(E,)
and truth-value of the decayed degree (Es), and when 30%<Es<<50%, E, had the highest correlation
coefficient (R=0.658, P<0.01)with Es among the three methods.

(3) Positive correlation was shown obviously between the result decayed degrees detected by
Resistograph (E,) and truth-value of the decayed degree (E;), and when E; > 50%, E; had the highest
correlation coefficient(R=0.914, P<0.01)with Es among the three methods.

(4)All three of the NDT methods, ERT, SWT and Resistograph could represent the weight loss rate of
wood which was the index for expressing decayed degree. Therefore, all three NDT methods can
detected the decay of standing trees effectively in some certain range.

(5) ERT, SWT and Resistograph had distinctive features and advantages. ERT can show better
diagnosis than the other two for incipient decay(Es<<30%) of standing trees, while SWT can
significantly used in the middle stage of decay(30%<Es<<50%) testing, and Resistograph revealed the
most accurate result in the later stage of decay detecting can be used in the different stages of decay,
but Resistograph can cause micro-damage of standing trees. Therefore, it is suggested that each
technique can be employed in the practical internal decay testing for standing trees according to the
decay stage and operational conditions.
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Abstract

The correct interpretation of the acoustic tomographic images can help to obtain precise and safe
diagnosis about the risk of falling of a tree, especially in urban areas where there is a risk against life
and urban equipment. The objective of this research was to analyze, qualitatively and quantitatively,
the results of ultrasound tomography with different levels and types of hollows in urban tree disks.
Tests were carried out on 6 disks from 4 different tree species, three of which with natural decays and
three with artificial holes. In general, hollowed areas present greater than 70% velocity reduction and,
the identification of hollowed area using this velocity loss allows to obtain less than 10% error
comparing with the area obtained using the mask. In general, the ultrasonic tomography images were
adequate to provide important information for the tree risk assessment.

Keywords: ultrasound, image pattern, hollowed wood

Introduction

Different types of deterioration can cause changes in the wood’s structure. The mechanical wave
propagation is mainly affected by differences in elastic properties (Bucur 2006). In wood deterioration
by termites or other xylophagous insects, the wood presents galleries in its interior, but the
surrounding material is generally intact. Weiler et al. (2013) showed statistically significant variations
of modulus of elasticity (MOE) and rupture (MOR) when termite deterioration was between 20% and
100%.
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The association of fungal attack, followed by termites, may be responsible for the existence of
hollowed areas in trees. In these cases (galleries and hollows) the wave propagation will suffer
deviations and consequent velocity reduction. Deviations occur because mechanical waves seek the
material medium to propagate (Weiller et al. 2013, Secco et al. 2012, Najafi et al. 2009, Lin et al.
2008, Bucur 2006, Wang et al. 2007, Wang et al. 2004). Thus, if deteriorations or cavities in the wood
reduce the velocity of wave propagation, the variations can be used as changes identifiers in the
material.

In order to obtain a scan in the inspected element, a measurement mesh (Divos and Szalai, 2002),
called diffraction (Example in Fig. 1a) is used. Through this mesh it is possible to obtain measurement
routes, whose quantity depends on the number of sensors used. In order to facilitate visualization,
velocity variations are associated with colors and, through interpolation software (Du et al. 2015, Feng
et al., 2014, Zeng et al., 2013), images are constructed (Example in Fig. 1b). This procedure is called
acoustic tomography. The quality of the image is affected by the interpolation process used, but the
accuracy of the results, especially in the case of ultrasound, also suffers interference from the power of
the equipment and the quality of the data obtained in the field.

NN

a b

Fig. 1 Example of measurement mesh (a) and tomography image generated (b)

There are several commercial acoustic tomography equipment’s on the market, mainly using
propagation of stress waves (called sonic tomographs). Pereira et al. (2007) concluded that acoustic
tomography is a developing technique and, therefore, lacking in studies. The same conclusion was
presented by the USDA (2014), which discusses acoustic tomography in one of its chapters, presenting
examples of tomographic images produced using commercial tomographs, but indicating that the
greatest limitation of the method is still the interpretation of the tomographic image.

Considering the aspects mentioned, the objective of this research was to evaluate, qualitative and
quantitatively, the results of ultrasound tomography using equipment and software developed in our
research group, in face of different types and levels of hollows in urban trees.

Materials and Methods

The wood samples used in this study were taken from trunks of trees of the species: Centrolobium sp,
Liquidambar styraciflua and Copaifera sp. In order to carry out the ultrasonic tests, disks with a
minimum of 200 mm height were cut from those trunks.

The ultrasound tests were performed using the diffraction mesh (Fig. 1a) in which 8 measurement
points were adopted for all species. The measuring points were approximately equidistant and
positioned at the middle height of the disk. As used in the standing tree tests, at each measurement
point, 3 mm holes were drilled for the introduction of the transducer tip with the use of a drill, to
ensure coupling of the transducer to the wood and not to the bark.
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The tests performed on each diffraction mesh measurement route (Fig. 1la) were done using
conventional ultrasound equipment developed by the research group in partnership with a technology-
based company (USLab, Agricef, Brazil) and longitudinal 45-kHz frequency transducers. In order to
obtain the tomography image, the software (ImageWood 2.0), also developed in the research group,
was used.

After the ultrasound tests, the disks were cut at the height where the measurements were taken and the
disk surface was polished to be analyzed and photographed in detail. The species presented different
conditions of deterioration and the deteriorated zones were determined only macroscopically through a
detailed visual analysis of its surfaces.

The generated photographs were used to obtain representative mask of the deteriorated zone, using the
free software ImageJ. This mask was used to calculate the percentage of deteriorated area.

The tomographic images were generated in two ways. In the first one, 6 velocity bands were used,
based on the maximum velocity (Vmax) obtained in the disk (red : Vmin to 20% Vwuax, orange 20-30%
of Vmax, yellow 30-50% of Vwmax, green 50-70% of Vuax, blue 70-80% of Vmax and black 80-100%
of Vuax). According to a USDA publication (2014), a 50% reduction in wave propagation velocity
means that the region presents severe deterioration, so the second procedure was done considering
only two colors: brown for zones with velocities above 50% of Vmax and yellow for zones with
velocities below 50% of Vmax, which were considered as areas with severe deterioration. These two-
color images were used to determine the percentage of impaired area inferred by tomography, also
using the free ImageJ software.

The images generated in different colors by the ultrasound tomography were visually compared with
the photographs obtained from the surface. In addition to this visual analysis, the percentage of
deteriorated area, inferred by tomographic images with two colors, was compared with the percentage
of deteriorated area obtained from the photograph of the disks surface (mask).

Results and Discussion

The visual analysis of the treated surfaces allowed detailing the deteriorated zones in the disks of the
different species: Centrolobium sp had a large hollow caused by termite attack; Liquidambar
styraciflua had a lateral crack from the pith to the bark caused by drying process and Copaifera sp had
large hollow caused by termites. In the surroundings of these hollows there is indication of
deterioration by fungi.

The images of the disks of the species Centrolobium sp and Copaifera sp (Fig.2a, 2c) are those with
red and orange colors, which represent zones with speeds lower than 30% of Vmax (or velocity loss
greater than 70%). These disks are the ones that have great hollowed regions. Thus, although the
image does not represent the shape and exact size of the deteriorated region, the tomographic image
was efficient to assess the falling risk of these two specimens, as it identified advanced deterioration
inside the specimen, which would be enough to indicate the risk involved.

In the Liquidambar styraciflua disk (Fig. 2b) there’s also a small region with the orange color located
at the edge, representing reduction of 70% to 80% of the velocity. This region corresponds to the zone
of greater opening of the crack in the disk. The rest of the image of this disk shows a zone with a
velocity loss between 30% and 50% (green), which is on the same side of the crack and most of the
area with velocity losses below 20% (black). The tomographic image analysis would not adequately
identify the size and position of the crack. The ability to detect defects using wave propagation is
associated with the relationship between wavelength (1) and defect size (Bucur 2006). In general, the
detection sensitivity is about A/2 (Bucur 2006). In the case of the Liquidambar styraciflua specimen,
the maximum velocity (integral area) was 2000 m.s?, so A = 44 mm. Thus, defect detection of the
order of 22 mm is expected to be possible. The largest aperture of the crack, located at the edge of the
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disk and detected in the tomographic image (Fig. 2c) is 25 mm, consistent with the theoretical aspects
of this test.

Centrolobium sp. (a)

Liquidambar styraciflua (b)

Copaifera sp. (c)

Fig. 2: Photographs of the surfaces of the disks from the different species and images of its ultrasonic
tomography

Legend as a function of maximum velocity (Vuax): red : Vmin to 20% Vwmax, orange 20-30% of
Vwmax, Yellow 30-50% of Vmax, green 50-70% of Vuax, blue 70-80% of Vmax and black 80-100% of

Vmax

At the Centrolobium sp and Copaifera sp disks, containing hollows, the percentage of deteriorated
area (Table 1), obtained using ImageJ (Fig. 2), was approximately 30% lower than the percentage of
deterioration area infered by the tomographic image (Table 1) constructed with two colors (Fig. 3).
This is due to the fact that there are large decreases in the minimum velocity (Trinca et al., 2015),
which in this case were higher than 70%. Considering that in the tomographic images with two colors
(Fig. 3), the velocities range adopted is that corresponding to a loss of 50% of the velocity (yellow),
the area of this zone also covered regions not affected only by the hollow .

Table 1. Percentage of deteriorated area using the photograph of the disks surfaces; percentage of
deteriorated area using ultrasound tomography and difference between these two percentages

Deteriorated area (%)

Species Surface photography Tomographic image* Difference
(%)
Centrolobium sp 48,09 78,34 -30,25
Copaifera sp 43,46 73,70 -30,24
L|qU|da_mbar 1,83 2.29 -0,46
styraciflua

* Areas of the image representing a velocity loss superior to 50%

183



Applying the expected velocity variations to zones with hollows and with deterioration caused by
fungi (Trinca et al., 2015), new tomographic images were constructed with two colors (Fig. 3). For the
disks with hollows (Centrolobium sp and Copaifera sp), yellow represents areas with 70% velocity
loss (Fig. 3a, 3c). The purpose of this evaluation was to study the velocity losses associated with
hollows. Using the same procedure to calculate deteriorated areas (mask and tomographic image), its
verifiable that the difference between the hollowed areas (Centrolobium sp and Copaifera sp species)
provided by the ultrasonic tomography is close to the actually affected areas (Table 2).

Table 2 Percentage of deteriorated area using the photograph of the disks surfaces and the image of
ultrasonic tomography, and difference between these two percentages

Deteriorated area (%)

Species Surface photograph ~ Tomographic image Difference
(%)
Centrolobium sp 48,09 38,74* 9,35
Copaifera sp 43,46 45,50* -2,04

* Areas of the image representing velocities losses exceeding 70%

.>

Centroloblum sp (a)
Al A3

Liquidambar styraciflua (b)

Bl B2
2))

.
g

Copaifera sp. (c)
C1 C2 C3
Figure 3 Masks representative of the deteriorated zones based on the surface pictures (A1, B1, and C1)
and ultrasonic tomography images considering two situations. Situation 1: yellow: velocity losses
greater than 50% and brown: velocity losses less than 50% (A2, B2, C2). Situation 2: disks with
hollow - yellow: velocity losses greater than 70% and brown: velocity losses of less than 70% (A3,
C3)

The tomography image generated with different colors (Fig. 2) is a little more confusing for a layman,
but conceptually allows better differentiation of velocity variation levels, and consequently the
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location of the zones with greatest loss in wood stiffness, regardless deterioration type. Using only to
colors to construct the images (above and below 50% loss of speed) the amplified hollowed region is
shown (Table 1). However, the visualization is clearer and represents an important tool for falling tree
risk assessment purposes, since it allows inferring the existence of zones with great loss of stiffness.

Conclusions

Ultrasound tomography images are adequate to provide important information for falling tree risk
assessment. The identification of the percentages of hollowed areas had errors of less than 10% when
regions with a velocity loss greater than 70% are considered and overestimate 30% of such zones
when velocity losses greater than 50% are considered. The identification of cracks depends on the
relationship between their size and the transducers frequency; there was coherence in the detection of
the zone where the crack had the largest aperture.
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Abstract

Both tomography and drilling resistance have shown great potential to be used, in association with visual
analysis, in tree inspections, but both have limitations inherent to any technology. Therefore, the objective
of this research was to evaluate the association of the nondestructive tools - ultrasound tomography and
drilling resistance — to identify internal conditions of trees. The results showed that the tomography is
sufficient to predict the condition of a region with severe and extensive deterioration. However, can fail
if it is necessary to have more precise information about size and location of the deteriorated zone. The
drilling resistance gives very efficient diagnoses of areas with hollows. However, in trees with different
levels of deterioration a calibration is necessary to have clear information. The tree diagnosis are more
precise and safe with the association of both technologies.

Keywords: ultrasonic tomography, drilling resistance, deterioration of wood, tree risk assessment
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Introduction

The urban forestry has great social, aesthetic, cultural and educational relevance, as well as significant
climatic and environmental aspects. However, lack of urban forest planning and environmental conditions
can lead to the declining of trees, with significant changes in size, shape and position relative to the axis.
These conditions make trees more susceptible to pathological problems that can lead to its fall. In
addition, trees are living organisms and as such have a life cycle that involves the onset of growth,
juvenile stage, adulthood and natural death. Therefore, its correct maintenance is extremely important for
the safety of the population and integrity of urban equipment and public goods. All these aspects bring the
necessity of more studies involving the subsidies for the use of effective methodologies and economically
feasible inspection tools (Martinez and Diaz 2016, Rollo et al. 2013).

Visual inspection, already practiced in several parts of the world, is a very important tool, since it allows
the identification of pathologies with low cost and is very useful to be the starting point of the tree
evaluation (Wang and Allison 2008, Mattheck 2007, Kennard et al. 1996). On the other hand, besides
being highly dependent on the inspector's experience, it may not include the identification of internal
anomalies indicative of fragility or instabilities of the trunk (Martinez and Diaz 2016, Rollo et al. 2013).
In many cases it is necessary, to infer tree risk, associate visual analysis with technologies capable of
inferring and monitoring the internal condition of the tree.

Tomography using sonic methods has been used to evaluate the internal condition of trees in several
countries, mainly as an auxiliary tool to the falling tree risk assessment. There are several commercial
acoustic tomography equipment on the market, mainly using propagation of stress waves (sonic
tomographs). Other techniques are also used to generate tomographic imagens with adequate results
(Nicolotti et al. 2003). Due to the need for a better understanding of the meaning of the generated image,
as well as its reach in terms of accuracy, there is still a lot of research in the area showing a still lack of
knowledge (Pereira 2007) and space to scientific contribution, highlighting the image interpretation
(USDA 2014) and improvements in algorithmic of interpolation to image construction (Du et al. 2015).

Likewise, drilling resistance has been recognized as a technique that shows good results in inspections of
trees and structures, although in a much-localized way (Rollo et al. 2013). Considering that the equipment
measures the resistance offering to drill, it is also expected that its results can be correlated with material
strength losses due to deterioration. Studies have been developed to evaluate the correlation between the
amplitude of the drilling resistance obtained by the equipment and the strength of the wood or its
effectiveness in detection of decay in timber members (Brashaw et al. 2011; Tannert et al. 2013, Rinn
2012), on logs (Nutto & Biechele 2015) or on trees (Johnstone et al. 2010; Wang et al. 2008).

Both tomography and drilling resistance have shown great potential to be used in tree inspections, but
both have limitations, which is inherent in any technology. Rollo et al. (2013) obtained very good
correlations between results from impulse tomography and drilling resistance using logs from sound
wood. For decayed wood Wang & Allison (2008) analyzed the results of a trunk inspection combining
visual, single-path stress wave testing, sonic tomography and drilling resistance using a trunk of red oak
(Quercus rubra).

The objective of this research was to evaluate the association of ultrasonic tomography and drilling
resistance to inspect the internal conditions of trunks with different types of decay.
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Methodology

The sampling used in this research was composed of trunks collected from three species: Centrolobium
sp., Tabebuia ochracea, Liquidambar styraciflua and Platanus sp. These species are widely found in the
urban forestry from S8o Paulo state, Brazil. From these trunks were removed 4 discs approximately 200
mm thick.

Ultrasound tests were performed using the diffraction mesh proposed by Divos and Szalai (2002). At the
mean height of each disc, 8 equidistant points were marked in the perimeter, in which 3 mm holes were
drilled through the bark region, to coupling the exponential faces of the 45-kHz-frequency longitudinal
transducers. The tests were performed with conventional ultrasound equipment (UsLab, Agricef, Brazil),
developed by the research group in partnership with a spin-off company. In the diffraction mesh, each of
the points is connected to the other 7, configuring 28 measurement paths, in which are obtained the wave
propagation times. In order to obtain the tomography image, we used a software (ImageWood 2.0) also
developed in the research group. The images were generated using 6 velocity ranges, adopted according
to the maximum velocity (Vwmax) obtained in each disc (red : Vmin to 20% Vwmax, orange 20-30% of
Vmax, Yellow 30-50% of Vmax, green 50-70% of Vwmax, blue 70-80% of Vmax and black 80-100% of
Vmax).

After the ultrasonic tests, the measurements of drilling resistance (IML F400 Resistograph, Germany)
were carried out in the perpendicular to the grain direction, on the same radial measurement routes used
for the ultrasonic tests. For the tests the discs were fixed to a concrete table. The drilling resistance
equipment used in the tests allows the choice of different feed rates (from 15 cm / min to 200 cm / min)
and needle rotation (1500 rpm to 5000 rpm). These adjustments are usually made in function of density of
the wood as well as its level of deterioration. Therefore, speeds used in each species took these aspects
into consideration. From the tests, 48 drilling resistance amplitude graphs were obtained according to the
different routes.

After the ultrasonic and drilling resistance tests, the discs were sawn at the exact height where the
measurements were taken and the surface of the new discs obtained was sanded to be macroscopically
analyzed and digitally photographed. From the macroscopic visual analysis, it was verified that the discs
presented different conditions and degrees of deterioration.

Results and Discussion

The ultrasonic images were generated and associated with the drilling resistance graph (Figure — 1).
Previous studies by the research group (Trinca et al. 2015) allowed to conclude that images as arrow
forms represent interferences produced by the interpolation algorithm used by ImageWood 2.0 software.
Therefore, these areas (with arrow forms) should not be considered in the interpretation of the
tomographic images.
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Centrolobium sp.(a)

Liquidambar styraciflua (b)

Platanus sp.(d)
Figure 1 - Comparative images of the digital pictures of the discs and the superposition of the ultrasound
tomographic images to the drilling resistance amplitude graphics
Legend: percentages of maximum velocity (Vmax): red : Vmin to 20% Vmax, orange 20-30% of Vuax, yellow
30-50% of Vmax, green 50-70% of Vmax, blue 70-80% of Vmax and black 80-100% of Vmax.

The Centrolobium sp. disc (Fig.1a) present the colors red and orange on its images, representing zones
with velocities lower than 30% of the maximum velocity obtained in these discs. In the case of the
Centrolobium sp. disc, the use of the drilling resistance equipment made it possible to verify that the area
delimited by velocities with less than 30% of the maximum velocity obtained on disc was effectively a
hollow, once the amplitude was zero in that region in all measurement routes (Example in Figure 2a). The
zones in yellow presented amplitudes around 20%. Near the zone with more severe deterioration,
represented by zero amplitude, there is an amplitude increase to 40% (Figure 2a). Thus, for this disc, the
association of drilling resistance to the tomographic image allowed us to identify and delimit, more
precisely, the hollow dimension (regions with zero amplitude). In the case of a tree inspection, this result,
repeated in different highs would assist in a decision making for the suppression.

In the Liquidambar styraciflua disc (Fig.1b) the crack is apparent and can, therefore, be detected visually.
This disc is being used in this discussion to simulate the situation of a defect of smaller proportions than
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the two previously analyzed. In addition, in the previous situation, mainly for the Copaifera sp, the wood
around the hollow was also deteriorated, while in the Liquidambar styraciflua disc the wood is sound. In
the tomographic image of the Liquidambar styraciflua disc appears a small region, located in the upper
right border, represented by orange color, indicative of reduction of 70% to 80% of the velocity. This
region corresponds to the zone of greater opening of the crack in the disc. Thus, the tomographic image
did not allow seeing the depth of the crack, indicating only reduction of speed in the border. Eliminating
from the analysis the images in arrows form (interferences) the interpretation of the tomography would be
that the disc has only a stiffness loss in the upper right border (zones in orange and uninterrupted green in
Figure 3). This behavior of the tomographic image is related to the limitation given by the relation
between the wavelength and the size of the defect evaluated (Bucur, 2006). Since the wavelength is
affected by the frequency of the transducer used in the test and by the propagation velocity of the wave in
the medium, the defects visible for the test conditions of this research would be around 20 mm. The
drilling resistance test in Liquidambar styraciflua disc did not identified the crack, since no measurement
route passed through it. This result is a good example of a localized test problem, such as the drilling
resistance test. The average amplitude of the drilling resistance in different measurement routes was
around 20%. Considering that the wood is sound, it is verified that the numerical value of the percentage
of drilling resistance cannot be used directly or alone to interpret the condition of strength or stiffness,
since, for example, amplitudes of 20% in Centrolobium sp. disc were obtained in deteriorated areas. The
Liquidambar styraciflua has lower density than Centrolobium sp. affecting the drilling resistance. So,
more important than the level of drilling resistance amplitude is the homogeneity of the graphic (example
in Figure 3), indicating sound wood.

The image of the Tabebuia ochracea disc (Fig 1c) shows, for the most part, ranges of velocities in green
and yellow, indicating velocities reductions from 30% to 50% (green zone) and from 50% to 70% (yellow
zone). Eliminating from the image the yellow arrow forms within the green zone, the interpretation of the
tomography would be that a large part of the disc has velocity losses from 30% to 50%, which, indicates
zones with more than 50% loss in strength (USDA 2014). Large yellow areas are observed at the edges of
this image (Figure 4), indicating a reduction in velocity superior to 50% (USDA 2014), with severe
deterioration. As there are no red or orange areas in the image, the interpretation of the tomography
would not lead to infer the existence of hollowed areas. The association of the tomography with the
drilling resistance test in Tabebuia ochracea disc would confirm the absence of hollows, since there was
no zero-amplitude registered in any of the graphic routes (Example in Figure 4). The average amplitude
of drilling resistance on the different routes was 20%, therefore equal to the one obtained in Liquidambar
styraciflua disc.

The Liguidambar styraciflua disc presented velocity losses from 0 to 20%, while for Tabebuia ochracea
between 30% and 50%. The amplitude graph in this disc was not as regular as in the Liquidambar
styraciflua disc, but the interpretation of this isolated result would be not evident, indicating the
importance of the two methods association. The high density of Tabebuia ochracea play a very important
hole in the drilling resistance amplitude. Isolated, the drilling resistance test would indicate that the disc is
in good condition; however, the diagnosis of the ultrasound inspection infers a considerable loss of
velocity, evidencing, in the case of a tree inspection, a possible risk. The visual analysis shows that the
piece is almost completely taken up of cavities and that, at the extremities, more severe attack of the
Coleoptera insects, compatible with the loss of velocity shown in the tomographic image.

The image generated by ultrasonic tomography of Platanus sp. (Fig. 5) indicates severe deterioration in
practically all its extension, since it shows a large area in yellow (velocity reduction between 50% and
70%). The green strings would be eliminated from the interpretation, because it is considered as
interpolation interferences. The absence of red and orange areas in the image would lead to infer that the
piece had no areas with holes. The association of the drilling resistance amplitude would indicate the loss
of stiffness inside of the disc, once the graphic is quite irregular, with large and continuous zones with
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very low amplitudes (5 to 10%). According to USDA (2014) drilling resistance from 5 to 15% indicate
moderate decay level but, in this case, the graph irregularity would indicate wood more decayed. The
drilling resistance test also did not show any hollowed areas. So, the interpretation of the inspection using
the association of both methods would allow to infer that the wood, although without any hole, present
moderate to severe decay, therefore subject to risk.

Conclusions

The results shows that the association of ultrasound tomography and drilling resistance allows improving
the quality of the diagnosis, since both techniques are suitable for inspection, but both have limitations.
Ultrasound tomography allows a global analysis of velocity variation, which is related to the deterioration
and wood stiffness loss. The drilling resistance allows very efficient diagnostics of areas with hollows. In
wood severely and extensively decayed ultrasound tomography shows clearly results and the diagnosis
using only this tool would already indicate the high risk. However, in zones with moderately or with
insipient decay the ultrasound tomography can generate important doubts. So, in these cases, the
association with the drilling resistance is essential to ensure the safety of the diagnosis, showing more
precisely the size and the location of the decayed zones.
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Abstract.

The internal conditions of trees can be evaluated by ultrasonic tomography techniques using
images generated by velocities ranges associated with colors. These velocities are affected by the
stiffness and anatomical properties of the material. The aim of this research was to evaluate the
interference caused by the presence of knots, different positions of the pith and by the
interpolation system used in the software adopted to generate the tomography. For the test were
used 44 disks of Pinus sp. The results indicate that, although the velocities in knots are higher
than on clean wood, and in compression wood higher than opposite wood, in general, the
interference on image is very low. In all images, there are zones of arrows forms caused by the
interpolation system (Inverse distance square). However, none of the conditions caused severe
interference in the image.

Keywords: ultrasonic tomography, nondestructive testing, tree inspection.
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Introduction

In urban centers, the fall of tree is a great concern of the public administration, because they cause
serious accidents and economic losses. Acoustic tomography applied on trees, with the objective
of analyzing the presence of anomalies or deteriorations, is based on the generation of images
produced using different colors representing velocity bands obtained in the material under
inspection.

There are several types of flaws (hollows, cracks or zones attacked by fungi and termites) or
singularities (knots, resin bags, displaced pith) that can occur in trees. All these defects and
singularities affect, on less or greater degree, the anatomical structure of the material and, as a
consequence, may affect the velocity of wave propagation.

Knots have an anatomical structure distinct of the normal wood, being more rigid. However, they
cause interruption of the fibers (hardwoods) or tracheid (conifers), leading to a deviation of the
grain (Furiati 1981). Considering that the velocity of acoustic waves in the wood is higher in the
grain direction, because it is a path that facilitates the propagation, it is expected that deviations
or slopes in this path cause a velocity reduction. In addition, the knots can reduce locally the
mechanical properties of the wood, since they form discontinuities, besides being points of tension
concentration. The reductions of the wood strength due to knots depend on its positions in the
piece of the wood, as well as on its size and type, but this reduction may reach to 43% (Haygreen
and Bower 1995).

Trinca et al (2013) isolated knots and perform ultrasonic tests. Their results show that the average
velocity in the isolated element was 118% higher than the velocity in normal wood. Considering
that the literature indicates that there is a reduction of wood properties (including acoustic
properties) when knots are present in wood, it is inferred that this reduction is a function of grain
deviations and local discontinuities. Therefore, the magnitude of the reduction of the velocity of
propagation of ultrasound waves in pieces with knots will be a function of the relation between
the volume of the knots and the healthy wood that surrounds it.

Puccini et al. (2002) estimated the influence of knots, pith and fiber deviation on the longitudinal
velocity of ultrasound wave propagation parallel to the grain. The results indicated that the
velocity variation was highly significant in the models involving, as independent variable, the
presence of knots, pith and grain deviation. The multiple correlation analysis lead to the
conclusion that the reduction of the ultrasonic wave velocity was most related to the presence of
knots. The same conclusion was obtained by Sandoz (1989), which indicated the knot as the
biggest influence on the wave propagation velocity parallel to the grain. In the case of woods with
knots, the longitudinal velocity was 85% of the velocity in woods without the singularity (Puccini
2002).

The pith is a portion resulting from the vertical growth of the plant and has an anatomical structure
differentiated from the wood trunk (Bodig and Jayne 1993). Puccini (2002) analyzed the influence
of the presence of piths on the ultrasound wave propagation. He used specimens with different
proportions of pith and concluded that the longitudinal velocity through pith was 89% of the
velocity in wood. Trinca et al (2013) also analyzed isolated pith elements, having concluded that
the velocity of ultrasound wave propagation thought pith was 55% of the velocity in the wood.

Other aspects that have influence on tomography images is the interpolation system used to
calculate velocities of wave propagation outside the measurement routes. It is necessary to
assigned velocities for the entire section under inspection. According to Bucur (2010) there are
several types of algorithms that can be used to form images using data obtained by the ultrasound
method.
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A relatively simple interpolator used in certain image generation programs is the inverse distance
square (IDS) method. The IDS are an interpolator model that operates by multiplying the values
of the observations by the inverse of their respective distances from a reference point. Results
obtained by Trinca and Gongalves (2014) using IDS interpolations to construct tomography
images show interferences in the images produced. These interferences are displayed as "strings"
with arrow shapes, and must be known in order to interpret the image appropriately. Interferences
from the interpolation methods, recognized and assimilated by the researchers, do not produce
errors of interpretation if there is a standard allowing differentiate interferences from effective
results (Bucur 2010).

Objective

The objective of this paper was to characterize the interference of the displaced pith, knots and
inverse distance square (IDS) method used as interpolation system in ultrasonic tomography
images. This evaluation is important because trees generally have these singularities and it is
necessary to know if such singularities have the potential to affect the identification of
deteriorations.

Methodology

For the construction and evaluation of the tomography images, we used data from ultrasound tests
collected in other researches of the group, using Pinus sp. Two discs (named a and b) were cut
from each wood log. The discs were evaluated in detail and 44 were chosen so that sampling was
composed of discs with approximately centered pith and apparently normal wood (Figure 1a),
with approximately centered pith and presence of knots (Figure 1b) and with a displaced pith
(Figure 1c).The discs with displaced wood have a zone of reaction wood, which can be recognized
as the zone darker and with more distant growth rings (Figure 1c).

Figure 1—Example of disk with approximately centered pith and apparently normal wood (a), with
approximately centered pith and knots (b) and with displaced pith (c)

During the tests, the contour coordinates of the disk (Figure 1, red points on the contour) and the
coordinates of the measurement points were designed (Figure 1, points numbered from 1 to 8). In
Figure 1 it is also possible to visualize the mesh that represents the measurement routes, called
the diffraction mesh. For each point of measurement of the diffraction mesh, the propagation
times of the ultrasound waves were determined.

The data of ultrasound measurement in the diffraction grid (Figure 1) generate 64 time values of
wave propagation. Thus, the first step of the research was to organize the data in spreadsheets
with a suitable format to be inserted in the software Image Wood 2.0.
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In order to obtain the spreadsheet named "Contour", it was used a software developed by the
research group. Using it, we could obtain the coordinates X, Y (Figure 1 - red dots) of the contour
points. To obtain the spreadsheet named "Time", the data were organized such that the coordinates
of the initial points (Xi, Yi) and final points (Xf, YT) corresponded to the routes of measurements
in the diffraction grid (Figure 1 - lines connecting the points numbered from 1 to 8), and the time
of wave propagation obtained in the ultrasound test on each of these routes.

The time of wave propagation in each measurement route is obtained by keeping the transducer
emitting the ultrasound wave at one point, while the transducer that picks up the ultrasound wave
is positioned at the other 7 points of the grid, generating the measurement routes. This procedure
is repeated until the transducer that emits the ultrasound signal passes through the 8 points of the
grid. With this procedure there are repeated measurement routes, such as 1-2 and 2-1; 1-3 and 3-
1, and so on. This procedure is important for the process, but the software does not allow two
different time values for the same route. Thus, for these points, it was necessary to average the
propagation times measured. For each line, one has the coordinates of the initial point (where is
located the transducer that emits the signal) and of the final point (where is located the transducer
that receives the ultrasound signal) and the average time of measurement obtained. This procedure
was performed for measurements on 44 disks, thus generating 44 spreadsheets "Contour” and 44
spreadsheets "Time".

The image generated by the software uses colors associated with the velocities ranges adopted.
The software computes the minimum (Vmin) and maximum (Vuax) velocities obtained on the
disks, on the different measurement routes. The software allows automated adoption of velocity
ranges associated with colors or manual one. The automatic form uses the difference between the
maximum and minimum velocity and divides at equal intervals, depending on the number of
bands that one wants. This procedure is simpler, but in the case of this project, which aims to
analyze patterns of images, it would be not appropriate. Thus, it was adopted 6 velocity bands,
always associated with a percentage of the maximum velocity obtained on the disk. This
procedure was done to compare the images on the different disks. The standard established was:

VMmN up to 20% of VMAx: red
from 20% to 30% of Vmax: pink
from 30% to 50% of Vmax: yellow
from 50% to 70% of Vmax: green
from 70% to 80% of Vmax: orange
from 80% up to Vmax: brown

ok~ whE

In this way, it was possible to compare the images generated by the software with the
photos taken from each disk, and to analyze the behavior of the wave velocity range in the
different conditions adopted in this project. Regarding the interference of the interpolation system
used by the software (IDS), the analysis was done to confirm the previous pattern already obtained
by the research group. This pattern indicates that arrow-shaped images formed on the tomography
represent interferences of the interpolation system and should be neglected in the interpretation
of the images.

Results and Discussion

The wood is a heterogeneous material, constituted of different anatomical elements and with
characteristics of growth influenced by environmental factors. If the velocity of wave propagation
reflects the conditions of the material, it is not expected that the disk image will exhibit only one
color, represented by a single velocity range. In addition, the wood is considered orthotropic, and
the propagation velocities of the waves vary according to these directions. In the measurement
routes (Figure 1) it can be verified that there are radial routes (passing through the centered pith)
and tangential routes (tangential to the growth rings). From the theoretical bases of wave
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propagation, it is known that the radial velocity is greater than the tangential ones, even if the
wood is completely sound. This behavior reinforces that homogeneity of velocities is not expected
in wood.

The Pinus sp. specie is very susceptible to fungi attack. Considering that the logs were removed
immediately after cut, the moisture content of the disk was very high. The disks were kept in
plastic bags for the test to be carried out in the saturated condition, but there was a proliferation
of fungi, which in the visual analysis are stains, which do not cause damage in wood structure.
After tests this condition was confirmed.

The evaluation of the disks was performed considering the three different initial conditions
proposed for the research - normal condition (pith approximately centered and wood apparently
in good condition); pith approximately centered and presence of knots and displaced pith with
presence of compression wood. In addition, it was also evaluated the interference by the
interpolation system (IDS).

Disks with pith approximately centered and without knots

The disks under normal conditions (pith approximately centered and wood visually normal,
except for the fungus issue) generally presented most of the cross-sectional area in the brown and
orange colors, indicating that velocity ranged from 70% to 100% of the maximum velocity (Figure
2). In some disks under normal conditions appeared the colors green (50% to 70% of the
maximum velocity) and yellow (30 to 50% of the maximum velocity), generally associated with
external routs (Figure 2). The external routes are tangential and with greater angle in relation to
the radial one (lower velocities). The colors pink, yellow and green also appeared in arrow-shaped
images (Figure 2), which were identified as interferences of the interpolation system(IDS).

Disk 1a Disk 4a

Disk 17 a

Figure 2—Samples of disks under normal conditions (pith centered and without knots) and their respective
images of ultrasound tomography

Legend: Vmin up to 20% of Vmax: red; from 20% to 30% of Vmax: pink; from 30% to 50% of Vumax: yellow;
from 50% to 70% of Vmax: green; from 70% to 80% of Vmax: orange; from 80% up to Vmax: brown
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Disks with pith approximately centered and with knots

In the disks with approximately centered pith and presence of knots we observed the occurrence
of more regions in brown colors (Figure 3) than in disks with similar situation in terms of pith
(approximately centered) but without knots (Figure 2). The disk 16b (Figure 3), for example, has
3 knots around the pith, but the image shows the inner part of the disk with high velocity (brown
color). The same occurs on disk 22a (Figure 3), although with more interference (pink, green and
yellow arrows) but with a large brown surface. The area formed by the crossing of arrow-shaped
cords seems to coincide, in some cases, with the knot region (Disk 4b, 22a and 18b in Figure 3).
The disks with knots present more images in cording shapes (theoretically interferences of the
measurement system) than in the other analyzed situations. This behavior can be a consequence
of the fact that the knot is a localized singularity and thus reflecting more the interferences.

Disk 4b

Disk 18b Disk 22a

Figure 3—Samples of disks with approximately centered pith and their respective ultrasound tomography
images

Legend: Vmin up to 20% of Vmax: red; from 20% to 30% of Vmax: pink; from 30% to 50% of Vmax: yellow;
from 50% to 70% of Vmax: green; from 70% to 80% of Vmax: orange; from 80% up to Vmax: brown
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Disks with displaced pith

Disks with displaced pith have more green regions (velocity losses of 30% to 50%) than disks
with pith approximately centered and without knots. It is also possible to verify fewer cords
representing interferences of the interpolation system. The images of many disks seem not to be
affected by the displaced pith, since they present in a large part of the section the colors brown
and orange. The image of the disk 18a (Figure 4) presented lower overall velocities (green zones)
and a well localized yellow region, more like a knot's effect pattern than reaction wood. More
detailed evaluation made latter shows little differences between compression and opposite wood,
with velocities little high in compression zone.

Disk 3a Disk 18a

Figure 4— Samples of disks with approximately centered pith and their respective ultrasound tomography
images

Legend: Vmin up to 20% of Vmax: red; from 20% to 30% of Vmax: pink; from 30% to 50% of Vmax: yellow;
from 50% to 70% of Vmax: green; from 70% to 80% of Vmax: orange; from 80% up to Vmax: brown

Conclusions

Considering the heterogeneous and orthotropic nature of the wood, velocity variations are normal,
even in pieces with approximately centered pith and normal wood. For the pine wood studied in
this research, it was observed that, in general, the images of the disks under normal conditions
(pith approximately centered and without apparent knots) presented representative colors of
velocities ranging from 70% to 100% of the maximum velocity (orange and brown).

In the disks with displaced pith, although many disks presented the same color level of disks with
centered pith (orange and brown), color representative of velocities ranging from 50% to 70% of
maximum velocity (green) occurred more frequently than in disks with centered pith. Velocities
are little high in compression zone than in opposite zone.

The disks present velocities little higher in zones with presence of knots. The image pattern in
these disks was the one that presented more arrow-shapped cords, which represents interference
of the inverse distance square (IDS) method to interpolate velocities. It is possible that this pattern
(cords in the form of arrows) is related to the peculiarity of the knot, which is a localized
singularity.
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Abstract

This paper presents the use of several nondestructive evaluation techniques in the structural condition
assessment of a historic timber viewing tower. Visual, laser, mechanical probing, and acoustic techniques
were used to evaluate the structural integrity of a timber viewing tower.

Keywords: timber, tower, visual, lasers, probing, acoustic, condition assessment
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Density-based Evaluation Method of Degraded Timber
for 1ISO13822

Nobuyoshi Yamaguchi
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Abstract

Timber structures degrade biologically, and need assessment for those preservation and renovation. 1SO
13822 Annex E proposes the concept of ‘time-dependent reliability’, which needs quantitative evaluation
based on mechanical properties of timbers. Density is significant property which correlated with
mechanical properties of timber approximately. For the estimation of timber density, assessment method
using screw withdrawals with short thread was developed. ‘Normalized Withdrawal Resistance (NWR)’
was proposed to estimate timber density from withdrawals. Relationship between NWR and density of
timber was analyzed, and regression equations were obtained. ‘Benchmark Method’ and ‘Nominal Value
Method’ to distinguish sound timber and degraded timber were proposed. In order to develop method to
predict mechanical properties of degraded timber, relationship between weight loss and residual
percentage of mechanical properties of degraded timbers are analyzed, and ‘density-based degradation
model of timbers’ is proposed.

Keywords: screw, density, mechanical, properties, decay

Introduction

Timber structures from old heritages to modern CLT buildings were constructed. These existing old and
new timber structures need assessment for the preservation of cultural values and economic efficiency.
Standards and regulations for the assessment of existing structures have been prepared. Assessment of
existing structures was described in 1ISO 13822 “‘Bases for design of structures’ (1ISO. 2010). Annex E of
the standard proposes concept of ‘“Time-Dependent Reliability’ for the stochastic evaluation of degraded
structures. Figure 1 indicates the concept of ‘time-dependent reliability’ of the Annex E. Degrading curve
in Figure 1 represents that resistant performance of structures degrades with time. Initial safety factor

Performance

Resistance

Resistance

Safety Factor

Reduction of Safety Factor
Load

Load
Time-dependent Degrading Curve

Time

Completion Present Future

Increase of Probability of Failure

Figure 1 — “Time-Dependent Reliability’ of ISO 13822 Annex E
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reduces gradually, and probability of structural failure increases with time. Degradation of existing timber
structures is expected to be quantified and evaluated stochastically in 1ISO13822. Technical committee
TC215-AST ‘Assessment of Structural Timber’ was established 2005 in RILEM to summarize in situ
NDT/SDT methods (Kasal et al. 2011). COST Action FP1101 ’Assessment, Reinforcement and
Monitoring of Timber Structures’ was established to support the safety and serviceability of existing
structures (Machado et al. 2015). Research committee ‘Assessment method of Existing Timber structures
(AET)’ has been established 2015 in the Architectural Institute of Japan (AlJ) to prepare guidelines of the
assessment of timber structures. Author had been developing assessment method using screw withdrawals
from 2006 (Yamaguchi 2013), (Yamaguchi et al. 2015). Objective of this paper is to propose evaluation
method which predicts mechanical properties of degraded timber using densities estimated by screw
withdrawals or other methods.

Estimation of Timber Densities using Screw Withdrawals
Screw Withdrawals

Standards such as ‘Eurocode 5’ describe method to calculate withdrawal resistance of wood screws (CEN,
2008). These methods use timber density, diameter and penetration length of wood screws, which means
withdrawal resistances are correlated with the timber densities. Screw withdrawal is a practical method

for the estimation of timber densities.

Probe

Author developed probe manufactured
from threaded-rod with short thread which
meet with the standard (ISO261, 724). The
probe has 3.87mm diameter and 12.87mm
length thread, which was shown in Figure
2 and Photo 1. This probe needs pre-
drilled holes with 3mm diameter bored in
timber. The probe is screwed into the pre-
drilled holes and the thread is set at the
target depth.

Direction of withdrawal

Figure 2 —Probe Photo 1 — Thread Screwed into Timber

Normalized Withdrawal Resistance

Withdrawal resistance is equivalent to shear strength on the cylindrical shear plane around the thread
diameter of the probe shown in Figure 3. Normalized withdrawal resistance (NWR) is resistance
normalized with cylindrical shear plane around the thread

diameter, which is defined by Equation 1. Because NWR 1‘
does not include the effect of dimensions of threads, NWR Probe ~F /— Pre-drilled hole
is correlated with timber density better than withdrawals. 7
1
= Cylindrical
WR =1 L1 shear plane
- _ g
NWR Rt X JT X | (1) Thread length
where \Wr is Normalized withdrawal resistance (N/mm?)
, WR is Withdrawal resistance (N) , Rt is Diameter of Figure 3 - Cy|indrica| Shear Plane around
threads (peak to peak, mm), ~is Circular constant, | is Thread Diameter

Length of probethread (mm).
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Density Estimation of Sound Timber from Screw
Withdrawals

Relationships between density D and normalized withdrawal
resistance \Wr (R or T directions) of three timber species of
Sugi (Cyptomeria Japonica), Hinoki (Chamaecyparis
obtusa) and Douglas-Fir (Pseudotsuga menziesli) are shown
in Figure 4. A regression equation between D and yWr are

o
w

Density (g/cm?)
=}
.

y=0.032x+0.1745
R*=0.923

shown in Equation (2). Square of coefficients of correlation 0.2 . :‘If;kl
(R?) between density D and NWr was 0.923. (Yamaguchi. 01 s D-Fir.
2013) 0.0 ‘ : »?plproxin:laltinl)n
D =0.032x,W, +0.1745 2 a 6 8 10 12 14

NWR(-RT) (N/mm?)

where \Wr is Normalized withdrawal resistance (N/mm?)  Figure 4 —Density Estimated from NWR

and D is Timber density (g/cm?3).

Evaluation of Timber using Screw Withdrawals in Situ
‘Benchmark Method’ to Distinguish Degraded Timber

Sound timber is used as benchmark that must be same timber species as object timber. The benchmark
timber should have average properties of timber species of the object timber. In case the benchmark
timber is not used, measurements are applied for sound area and degraded area of the object timber.
‘Benchmark Method’ using screw withdrawals compares withdrawal resistances of sound timber/area and
degraded timber/area, and provide ratio of withdrawal resistances between sound and degraded timbers.

‘Nominal Value Method’ for In situ Assessment

Strength Class in EN338 describes mechanical properties and densities of ‘lumber’ (CEN. 2009), and
‘Industrial Wood Handbook Japan (IWHJ)’ also describes those of “clear wood’ (FFPRI. 2004). These
values which are described in the EN338 and the Handbook could be regarded as nominal values.

Evaluation of Lumbers Classified in EN338 Strength Class
Nominal densities and probe withdrawals of lumbers classified in EN338 strength class (CEN. 2009) are

Withdrawals equivalent to
Nominal Density of EN338

] ] ] ]
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Figure 5 —-Nominal Densities of Strength Classes

Figure 6 — Probe Withdrawals of Strengh Classes
of EN338

equivalent to Nominal Densities of EN338
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shown in Figure 5 and Figure 6, respectively. The probe withdrawals are equivalent to the nominal
densities, which are calculated from Equationl1 and Equation 2. Square and triangle marks in Figure 5
and Figure 6 indicate relationship between Average and 5 percentile nominal densities and equivalent
probe withdrawals of those. These probe withdrawals Wr are used in situ for the density-based assessment
of lumbers classified by EN338. ‘Average’ or ‘5 percentile’ marks plotted in Figure 6 could be used as
criteria to distinguish degradation of timber in situ. (Yamaguchi. 2015)

Evaluation of Clear Wood listed in Industrial Wood Handbook Japan

Nominal densities (FFPRI. 2004) and calculated probe withdrawals of clear wood are indicated in Figure
7 and Figure 8. The probe withdrawals are equivalent to the nominal densities, which are calculated using
Equation 1 and Equation 2. Diamond, square and triangle marks indicate nominal Upper, Average and
Lower densities of the clear wood in Figure 7, and Upper, Average and Lower probe withdrawals of the
clear wood respectively in Figure 8. ‘Ave.” or ‘Lower’ marks plotted in Figure 8 could be used as criteria
to distinguish degradation of timber in situ. (Yamaguchi. 2015)

Timber Species and Withdrawals equivalent to
07 Nominal Density of Wood Handbook . Nominal Density of Wood Handbook
0.6 = 20
X
o = <
g ¢ . .
g 05 - g 15 o
=~ [ ]
@ [ ]
2 ¢ . - k= .
‘2 04 - 210 [ ]
D L] =
o " 2 A )
A ©Upper Density A © Upper Withdrawals
0.3 A mAve. N 05 BAve. )
A Lower ALower
0.2 ‘ 0.0 I I
Sugi Spruce  Hinoki  Western Doglus-Fir Sugi Spruce  Hinoki ~ Western Doglus-Fir
Hemlock Hemlock
Timber Species Timber Species

Figure 7- Nominal Densities of Timber Species  Figure 8 — Probe Withdrawals Equivalent to Nominal Densityes

Relationship between Mechanical Properties and Densities
Mechanical Properties of EN338 Strength Classes

Mechanical properties and densities of EN338 strength classes are lists in EN338 (CEN. 2009). These
mechanical properties and densities could be regarded as nominal values of lumber and shown in Figure 9,
Figure 10, Figure 11 and Figure 12. These mechanical properties are correlated with those densities.
Regression equations of those are summarized in Equation 3, Equation 4, Equation 5 and Equation 6.

E = 43.797x D — 7.9386 3)
f, =166.47 x D — 45.486 4)
f =66.385x D—7.2481 ©)
f. =13.668x D —3.1944 (6)

Where E kN/mm’ is MOE, f, N/mm’ is bending strength, f. N/mm” is compression strength, fs N/mm’ is
shear strength and D g/cm’ is density of lumber.

Mechanical Properties of Clear Wood listed in Industrial Wood Handbook Japan

Mechanical properties and densities of clear wood are listed in IWHJ (FFPRI. 2004). These properties
and densities are average values and regarded as nominal values, which shown in Figure 9, Figure 10,
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Figure 11 and Figure 12. These properties are correlated with those densities. Regression equations of
these are summarized in Equation 7, Equation 8, Equation 9 and Equation 10.

E'=25.329x D — 2.1464 @)
f,'=172.7x D —3.7253 ®)
f.'=98.684x D —5.1645 9)
f.'=21.711x D — 2.2862 (10)

where E’ kN/mm’ is MOE, f,* N/mm’ is bending strength, f;* N/mm” is compression strength, f;* N/mm’ is
shear strength and D g/cm’ is density of ‘clear wood’
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Prediction of Mechanical Properties of Sound Timber

Prediction of Mechanical Properties of Sound Timber using Estimated Density

MOE, bending, compression and shear strengths of sound ‘lumber’ are predicted by Equation 3, Equati
4, Equation 5 and Equation 6 using densities D. MOE, bending, compression and shear strengths of

on

sound “clear wood’ are predicted by Equation 7, Equation 8, Equation 9 and Equation 10 using densities

D. These densities are estimated from screw withdrawals, etc.

Prediction of Mechanical Properties of Degraded Timber
Weight loss and Residual Mechanical Properties of Timber Decayed by Fungi

Mechanical properties of degraded timber had been studied. Stalnaker summarized information on
resistance to decay of timbers, and proposed approximate residual percentage of mechanical properties
decayed softwood in early stage of decay 5 to 10% weight loss (Stalnaker et al. 1997). Mizumoto

of

composed deterioration test of Japanese red pine (Pinus densiflora) sap wood decayed by Gloeophyllum
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trabeum which causes brown-rot fungi, and reported residual mechanical properties during deterioration
(Mizumoto 1966). Residual bending strengths of Sugi (Cryptomeria japonica) decayed by brown-rot and
white-rot fungi were reported by Imamura (Imamura et al. 1987). Table 1 summarizes residual
mechanical properties in early stage of decayed timber proposed and reported by them. Bending,
compression and shear strengths listed in Table 1 are parallel to the grain. Table 1 shows that bending is
mostly affected by decay and brown-rot fungi affect for the deterioration of timber more than white-rot
fungi. Figure 13 shows degradation curves of bending strengths reported by Mizumoto and Imamura.
Approximations are applied for the results by Imamura. Degradation curve reported by Mizumoto is
between the degradation curves of brown-rot and white-rot reported by Imamura. Deterioration by fungi
is affected by many factors related to materials and

environmental conditions. Much additional research is Degradation Curves from Test
expected. These weight losses are replaced to density 100 and added Approximation
reductions assuming those timber volumes are constant during AN T ooty Inan

) =+ =Brown-rot by Mizumoto

deterioration. 80 |i

——— White-rot by Imamura

App. Brown-rot by Imamura

Table 1 — Weight Loss and Residual Mechanical Properties
of Timber Decayed by Fungi

----- App. White-rot by Imamura

Imamura  Mizumoto  Stalnaker Imamura

\ y = 1000951

R*=0.99

Residual Bending (%)
=

White-rot  Brown-rot Brown-rot 30
Weight Loss 10% 10% 5-10% 10% 20 . s eeo s
Bending 65% 50% 30% 25% 10 v " R2=0.0706
Compression 50% 55% 0
Sheal’ 80% 80% 1] 10 20 30 40 50

Mass Loss (%)

Figure 13 — Residual Percentage of
Bending Strength Decayed by Fungi
(Mizumoto 1966, Imamura et al. 1987)

Prediction of Mechanical Properties of Degraded Timber

Mechanical Properties of Sound and Degraded Timber

Density-based degradation model of timbers with MP-S and MP-D lines are proposed. MP-S line reveals
relationship between mechanical properties and density of pre-degrade sound timber/point, which is
indicated by dotted line in Figure 14. MP-D line reveals relationship between mechanical properties and

Mechanical property 0

MP-S

Sound timber/point

PPiag Start Point of

,/" Degradation T
Degraded | ____ e SR |

timber/point

Object|MP-D

Degraded
timber/point

N
>

Density Pre-degrade Sound
timber/point

Degraded
timber/point
Sound
timber/point

Figure 14 — Density-based Degradation Model Figure 15 — Sound and Degraded Timber/Point
of Timbers allocated in Object Timber
degraded timber/point, which is indicated by solid line in Figure 14. There are two types of mechanical
properties of ‘lumber’ or ‘clear wood’, and one of those must be chosen for the prediction. MP-S line is
drawn by one of Equation 3, 4, 5 and 6 in case of ‘lumber’, and also that is drawn by one of Equation 7, 8,
9 and 10 in case of “clear wood’. MP-D line correlated with degraded timber is drawn using residual
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percentages of properties and weight-loss obtained from experimental results or proposals such as Table 1.
Because timber always starts to degrade from sound, MP-D line is drawn from a point on MP-S line
downwardly and the point is given the name of *Start point of degradation’. The point is correlated with
the density of pre-degrade sound timber. Figure 15 shows the measuring points of densities in pre-degrade
sound and degraded timber/area allocated on object timber. The pre-degrade sound or degraded points
must be chosen in pre-degrade sound or degraded areas on the object timber. Object MP-D line is drawn
from the “Start point of degradation’ correlated with the density of pre-degrade sound timber/point in the
object timber. The mechanical properties at sound timber/point are obtained from the MP-S line using
density at sound timber/point. The mechanical properties of degraded timber/point are obtained from the
Object MP-D line using the two densities at pre-degrade sound and degraded timber/point.

Prediction of Mechanical Properties using Density-based Degradation Model

Bending MP-S line of ‘clear wood’ calculated by Equation 8 is drawn using dotted-line in Figure 16, for
example. Bending MP-D lines are drawn using solid-lines in Figure 16. Bending MP-D lines are drawn
based on residual percentage of ‘bending strength’ proposed by Stalnaker shown in Table 1. Sample MP-
D lines are drawn as measures from “Start point of degradation’ relating to the sound timber densities of
0.38, 0.4, 0.44, 0.48 and 0.52. “‘Object MP-D line’ are required to be added parallel to the sample MP-D
lines with estimated density of pre-degrade sound and decayed timber/point of the object. Residual
mechanical property of the degraded object timber is obtained using the ‘Object MP-D line’. In Figure 16,
two declining thin dotted curves are plotted beside the sample MP-D lines for comparison, the curves
reveal degradation of timber by brown-rot and white-rot fungi by Imamura shown in Figure 13. MP-D
lines proposed by Stalnaker are allocated between the two thin dotted curves based on the experiments by
Imamura.

-==-MP-S
MP-S & Sample MP-Ds (Bending, Clear Wood) e MP-D from Density 0.52

100 ----~- by Brown-rot Fungi

90 e by White-rot Fungi

80 "f —> MP-D from Density 0.48
70 I

6 /i

50 <
40 .
30 [

- == by Brown-rot Fungi

....... by White-rot Fungi
MP-D from Density 0.44

- -+~ by Brown-rot Fungi

,,,,,,, by White-rot Fungi

Bending (N/mm?)

e—> MP-D from Density 0.4

2 -l ‘,,;7;7—/-.' -~ -+ -~ by Brown-rot Fungi
10 pomg—yp by White-rot Fungi

0 MP-D from Density 0.38
0.3 0.35 0.4 0.45 0.5 0.55

Density (g/cm3)

by Brown-rot Fungi
by White-rot Fungi

Figure 16 — Prediction of Bending using Density-based Degradation Model (Clear Wood )
Procedures to Predict Properties of Degraded Timber

1) Densities of sound timber/point and degraded timber/point of the object are estimated by screw
withdrawals or other. 2) Choose between two types of timber properties ‘clear wood’ or ‘lumber’ for the
prediction of mechanical properties. 3) Choose type of mechanical properties from MOE, bending,
compression and shear strengths. 4) Draw MP-S line using Equation 3 to 10. 5) Plot a *Start point of
degradation’ on the MP-S line, which is correspond to the density of pre-degrade sound timber/point of
the object. 6) Draw ‘Object MP-D’ line which are drawn from the “Start point of degradation’
downwardly. The object MP-D line should be parallel to the sample MP-D lines. These samples could
use residual percentage proposed by Stalnaker or other. 7) Find mechanical properties on the ‘object MP-
D line’ correspond to the estimated density of the decayed object timber/point.
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Conclusions

For the assessment of existing timber structures, probes for the screw withdrawals, ‘Normalized
Withdrawal Resistance’ for the estimation of timber density, ‘Benchmark Method’ and ‘Nominal Value
Method’ for the evaluation of timber degradation were proposed. Equations to predict mechanical
properties of sound ‘clear wood’ and ‘lumber’ were proposed. The MP-D was proposed to predict
mechanical properties of degraded timber, and these procedures were summarized. For more reliable
predictions of degraded timber, additional research is expected.
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Abstract

This document presents the preliminary ideas of a draft procedure for the assessment of existing
timber structures. The estimation of the mechanical properties in existing timber structures is
usually based on visual stress grading and non-destructive techniques. Both techniques have some
important peculiarities respecting their application to the grading of new sawn timber. A procedure
should be defined for the different tasks involved in inspection and evaluation. The irregular cross-
section geometry in old timber structures requires some specific considerations. Visual grading is
very limited by problems with access, and non-destructive techniques help to complete the
information. The most frequent nondestructive parameters are estimation of density and
determination of wave transmission velocity. Different options and questions are proposed to
create a more consistent and practical evaluation procedure.

Keywords: assessment, dynamic modulus of elasticity, existing timber structures, mechanical
properties, non-destructive methods

Introduction

Since the beginning of this century there has been increasing interest in the rehabilitation
and conservation of existing buildings. While these are mainly of historical and artistic
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importance, general buildings are also involved. Several relevant documents focus on
timber structures. The 12 general assembly in Mexico in 1999 of the International
Council of Monuments and Sites (ICOMOS) adopted the worldwide recognized document
“Principles for the preservation of historic timber structures” (ICOMOS, 1999). This is a
short document with fifteen items covering inspection, monitoring-maintenance,
intervention, repair- replacement, historic forests and contemporary technologies. Some of
the specialists involved in ICOMOS have published papers on the conservation of timber
structures. One example is the Norwegian ecological conservation approach for historic
timber structures (Larsen and Marstein 2000). More recently, an interesting Italian view
was based on an extensive compilation and study of real cases of timber structure failures
(Tampone, 2016).

The work of the COST Action IE0601 “Wood Science for Conservation of Cultural
Heritage” (WoodCultHer) must also be mentioned. This was developed in 2007-2008
within the framework of the European Cooperation in Science and Technology (COST
Actions). The Task Group “Assessment of Timber Structures” generated a document titled
“Guidelines for On-Site Assessment of Historic Timber Structures” and gave rise to an
interesting publication with the same title (Cruz et al., 2010). It was drafted as a pre-
normative document and is currently being developed within the European Committee for
Standardization, Technical Committee 346 “Conservation of Cultural Heritage” (CEN/TC
346) by its Working Group 10 “Historic Timber Structures”. This project for a European
Standard will be adopted in 2018.

The conservation of timber structures requires verification of their safety, and this
involves a survey, estimation of mechanical properties and verification of their load

capacity. This paper covers the first phase of the complete process of timber structure
assessment (inspection).

Data collection at inspection

Definition of homogeneous batches and species identification

The preliminary inspection of structures should centre on checking which structural types and
geometrical characteristics (cross-section size and length) and species of wood are present, as
well as quality characteristics and date of construction. Each different type (batches) should be

considered as independent, giving rise to specific estimation of their mechanical properties.

It is in principle necessary to identify the species used in a structure to determine its mechanical

properties. In Spain only a few species can generally be found in old timber structures. For

coniferous species: Scots pine (Pinus sylvestris L.), laricio pine (Pinus nigra ssp. salzmannii
(Dunal) Franco) and maritime pine (Pinus pinaster Ait. ssp. mesogeensis Fieschi&Gaussen) are

the main home-grown species. It must be noted that the wood of Scots pine and laricio pine

cannot be differentiated, even by microscopic sample analysis. Furthermore, in some buildings it

is possible to find a mix of these coniferous species (maritime and Scots or laricio pine). Less
frequently, Southern yellow pine (Pinus echinata Mill, elliottii Engelm, palustris Mill., taeda
L.) can be found in some buildings, mainly in the North of Spain. The hardwood species used

are: European oak (Quercus robur L., Quercus petraea (Matt.) Liebl.) and sweet chestnut

(Castanea sativa Mill.) in the North of Spain, together with poplar (Populus alba L., Populus

nigra L.).
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Geometry

The load-carrying capacity of a timber piece depends on the mechanical properties of the
material (strength and modulus of elasticity) and on its cross-section dimensions. Nowadays, the
cross-section of timber pieces in a homogenous batch in the structure has a regular shape and
little dimensional variation, so it can be considered to be practically constant. However, the
cross-section of timber pieces in older structures is not generally a regular rectangular shape. As
a consequence of this, timber pieces vary widely in cross-section in the same type of members
(joists, rafters, etc.) and even along the same member. It is therefore not a simple task to
measure cross-section dimensions, and the measurement method will affect the final results.

Measurement methods: the most common practical method for measuring the cross-section
dimensions of a piece is by using a tape measure attached to the face or edge of the cross-section
and trying, in the case of wanes, to ensure that the measurement corresponds to the whole cross-
section, Figure 1 (direct method). Another option, which seems more regular in procedure, is to
use a caliper to measure the distance between two parallel faces, attaching one of the jaws of the
apparatus on the flattest face, figure 1 (caliper method) and the other parallel jaw where it makes
contact with the cross-section. In the example of figure 1 it is observed that the measurements
taken by both methods vary by £ 5 mm, and this value would increase if the section were more
irregular. This small variation in the dimensions results, for this example, in a 6% variation of
the cross-section area, 12% of the section modulus and 18% of the moment of inertia. The effect
of this on bearing capacity has a certain relevance and is not negligible.

Figure 1—Different measurement methods: direct (left) and caliper (right).

The effect of notches on faces: the cross-sections of certain timber joists in existing structures
have face notches to offer better support for the filling material between joists. In practice, the
dimensions of cross-sections are measured as the circumscribed rectangle. The properties of the
cross-section (area, moment of inertia and section modulus) obtained are therefore slightly larger
than the actual ones. As an example, Figure 2 shows a cross-section with typical notched faces
where the differences between moment of inertia and the section modulus of the rectangle and
the actual cross-section are less than 3%. The repercussion on load bearing capacity in this case
is negligible.
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Figure 2—Face notch effect on cross-section properties (A: cross-section area, I:

moment of inertia and W: section modulus; 1: rectangle and 2: notched cross-
section.

Cross-section variability: a large variation in the dimensions of the same batch is often found.
Table 1 shows the geometrical properties of several batches of recent timber from mechanical
characterization tests of large cross-section pieces (ifiiguez 2007). The cross-section dimension
variation coefficients are less than 2% and for the moment of inertia they stand at just over 3%.
However, the same table shows the geometrical properties of four batches of timber pieces from
existing and old buildings (approximately 1776 -1900) in which the cross-section dimensions
variation coefficient reaches mean values from approximately 6% to 9%. This coefficient rises
to 16% for the section modulus and to 21% for the moment of inertia.

Table 1. Coefficients of variation of cross-section dimensions and geometrical properties of new sawn
timber pieces and in solid timber pieces from old structures.

Average CoV (%)
Species Date N Cross-section b h A W |
bxh (mm)
1 80 149x199 0.5 0.5 0.9 1.3 1.8
75 147x246 1 0.7 1.3 1.8 2.3
5 2007 60 142x190 1.9 1.3 2.3 3.2 4.4
60 191x246 2.2 1.2 2.3 3.0 3.9
3 60 144x196 1.2 0.9 14 2.2 3.1
60 195x247 11 0.9 1.7 2.4 3.2
Average values 1.3 0.9 1.7 2.3 3.1
2-3 1900 14 118x161 9.0 6.0 13.0 17.9 22.9
2-3-4 1861 20 126x181 5.4 4.7 6.9 10.5 14.8
2-3 1780 28 142x197 8.1 7.6 13.0 19.6 26.6
2-3 1776 63 140x175 8.9 5.3 11.3 15.2 19.7
Average values 7.9 5.9 11.1 15.8 21.0

Species: 1 Radiata pine, 2 Scots pine, 3 laricio pine, 4 maritime pine
Date: approx. year of the timber or the building in case of existing structure
N: numb. pieces; b: width, h: depth; A: cross-sectional area; W: section modulus; I: moment of inertia

Assignment of the cross-section size in a homogeneous batch: as was mentioned above, even in a
homogeneous batch (i.e. one with similar geometric characteristics and material quality) there
will be variations in dimensions and quality between the pieces. Structural systems with
members repeated at short intervals (i.e. joists and rafters) and supporting the load through other
constructive elements with enough capacity to redistribute the load according to their stiffness,
have a better structural behavior. This effect is the load sharing effect considered by Eurocode 5
(EN 1995-1-1 2004), and may justify the consideration of a common average section size for the
whole system. A proposal for the assignment of the section size of a batch is outlined below.
The cross-section size of a piece (width and depth) should be taken as the mean value from at
least two cross-sections of the central third of the length of the piece. The cross-section size for
the batch will be taken as the mean value of the cross-section pieces.
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Visual strength grading

The visual strength grading standards of timber are intended for applications to pieces produced in
a sawmill, in order to classify them into groups with different mechanical properties. In this
process a small part of the material is always rejected for structural use because it does not meet
the lower grade requirements. When these types of grading procedures are applied to old timber
pieces in existing structures some drawbacks arise. Firstly, the most frequent result is that pieces in
the same batch are assigned to different grades defined by the standard, including a group of
rejected pieces. Normally, if the complete grading standard criteria are applied, the percentage
rejected will be too high. However, it is neither possible to discard rejected pieces in an existing
structure, and nor would this make any sense. Secondly, in existing structures it is not always
possible to access all four faces of a piece, so that visual classification is incomplete.

Furthermore, some of the singularities of timber pieces (defects) that are considered in timber
grading have little relevance in the case of existing structures. Fissures and cracks, which are more
present in large cross-section pieces, do not imply a significant loss of load carrying capacity
(Esteban et al. 2010). Similarly, the effect of wanes, which are also very frequent in ancient and
large cross-section pieces, is generally considered to be only a loss of section area, without
reducing strength (Arriaga et al. 2007, Esteban et al. 2010). The most relevant defects in
classification will therefore be knots and the slope of grain. Some experimental studies propose
grading based solely on these two parameters (Arriaga et al., 2005). The Italian grading standard
UNI 11119:2004 is probably the only one that specifically includes a procedure for timber grading
in existing structures. It proposes a grading system with three grades (I, Il and I11) and its main
grading parameters are knot, fiber deviation, wane and fissure. The effect of wanes is limited to
loss of piece cross-section area, and fissures are permitted provided they do not pass completely
through the piece.

To summarize, although visual timber grading in existing structures is a procedure that can help
estimate their mechanical properties, it needs to take into account nuances such as those proposed
in the standard discussed above.

Moisture content

The measurement of timber moisture content in the inspection of a structure has two main
objectives. The first is to locate areas with particularly high moisture content, since the presence of
fungal attack or some insect attacks, such as subterranean termite infestation, are closely related to
high moisture content. The second objective is to adjust the data registered by nondestructive
methods in temporary abnormal moisture content situations, in order to correct it to dry (or
standard) conditions.

If nondestructive techniques are used to grade new timber, the estimated mechanical properties
must be referred to standard hydrothermal conditions. These conditions correspond to 65+5% air
relative humidity and 20£2°C temperature according to Eurocode 5 (EN 1995-1-1:2004) for timber
structural design, and they correspond approximately to an equilibrium moisture content of 12% in
coniferous wood. However, when estimating the mechanical properties of timber in existing
structures and moisture content is stabilized at the average equilibrium moisture content
conditions, it is not necessary to correct to 12%. The estimated mechanical properties will
therefore be directly applicable to service conditions.

Nondestructive measurements for density estimation
Density is a physical property strongly related to mechanical properties, and it is defined as the
relationship between mass and volume. Three different methods have been used to determine the

density in the nondestructive testing research field: a) Small clear specimens in the form of
rectangular prisms having a cross-section of not less than 20 mm by 20 mm and a minimum length
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along the grain of 20 mm, according to standard ISO 13061-2:2014. This method is generally used
to determine the density of the material in particular areas of the wooden piece or tree, as density
varies depending on position in the tree (juvenile or mature wood, sapwood or heartwood, etc.). It
is very precise but also varies widely in a single piece of timber; b) Local density of structural
timber, with a specimen obtained as a slice of the full cross-section of the piece, free from knots
and resin pockets, according to standard EN 408; and c) overall density obtained as the ratio
between the mass and volume of the whole piece. This is used for structural timber when it is not
possible to obtain a slice specimen as this would imply the destruction of the piece.

Table 2 shows the density values of several batches of large cross-section sawn timber of four
coniferous species (Pinus sylvestris L. — Scots pine, Pinus nigra A. — Laricio pine, Pinus pinaster
A. — Maritime pine, and Pinus radiata D. — Radiata pine) of several sizes. The global density is
2.5% greater than average local density, and the coefficient of variation for the overall (global)
density is slightly lower than it is for average local density.

Table 2. Densities of four Spanish-sourced coniferous species referred to 12% moisture content in
structural large cross-section pieces and small clear specimens.

. Global Local .
Size Number densit densit Ratio Small clear
Species bxh (mm) - : Y, PG ¥, bL specimen
L (m) pieces mean-CoV mean-CoV 06/ pL kg/m?
(kg/m®- %)  (kg/m?® - %)
200x250-4.7 60Y 531-10.4 511-10.5 1.039
Scots p. 150x200-5.2 60Y 507-8.3 496-9.4 1.022  500-520-540%
100x150-4.0 25?) 511-5.7 499-8.3 1.024
200x250-5.0 60Y 589-11.4 592-14.9 0.995
Laricio p. 150x200-4.0 60Y 598-10.3 586-13.4 1.021  510-540-550%
100x150-4.0 25?) 578-6.7 559-9.8 1.034
Maritime p.  100x150-4.0 25?) 569-5.6 546-4.7 1.042  530-540-550%
150x250-5.6 759 506-7.5 493-8.7 1.026
Radiata 150x200-4.5 80Y 493-8.4 475-9.8 1.038  420-470-500%
P 100x150-4.0 252 503-10.0 498-10.8 1.010 500
80x120-2.5 150% 515-11.1 501-11.6 1.028
mean values: 8.7 10.2 1.025

b, h, L width, depth and length
D TRiguez 2007; 2 Llana 2016; ® Montdn 2012; 9 EN 350:2016; % Vignote 1984

The standard error and the coefficient of determination differences between the mechanical
modulus of elasticity and the dynamic one obtained with global and local density are negligible.
Both values can therefore be used interchangeably in predictions.

Although many semi-destructive methods can be used to estimate the density of wood pieces, the
most practical for in situ use are the following: a) Probes such as the Pilodyn 6J Forest device
(Proceq, Switzerland). It measures the penetration depth of a 2.5-mm-diameter steel needle, which
is shot into the wood with constant energy (6 J). Another recent probe device is the “Woodpecker”
wood sclerometer; a sharp needle is introduced by constant energy strokes and the depth correlates
with wood density; b) The screw withdrawal force meter is a test device designed specifically to
record the maximum load required to extract a screw previously inserted into the timber. The most
frequently used device is the portable Screw Withdrawal Resistance Meter (SWRM), designed by
Fakopp (Hungary); ¢) The wood extractor is a new device for in-situ density estimation of timber
pieces, based on weighing the residue generated by conventional drilling (Martinez et al. 2017);
and d) Taking cylindrical cores by drilling from the pieces, with a diameter from 8 to 16 mm and a
length of 30 to 50 mm to measure density directly. The effect of the resulting hole in the piece is
smaller than that of a knot, although it is greater than that of the other devices (Ifiiguez-Gonzalez et
al. 2015).
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In any case, for practical application it will be necessary to answer the following questions: a)
How many pieces should be measured?; b) How many cross-sections should be measured in each
piece?; and, ¢c) How many points should be measured in a cross-section?.

Nondestructive measurements for modulus of elasticity estimation

The modulus of elasticity can be determined from the density of the material and the propagation
wave velocity according to the following equation:

Eq= p-V2 (1)

where Eq is the dynamic modulus of elasticity, v is the wave propagation velocity and p is the
density. This equation is valid when the dimensions of the cross-section are small in comparison with
the length of the piece (one-dimensional wave theory).

Density can be estimated in-situ by means of one of the semi-destructive techniques described above.
Velocity can be determined from time-of-flight measurements using a stress wave method. Low
frequency (in the audible range) stress waves are often used; high frequency ultrasonic waves (above
the audible range, >20000 Hz) are also used. Stress waves generate long wavelengths with the
advantage that they can travel long distances. On the other hand, ultrasonic waves have short
wavelengths that have higher attenuation and travel shorter distances.

Some of the instruments used the most often for time-of-flight measurements based on ultrasonic
waves are the Sylvatest Duo (CBS-CBT, France-Switzerland) with conical 22 kHz sensors and the
USLab (Agricef, Campinas, Brazil) with sensors from 20 to 90 kHz and piezoelectric sensor induced
excitation. The most widely-used sonic stress wave instrument is the MicroSecond Timer (MST)
(Fakopp Enterprise, Sopron, Hungary) in which excitation is hammer induced.

Two different ways to in-situ measure time-of-flight can be used: Surface measurements, with both
sensors placed on the same edge or on the same face; and crossed measurements with a sensor placed
on one face and the other one on the opposite face. In the latter case, two measurement points should
be considered for each face, located at thirds of the specimen depth (Arriaga et al. 2017). Sensor
orientation should be at an angle equal to or slightly less than 45° with respect to the timber surface.
It is recommended to measure time-of-flight over distance of at least 2.5-3 m to avoid the
measurement error (time lag) observed when distances are shorter. If time-of-flight is not adjusted to
account for time lag, the error in calculating velocity would be around 11% in 1-m pieces and 3% in
4-m distances. These errors are magnified when the square velocity is used to obtain the dynamic
modulus of elasticity in order to predict structural properties (Llana et al. 2016).

Conclusions

This work is a preliminary analysis and reflective study of previous experimental results, and it is
only about the survey phase. Although it is therefore not possible to draw conclusions yet, some
ideas are pointed out. It is essential to maintain a practical approach in the elaboration of an
inspection protocol for existing structures, so that proposals are realistic and, as far as possible,
generalizable.

This first phase of the work on inspection will be continued by the phases of estimating the
mechanical properties of timber, and final evaluation of structural load bearing capacity. Its
validity should be verified by applying it to actual cases of existing structure evaluation. It is then
that it will be possible to really draw the conclusions of this work.
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Abstract: In this study, two types of hardwood Walnut (Juglans regia L.) and Cherry (Prunus
avium L.) are tested using both ultrasonic and mechanical testing methods. These species
frequently appear in cultural heritage objects in museums (e.g. musical instruments, furniture).
In analyzing the ultrasound data, the elastic moduli can only be accurately estimated from
stiffness data if the Poisson ratios are available. Three data evaluation techniques which differ in
the way to incorporate the Poisson’s ratios (full-stiffness-inversion, simplified uncorrected, and
simplified corrected) are used to estimate the elastic moduli from the ultrasonic results. The full-
stiffness-inversion method, which requires four specimen types, gives the best estimation for the
elastic moduli. The simplified uncorrected method requires only one specimen type, but leads to
an overestimation of elastic moduli. The corrected method, that based on the Poisson ratios
obtained from mechanical tests, only partially reduces the overestimation for L Young’s
modulus.

Keywords: ultrasonic test, mechanical test, moisture-dependent elastic and shear properties,
Poisson’s ratios, Walnut (Juglans regia L.), Cherry (Prunus avium L.)

1 Introduction

In engineering, elastic material parameters are essential inputs to advanced material models.
However, the availability of elastic material parameters in the case of wood is often very limited.
It is mainly due to the enormous amount of species, each with own characteristics as well as due
to its natural complexity. The material properties of wood are different in the three orthogonal
material directions: longitudinal (L), radial (R) and tangential (T). Consequently, a considerable
experimental effort is required to estimate the elastic parameters of only one particular wood
species.

Various experimental methods have been developed to support the characterization of wood
properties using the mechanical test as the standard (Horig, 1935; Keunecke et al, 2008; Ozyhar
et al., 2012). The mechanical test allows direct and accurate measurement of all elastic properties:
Young’s moduli (E), shear moduli (G) and Poisson’s ratios (). However, the test is a destructive
test, which limits its applicability. In a case of assessing standing constructions or cultural objects,
the non-destructive tests are more suitable. The non-destructive testing of choice for wood elastic
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properties, which has been developed over the last decades, is ultrasonic testing (Bucur and
Archer, 1984; Goncalves et al, 2011; Ozyhar et al, 2013). Despite its reliability of estimating E

in the principal axes (L, R, and T) and G on the material planes (LR, LT and RT), its applicability
estimating _ is uncertain. Since the ultrasonic method is based on the inversion of the

stiffness data, E and [ values are partially related. Therefore, the uncertainty of i questioned

the accuracy of E.

Both ultrasonic and mechanical testing methods of two types of hardwood walnut (Juglans
regia L.) and cherry (Prunus avium L.).

2 Material and Methods

Material and Method

The measurements in this study were performed for walnut (Juglans regia L.) and cherry (Prunus
avium L.) wood growth in the Caucasus region. The average wood densities (o were 670 kg/m?
and 575 kg/m?® respectively and were measured in normal climatic conditions with a temperature
of 20°C and an RH of 65%. The specimens were small clear wood without any natural growth
characteristics such as reaction wood or knots.

Based on Hooke’s law, the relation between stress and strain for an orthotropic material presented
under Voigt’s notation is

] L -
Ei ERL ETL 00 0
a || - 1R _VT oL ]
£RR LR = TR g 0 0||opg
EL Er FEr
T L, . 17T @y
2¢pr | |[—LL RT. = o 0 0f|oRT
E. Er Er
2e1 oTL
0 0 0 10 0[|,
ZELR L LR_
LRI 0 0 0 010
0 0 0 00 1]

where, [S] is the compliance tensor, [o] and [€] are stress and strain tensor respectively.

Under Voigt’s notation, they become matrixes and vectors as shown previously. E; is the Young’s

modulus along axis i. Gjj is the shear modulus, which load is in direction j working on the plane which
normal is in direction i. v is the Poisson’s ratio that corresponds to a passive contraction in direction j
when an extension is applied in direction i. Due to the material symmetry, the [S] matrix is symmetric,

which leads to *RL_".R | 'L _"T and 'RT _'TR  Therefore, the orthotropic constitutive equation
ER EL ' Er E_ ER Er

incorporates nine independent elastic constants comprised of three Young’s moduli, three Poisson’s
ratios and three shear moduli. In the mechanical test, all elastic parameters are directly obtained as test
results. In the ultrasonic test, however, ultrasound waves propagating through the material provide the

stiffness matrix [C], which needs to be inverted to calculate [S] = [C]? and furthermore used to
obtained the elastic parameter.
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Mechanical Test
Compression and Tension Tests

The specimens used for the test were dog-bone shaped specimens. They were prepared for three different
loading direction L, R and T. Specimens with similar dimensions have been successfully tested to
determine the E and v of yew and spruce wood (Keunecke et al. 2008) and beech wood (Hering et al.
2012; Ozyhar et al. 2013a). The specimens were acclimatized at 50%, 65%, 85% and 95% RH and a
constant temperature 20°C for at least two months before the tests. For each RH level, loading direction
and wood species, 10-15 specimens were prepared.

Compression (CT) and tension (TT) test were performed using a Universal Testing Machine (Zwick
Roell 2100, Zwick Germany) equipped with a 100 kN load cell. A 50 N predefined initial force was
set with a displacement rate of 5 mm/min and used as a starting point for the measurement. The tests
were continued under a displacement-controlled rate of 1 mm/min to achieve failure within 90(£30)s
(Keunecke et al. 2008). For the measurement of strain a speckle pattern was applied with a airbrush
gun. The strain evaluation was performed using the digital image correlation (DIC) technique. Based
on these set of pictures, the surface strains were calculated with a commercial two-dimensional digital
image correlation software (VIC 2D, Correlated Solution). This method was explained in Keunecke et
al. (2008).

Arcan Tests

Arcan test (AT) was performed to determine the shear moduli (G) mechanically. The specimens used
for arcan test were 130 mm long and 50 mm wide boards with notches. They were prepared in six
different load axes direction (RT, TR, TL, LT, LR and RL). The tests were performed in standard
climatic conditions (65% RH, 20°C). 10-15 samples were prepared for each loading direction and
wood species.

Ultrasonic Test

The ultrasonic test is a non-destructive testing techniques based on the propagation of ultrasonic waves
in a material. Two types of wave are used, longitudinal wave and shear/ transverse wave. To
determine all independent components of the [C] matrix at least three longitudinal, three shear wave
velocities propagating along the principal axes and three shear wave velocities measured at a suitable
angle on the principal axes (quasi-shear wave) are needed (Bucur 2006). In this study, the selected
angle for the quasi-shear wave is a=45° with respect to principal direction. The notation for the wave
velocities is shown in Table 1.

Table 1 Notation for the ultrasound propagation velocities (Ashman et al. 1984)

Wave Explanation

velocities?

Vii Wave velocity of longitudinal wave propagating in the i direction and
the particle motion (direction of polarization) in the same direction

Vij Wave velocity of shear wave propagating in the i direction and the
particle motion in the perpendicular j direction

Vi Wave velocity of quasi-shear wave with propagation along n:[% %]
(o= 45° angle between the i and j directions) and particle motion on the
i -jplane

A jEL R T
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To carry the ultrasonic test (UT), four different types of cuboid specimens, corresponding to specific
material planes (Figure 1) were used. Each specimen type was manufactured in 3 different edge
lengths (16, 13 and 10 mm). They were further acclimatized at RH 50%, 65%, 85%, 95% and a
constant temperature of 20°C. Approximately 10-15 specimens were prepared for each type,
dimension, wood species and RH level. The ultrasonic test was performed in the climate room where
the samples had been stored. The test was carried out using the Epoch XT flaw detector (complies to
EN-12668-110 (2010)) with a through-transmission technigque. A transmitter transducer (Olympus
A133S with a diameter of 12 mm for longitudinal waves and Staveley S-0104 with diameter of 12.7
mm for transversal waves) sends ultrasound waves from one surface of the specimen and a separate
receiver detects the first arrival of waves (time of flight) on the opposite surface.

Figure 1 Specimen types for ultrasound velocity measurement. Each type was produced in three different edge
length: 16, 13 and 10 mm

The selected longitudinal and shear waves frequency were 2.27 MHz and 1 MHz respectively, which
lead to wavelength of 0.5-2.5 mm. The selected wavelength must be smaller than specimen dimension
to avoid guided wave effects and larger than wood microstructure to capture macroscopic material
behaviour (Bucur 2006; Zaoui 2002). Moreover, this selected range of frequency (1 MHz or higher)
has been successfully attempted in several previous studies for other wood species (Bucur and Archer
1984; Gongalves et al. 2011; Ozyhar et al. 2013b).

Table 2 Equation to calculate the stiffness components from the ultrasound wave velocities

Specimen  Wave Explanation
type velocities?
| Vi o = pVi
Vrr C22 = PViR
VT Cas = PV
Vri/V1r Ca = ( PV + pVik ) / 2
VrVir Cos = ( PV + pViE ) / 2
Vir/VrL Ces = ( P& + pVa ) / 2
I VrrRT?

Cxs = \/(sz +Cas — Z/OVRZT/RT )(Css +Caq — 210VR2T/RT ) —Cu

i Vrm?
ke Ca1 = \/(Cll +Css —2Vri ) (033 +Css —2Vri . ) —Css

a
v Virir Ci2 = \/( Ci1 + Ces — 2pV|_ZR/|_R )(sz + Ce6 — 2,0VL2R/LR ) — Ce6

ijCLRT
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In this experimental test, the flight time of three longitudinal, six shear waves and three quasi-shear
waves propagating on each specimen dimension were recorded for each specimen thickness. The
velocities were determined by linear regression between the measured times and the specimens
thicknesses. Then, the resulting velocities were used to estimate the elastic constants.

Three different data evaluation techniques were used to evaluate the ultrasound results. The first data
evaluation technique, full-stiffness-inversion (UT-FSI, see tab. 2), is the method that has been
implemented in the previous studies (Bucur and Archer 1984; Kriz and Stinchcomb 1979; Ozyhar et
al. 2013b). To estimate the Young's moduli, this technique requires the whole set of the wave
velocities. Each component of stiffness matrix [C] is calculated using the equations in Table 2. Then,
the [S] matrix is calculated by inverting the [C] matrix, from which the whole set of E, G and v are
obtained with Eq. (1). The second data evaluation technique, simplified, uncorrected (UT-SU), is a
simplified version of ultrasound data analysis, which only requires the wave velocities from specimens
type | (see eq.2). This method significantly increases the time efficiency of the ultrasonic test.
However, the main diagonal terms of the stiffness matrix are assumed equal to E and G. The
calculation of G, which is independent of v, is not influenced by this assumption. However, it leads to
an over estimation of E (Ozyhar et al. 2013b).

Ei ~Ci = pVif foralli€ 1,2 3
Gij = Gji = Ce-i-j)o-i-j) = (pVij2 + pVi )/2 forallij €1,2 3andi#j 2

To avoid the overestimation of the E, a third data evaluation technique, simplified, corrected (UT-
SC,see eq.3), is proposed. A parametric inversion of the [S] matrix is performed to obtain analytical
expressions of the axial stiffness cii in function of the E and v. By operating Eq. (1), exact expressions
for the first three diagonal terms of the [S] matrix are obtained. Each stiffness component is equal to
an E in the corresponding direction multiplied by a certain correction factor (ki) which is a function of
the v (Eg. (3). With assumptions that the nominal values of the v are known (e.g. from literature data
(LD), from selected mechanical or other ultrasound tests) and their variations among different
specimens of the same species introduce a negligible impact on the E calculations, these correction
factors can be calculated. By using this method, an accurate E estimation can be performed even
though only specimens of type | are available during the ultrasonic measurement.

1—wrTUmR
Cu=EL-kn=E¢-
—ULRURL —URTUTR —UTLULT — DLRURTUTL — URLULT UTR
1-vrnor
C2 = Er-kr = Er -
—ULRURL —URTUTR —UTLULT —ULRURTUTL — URLULT UTR
1—vrURL
Css =Er -kr =Er- (3)

—ULRURL —URTUTR —UTLOLT — ULRURTUTL — DRLULT UTR

3. Results and Discussion

The results obtained with the three different evaluation techniques are presented in Table 3. However,
due to the low availability of supported reference studies for Walnut and Cherry wood, the correction
factor cannot be optimally applied. A full set of material parameters can only be found for Walnut
(Keylwerth 1951) but only for a specific moisture condition. These data were used together with
mechanical test results for comparison. For the validation purposes, correction factors (k) based on the
v of UT-FSI method were also calculated and presented in Table 3. The cross-validations were made
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by multiplying E of the UT-FSI with k in the corresponding direction. Since Eq. (3) is formally
equivalent to the inversion of the [C] matrix, the results are equal to the component of [C] matrix in
the same direction, which is none other than E of the simplified uncorrected (UT-SU) technique.

Table 3 Data evaluation results of Walnut (Juglans regia L.) and Cherry (Prunus avium L.) at different moisture content u

Experimental  u » Elasticity Moduli(MPa) (CaV(%))  Shear Moduli(M Pa) (CaV (%)) Poisson’s Ratio(-) (CoV(%))
Data (%) (kg/m%)
Walnut Ey, Eg Er Grr Grr Grr VRL ViR vrL v YR vRT
7.2 642 12849(0.19) 1227(6.08) 1001(7.35) 0.043(27.5) 0.288(6.26) 0.035(15.8) 0.180(16.3) 0.316(11.4) 0.519(4.50)
Compression 9.2 693 10721(9.21) 1149(4.82) 1083(3.02) 0.035(20.5) 0.290(8.99) 0.032(14.5) 0.193(21.5) 0.207(1.88) 0.524(1.84)
= (cT) 125 647  10217(7.76)  968(4.13)  908(4.96) 0.0: ) 0.240(17.2) 0.036(10.1) 0.131(46.6) 0.352(6.61) 0.543(3.49)
g 15.1 671 6793(21.2) 907(10.4) 873(2.89) 0.067(15.3) 0.201(22.4) 0.059(8.94) 0.083(48.8) 0.340(2.97) 0.559(3.27
£ 7.2 642 13621(8.07) 1467(5.74) 1284(5.66) 0.075(19.0) 0.230(16.1) 0.062(8.69) 3(6.34) 0.513(4.40)
S Tension 9.2 693 11253(4.85) 135 2)  1260(3.15) 0.060(7.67) 0.260(9.83) 0.065(7.43) (2.28) 0.541(2.32)
(TT) 125 647 11094(8.90) 1170(4.85) 1124(3.95) 0.053(15.6) 0.2350(14.0) 0.060(11.0) (6.68) 0.590(2.51)
15.1 671 9708(20.1) 1056(7.64) 1028(3.68) 0.066(12.3) 0.274(18.3) 0.057(6.86) 33(1.72)  0.579(3.30)
Arcan (AT) 10.0 561 194(2.55)  868(7.10) 1020(3.45)
Ultrasound funl 72 633 11508 1518 746 395 1222 0.061 0.469 0.075 1.173 0.460 0.936
il e, 92 64T 11190 1377 652 264 995 0.055 0.448 0.079 1.208 0.437 0.883
;,‘“"r “ T-FSI) T 125 628 10906 1151 489 218 863 0.109 1.035 0.012 0.268 0.416 0.978
(55 151 677 10021 1007 1408 208 861 0.094 0.934 0.021 0.525 0435 1072
Cherry u P Er Er Grr Grr Grr VRL VLR vTL VLT YTR VRT
8.4 559 8947(10.3) 930(10.5) 0.289(10.7) 0.046(16.6) 0.291(22.6) 0.344(2.26)
Compression 10.7 589 8707(10.7) 720(13.2) 0.257(13.6) 0.042(9.41) 0.242(14.9) 0.321(4.34)
| (CT) 14.2 565 B62T(7.77) TIT(4.77) 0.292(9.88) 0.048(16.2) 0.263(11.6) 0.321(2.78) 0.768(4.20)
L 163 562 6808(12.4) 1079(5.07)  610(19.1) 0.179(15.6) 0.036(22.8) 0.141(22.3) 0.348(4.21) 0.828(2.17)
"‘f 8.4 559 9826(8.71) 1830(5.25) 1069(9.43) 0.091(10.0) 0.300(4.57) 0.067(4.41) 0.266(24.1) 0.360(2.60)
= Temsion 107 580 0709(9.02) 1609(17.2)  885(1L7) 0.088(4.28) 0.303(16.9) 0.064(9.98) 0.271(15.2) 0.350(3.73)
(TT) 142 565 9396(9.76) 1502(7.42)  864(4.28) 0.083(7.64) 0.310(12.6) 0.060(14.4) 0.259(15.6) 0.372(1.30) 0.525(1.80)
16.3 562 8502(8.76) 1280(3.94) 825(12.9) 0.075(5.88) 0.306(14.6) 0.055(19.7) 0.258(14.1) 0.407(4.97) 0.877(2.29)
Arcan (AT) 10.0 554 218(3.90)  T82(4.35) 1188(4.95)
Ultrasound full 8.4 579 9489 1489 884 239 1050 1230 0.163 1.041 0.027 0.289 0.446 0.752
tiffoss inver. 107 560 8238 1384 644 228 895 1112 0.141 0.838 0.059 0.755 0.372 0.798
on (ULFSD 142 556 7496 1233 509 200 802 956 ).117 0.711 0.066 0.966 0.372 0.900
sion (UT-FSD 465 502 7ane 1229 175 202 1 050 0.116 0.689 0.052 0.807 0.375 0.971

Table 3 Data evaluation results of Walnut (Juglans regia L.) and Cherry (Prunus avium L.) at 20°C/ RH 65%

Experimental Data w (%)  p(kg/m®) Elasticity Moduli  Shear Moduli Poisson’s Ratio(-) Carrection
(M Pa) (M Pa) factors(-)
Walnut Ey, Ep Er Gpr Gir Gur VRL VLR VIL VLT VTR VRT kp  kr  kr
'75 Compression (CT) 9.2 693 10721 1149 1083 0.035 0.290 0.032 0.193 0.297 0.524
Eﬂ Tension (TT) 9.2 693 11253 1352 1260 0.060 0.260 0.065 0.123 0.340 0.541
§ Arcan (AT) 10.0 561 194 868 1020
Literature Data (LD®) 11.0 590 11416 1214 p41 234 714 980 0.052 0.490 0.036 0.636 0.375 0.710
__‘_: UT-FSI (Tab.2) 9.2 647 11190 1377 682 264 995 1389  0.055 0.448 0.079 1.298 0.437 0.883 1.447 2.113 2.296
%‘ UT-SU (Eq.2) 9.2 647 16189 2910 1565 264 995 1389  0.000 0.000 0.000 0.000 0.000 0.000 1.000 1.000 1.000
% UT-SC (CT) (Eq.3) 9.2 647 - 693 15745 2403 1298 264 995 1389  0.035 0.290 0.032 0.193 0.297 0.524 1.028 1.211 1.206
:._.gi UT-SC (TT) (Eq.3) 9.2 647 - 693 15482 2290 1241 264 995 1389  0.060 0.260 0.065 0.123 0.340 0.541 1.046 1.271 1.261
. UT-SC (LD?) (Eq.3) 9.2-11.0 590 - 647 14578 1967 1061 264 995 1389  0.052 0.490 0.036 0.636 0.375 0.710 1.111 1.479 1.475
“Ozyhar et al (2013)
Cherry u p Er, Ep Er Gpr Gor GLr  VRL VLR VYrL YLT VTR VRT kr  kp  kr
TS Compression (CT) 10.7 589 8707 1505 720 0.055 0.257 0.042 0.242 0.321 0.734
Eﬂ Tension (TT) 10.7 589 9709 1609 885 0.088 0.303 0.064 0.271 0.350 0.775
é Arcan (AT) 10.0 554 218 782 1188
_{5 UT-FSI (Tab.2) 10.7 560 8238 1384 644 228 895 1112 0.141 0.838 0.059 0.755 0.372 0.798 1.523 2.068 1.909
;\: UT-SU (Eq.2) 10.7 560 12542 2862 1230 228 895 1112 0.000 0.000 0.000 0.000 0.000 0.000 1.000 1.000 1.000
§ UT-SC (CT) (Eq.3) 10.7 560 - 589 11943 2104 908 228 895 1112 0.055 0.257 0.042 0.242 0.321 0.734 1.050 1.360 1.355
_*_._%:‘ UT-SC (TT) (Eq.3) 10.7 560 - 589 11382 1926 836 228 895 1112 0.088 0.303 0.064 0.271 0.350 0.775 1.102 1.485 1.472

Moreover, the Poisson's ratio (v) calculated based on the full stiffness inversion (UT-FSI) method
show inconsistent results. It is expected due to the combination of the wood inhomogeneity and the ill-
posed problem arise from the inversion of stiffness matrix [C]. The combination of multiple specimens
used during the ultrasonic measurement leads to an averaged material properties. Since the specimens

227



introduce with its own natural inhomogeneity, their properties may slightly vary. While for E and G
this problem is negligible, it is clearly pronounced in the resulted v. Moreover | case of the ill-posed
problem, a typical variation of 0.5-2% in the ultrasonic velocities leads to large errors up to 30% in the
resulted v after the stiffness inversion. For E and G, this variation arises only up to 5%, hence they are
mostly unaffected.

4. Conclusions

The change of moisture influences the elastic parameters of walnut and cherry wood. A high moisture
level (u) leads to lower Young’s (E) and shear moduli (G). Based on the mechanical test results of
walnut wood, EL were in average decreased by 679 MPa in compression and 423 MPa in tension for
every percent increase in the u. For the Poisson’s ratios (v), however, no clear trend of moisture
influence can be observed. The UT-FSI method requires the measurement of multiple specimen types
(type I, 11, Il and V). The simplified method of E as equivalent to the diagonal terms of the stiffness
matrix, requires only the ultrasound measurement of specimens type I, which greatly improves the
time-efficiency of the test by reducing the number of samples to one fourth. However, it leads to an
overestimation, e.g. for walnut wood with u 9.2%-11.0%, the overestimation AEL=47%, AER=133%
and AER=34%. The exact correction factors for the simplified method based on nominal v obtained
from mechanical tests or literature can alleviate the overcompensation. In most cases, it gave the better
agreement with the mechanical test results (e.g. AET of walnut nd cherry wood; AEL and AER of
beech wood). In other exceptional cases (e.g. AEL, AER of walnut and cherry wood), the UT-FSI
although providing inaccurate Poisson’s ratios, still gave the best estimation (for walnut wood the AEL
of UT-FSI =2% while the AEL of UT-SC (LD) =32%). This trend is also observed in the ultrasonic
Beech results from Ozyhar et al (2013).
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Abstract

In an orthotropic material such as wood, there are nine independent coefficients in the constitutive matrix,
namely six diagonal coefficients and three off-diagonal coefficients. In order to determine the moduli of
elasticity of the material accurately, one needs to establish not only the diagonal coefficients but also the
off-diagonal coefficients. For simplification, many researches assume that the moduli of elasticity are the
same as the first three diagonal coefficients so that the off-diagonal coefficients do not have to be
evaluated. In this paper, a statistical based method is developed to establish modulus of elasticity in any
one principle axis of wood that uses correction factor that represents the influence of all other elastic
properties. The method is developed using known elastic properties of many wood species. By using the
correction factors proposed in the method, moduli of elasticity of an orthotropic material can be
established easily and more accurately.

Keywords: ultrasonic longitudinal wave propagation method, correction factor, modulus of elasticity,
orthotropic material

Introduction
Orthotropic Material

In analyzing structural behavior of wood, especially using finite element method, wood is frequently
assumed as orthotropic material. The three mutually perpendicular principal directions of the material are
longitudinal (L), radial (R), and tangential (T), as seen in Figure 1. The longitudinal axis coincides with
the fiber direction of the material. By doing so, there are three perpendicular planes of symmetry, namely
L-R, L-T, and R-T planes. With respect to these three axes, the strain components {&} can be expressed
in the stress components by {&} = [S]{ a} where [S] is the compliance matrix of the material. The
relationship is as follows
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where E., Er, Er, are moduli of elasticity, s are Poisson’s ratios, and G;j are shear moduli in i-j planes
(Sadd 2009). Poisson’s ratio s is defined by —g/ & for a stress in the i direction. Because the compliance
matrix is symmetric, only nine elastic constants are independent and hence Poisson’s ratio g = wiEilE;
forij=L,R,and T.

R (radial)

Fiber /

///%

Figure 1—Three principal axes of wood assuming wood as orthotropic material

T (tangential) \_\/_

=

L (longitudinal)

\\

The inverse relationship of Eq. (1) is as follows

o| [Ci Cp Cy 0 0 0]fe
ORr Cu Cp Cy 0 0 0 | &
o1 | _ Cai Gy Gy 0 0 0 g @)
TR 0 0 0 Cp, 0 0 |re
Tt 0 0 0 0 GCi5 0|y
Ter) OO0 0 0 G |er

or, in the condensed form, {o} = [C]{&}, where [C] = [S]! is the constitutive matrix of the material.
Because the compliance matrix is symmetric, then its inverse, the constitutive matrix, is also symmetric.
While the diagonal components of the compliance matrix can be expressed in a simple form of elastic

231



constants, it is not the case for the constitutive matrix. The first three diagonal components of the
constitutive matrix are

- E Er — ECE i
Cu= 2,2 2 2 ®)
B Er —Eruup —2E; Eqptpr ptipptir —ErEppyy — B By sty

ERE, —EiE a4
E, Eq — Eastln — 2B, Exftar thinthiy — Er Enpty — B Er i
E ExEr —EREr st/

E, Er — Efstln — 2B, Ex iy thigftiy — Er Eqptty — B Er iy

C,, = (4)

Cy, = (5)

As seen in Equations (3), (4), and (5), each of the first three diagonal components of the constitutive
matrix depends on six elastic properties of the material, namely Ey, Eg, Er, zar, ta1, and grr. If all
Poisson’s ratios are zero, then the first three diagonal components of the constitutive matrix are the same
as moduli of elasticity, i.e. C11 = E, C22 = Eg, and Csz = Ey. Furthermore, if all moduli of elasticity are
the same (= E) and all Poisson’s ratios are the same (= ), then Equations (3), (4), and (5) reduce to the
equation for isotropic material, i.e. C11 = Ca» = Caz = E(1 - 12)/(1-342 - 243) = E(1 - w)/[(1+u)(1-2)].

Ultrasonic longitudinal wave

Ultrasonic longitudinal wave propagation method has long been used in many material including wood.
The purpose of using the method is mainly to establish the mechanical properties of the material non
destructively. Figure 2 shows an example of the use of ultrasonic longitudinal wave propagation method
to obtain longitudinal modulus of elasticity of wood. In this method, the traveling velocity of the wave is
measured. If the density of the material is denoted as p, it can be proven (Bucur 2006) that the wave
travels in the longitudinal direction of the material such that

Cy =V ©)

where V_ is the wave speed in the longitudinal direction. Similarly, if the ultrasonic longitudinal wave
propagates in the radial and tangential directions, then C2; = pVr? and Cs3 = pV+2, respectively.

Figure 2— Measuring ultrasonic wave velocity in longitudinal direction of a wood specimen
using Portable Ultrasonic Nondestructive Digital Indicating Tester (Pundit).

As seen in Equations (3), (4), and (5), measuring wave velocities in each of the principal directions of the

material is not sufficient in order to obtain all nine independent elastic properties. One possible way is by
combining those measurements with measuring velocities of quasi longitudinal (QL) wave in three
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different out of principal directions, and measuring velocities of transverse shear wave in each of the three
material symmetry planes. Although it is not straightforward, these nine measurements result in nine
equations that have to be solved simultaneously to obtain all nine elastic properties of the material (Bucur
2006). The disadvantage of this method is that if one of the material properties needs to be established, for
example longitudinal modulus of elasticity, then nine measurements are needed. In the following, this
problem is addressed so that only one measurement is needed to obtain one modulus of elasticity,

Correction factors

Development of the factors

Most researchers, for example Ross et.al. (2004) and Iniguez and Bobadilla (2008), assume that by using
ultrasonic longitudinal wave propagation method, moduli of elasticity can be computed using

E = pVi2 ()

where i = longitudinal, radial, and transversal. This is the same as assuming that C11 = E, C2, = Eg, and
Cs3 = Ev. From Equations (3), (4), (5), and (6) this is clearly not true unless all Poisson’s ratios are zero.
In the method described below, moduli of elasticity using Eq. (7) is corrected using correction factors ki
such that

E = kip\/i2 (8)

to reflect the difference between moduli of elasticity (Ev, Er, and Er) and the first three diagonal
components of the constitutive matrix (Ci1, Co2, and Cas). The correction factors k; is the ratio between
moduli of elasticity E; and the diagonal components of the constitutive matrix Ci, i.e.

= ©)
11

- 0
22

kT = 5 (11)
C33

As seen in Equations (9), (10), and (11), the correction factors depend on all six elastic properties (three
moduli of elasticity and three Poisson’s ratios) of the material, and hence vary from one species to
another. As an approximation, the average values from 28 species as seen in Table 1 can be utilized. The
first eleven species are hardwoods and the rest are softwoods. All six elastic properties in the table are
from USDA (2010). As suggested in USDA (2010), the longitudinal modulus of elasticity E, is
approximated by multiplying static bending modulus of elasticity, Es,, by a factor of 1.10. The diagonal
components of constitutive matrix Ci1, Ca2, and Css in the table are computed using Equations (3), (4),
and (5). Finally, the correction factors ki, kg, and kr are computed using Equations (9), (10), and (11).
Table 1 is an extension and an updated values of similar table found in Tjondro and Suryoatmono (2008).
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Table 1 - Ratios between moduli of elasticity and diagonal components of constitutive matrix (k., kg, and kr) of
28 species with known elastic properties.

No Species B B B LR T T Cu Cz  Cs ke ke kr
MPa MPa MPa MPa MPa MPa
1 Ash, white 13200 1650 1056 0.371 0.440 0.684 14227 2499 1597 0.93 0.66 0.66
2 Basswood 11110 733 300 0.364 0.406 0.912 11466 1142 465 0.97 0.64 0.64
3 Birch, yellow 15290 1193 765 0.426 0.451 0.697 16176 1814 1158 0.95 0.66 0.66
4 Cherry, black 11330 2243 974 0.392 0.428 0.695 12367 3050 1305 0.92 0.74 0.75
5 Cottonwood, eastern 10340 858 486 0.344 0.420 0.875 10918 1587 897 0.95 0.54 0.54
6 Maple, sugar 13860 1836 901 0.424 0.476 0.774 15120 2795 1359 0.92 0.66 0.66
7 Maple, red 12430 1740 833 0.434 0.509 0.762 13686 2607 1236 0.91 0.67 0.67
8 Oak, red 12430 1914 1019 0.350 0.448 0.560 13219 2404 1277 0.94 0.80 0.80
9 Oak, white 7810 1273 562 0.369 0.428 0.682 8344 1689 739 0.94 0.75 0.76
10 Sweetgum 12430 1429 622 0.495 0.632 0.718 13675 1986 856 0.91 0.72 0.73
11 Yellow-poplar 11990 1103 516 0.318 0.392 0.703 12367 1470 685 0.97 0.75 0.75
12 Baldcypress 10890 915 425 0.338 0.326 0.411 11098 1007 465 0.98 0.91 0.91
Cedar, northern

13 white 6050 1107 490 0.337 0.340 0.458 6319 1263 553 0.96 0.88 0.89
14 Cedar, western red 8470 686 466 0.378 0.296 0.484 8701 834 563 0.97 0.82 0.83
15 Douglas-fir 14740 1002 737 0.292 0.449 0.390 15097 1144 845 0.98 0.88 0.87
16 Fir, subalpine 9790 999 382 0.341 0.332 0.437 10006 1096 416 0.98 0.91 0.92
17 Hemlock, western 12430 721 385 0.4850.423 0.442 12784 823 436 0.97 0.88 0.88
18 Larch, western 14190 1121 922 0.3550.276 0.389 14519 1304 1067 0.98 0.86 0.86
19 Pine, Loblolly 13530 1529 1055 0.328 0.292 0.382 13909 1736 1192 0.97 0.88 0.89
20 Pine, Lodgepole 10120 1032 688 0.316 0.347 0.469 10430 1236 823 0.97 0.83 0.84
21 Pine, Longleaf 15070 1537 829 0.332 0.365 0.384 15468 1701 914 0.97 0.90 0.91
22 Pine, Ponderosa 9790 1194 813 0.337 0.400 0.426 10217 1403 954 0.96 0.85 0.85
23 Pine, Red 12320 1084 542 0.347 0.315 0.408 12579 1202 597 0.98 0.90 0.91
24 Pine, Slash 15070 1115 678 0.392 0.444 0.447 15552 1298 788 0.97 0.86 0.86
25 Pine, Sugar 9020 1182 785 0.356 0.349 0.428 9411 1389 917 0.96 0.85 0.86
26 Pine, Western white 11110 867 422 0.329 0.344 0.410 11313 957 464 0.98 0.91 0.91
27 Redwood 10120 880 901 0.360 0.346 0.373 10489 1053 1076 0.96 0.84 0.84
28 Spruce, Sitka 11880 927 511 0.372 0.467 0.435 12245 1056 581 0.97 0.88 0.88
Avg. 0.96 0.80 0.80
Std.Dev. 0.02 0.10 0.10

Discussions

As seen in Table 1, the average correction factor for longitudinal modulus of elasticity, ki, is 0.96 with
standard deviation of 0.02. This means that the coefficient of variation (c.0.v.) of k_ is only 2.43%. As
seen in Figure 3, the spread of correction factors for moduli of elasticity perpendicular to the grain (radial
and tangential) are larger than the spread of correction factors for modulus of elasticity parallel to the
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grain. However, the coefficient of variations of kg and kr are only 12.87%. and 12.83%, respectively.
These small values of coefficient of variations indicate that the correction factors are sufficiently accurate.

=

1.0

0.9 4

0.8 1

0.7 4

0.6 4

0.54

kL kR kT
Figure 3— Boxplots of correction factors ki, kg, and kr of 28 species with known material
properties.

It is interesting to note that the species groups (hardwoods and softwoods) do not influence the correction
factors significantly. Both groups show the same trends of correction factors, namely 0.96 for modulus of
elasticity parallel to the grain and 0.80 for modulus of elasticity perpendicular to the grain.

Further investigation into Table 1 show another interesting result. Species with the smallest and largest
longitudinal moduli of elasticity (Cedar, northern white and Birch, yellow) have nearly the same
correction factors, namely 0.96 and 0.95, respectively. This, once again, proves that k. of 0.96 is accurate
enough.

Conclusions

A simple statistical based and relatively accurate method has been developed to estimate the moduli of
elasticity of both hardwood and softwood using ultrasonic longitudinal wave. To estimate the longitudinal
modulus of elasticity, the widely accepted formula in the form of the material density times the square of
velocity in the longitudinal direction needs to be reduced by four percent to include the effects of all
elastic properties on the predicted longitudinal modulus of elasticity. To estimate the radial and tangential
moduli of elasticity, the reduction is twenty percent. It should be noted, however, that the method was
developed using the average values of known mechanical properties of 28 species of hardwoods and
softwoods. Therefore, there is a possibility that the reduction percentage differs from the above mentioned
values.
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Abstract

In this study, compression properties in L direction of Turkish red pine (Pinus brutia Ten.) which
exposed to heat from 120 to 210°C temperature were investigated by destructive and non-destructive
test methods. Test specimens, 20x20x60mm of sizes, exposed to four different temperature (120, 150,
180 and 210°C) for three different duration (2, 5 and 8hours) at atmospheric environment. Test
specimens conditioned for 8 weeks at 20£1°C and 65%Rh after the heat treatment and then tests were
carried out. Control specimens used for all temperature groups. Non-destructive tests were carried out
by measuring of time of flight values using an ultrasonic flaw detector. Wave velocities (length/time)
and Egyn values were calculated from the time results obtained by ultrasound device. Compression
tests were carried out using a bi-axial extensometer. Stress-strain curves obtained from compression
test were used to calculate Young moduli. Results show that coefficient of determination between
dynamic modulus of elasticity and static modulus of elasticity is high (R2: 0.94-0.82). As a result, it
can be said that compression properties of Turkish red pine wood can be well predicted by using
ultrasonic test method.

Keywords: Turkish red pine, young modulus, non-destructive testing, ultrasound

Introduction

Measured properties of wood material depend on some parameters such as its structure,
environmental conditions, and life history of tree, and test method. These factors are especially valid
for mechanical properties. It’s known that lots of factor effect mechanical properties of wood. And
especially moisture content (MC) and temperature, which are environmental factors, are important
factors that affect wood properties. Gerhards (1982) reported that decrease of MC and temperature
cause increase on mechanic properties.

Static and dynamic methods can be performed to determine mechanic properties. Elasticity modulus
can be determined using compression or tension tests and is generally termed as Young’s modulus.
Static bending and dynamic impact strengths are two of the most effected mechanic properties from
higher temperatures. Decrease depends on wood type or species and process conditions. According to
Esteves and Pereira (2009) elasticity modulus shows increase at initial stages and soft processes but
decrease intensive and long processes.
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Material properties can be determined by static (destructive) and dynamic (non-destructive) tests. One
of the main differences between these two methods is that material properties are irreversibly altered
and in general tested material would not be usable anymore after the static tests but it is usable when
dynamic tests are performed because almost no changes occur while performing the tests - hence,
called non-destructive. That’s why non-destructive tests methods are preferable for lots of
applications such as cultural heritages for example wooden building. To protect cultural heritages
static tests could not be performed on these structures to determine whether they are healthy or not. At
this stage, importance of non-destructive test methods arises. Structures are safe when all the
members are in good condition. And, structures are safe when the members behave in the limits of
elastic region under real conditions. Young’s modulus (E., Er, Er), shear modulus (Grr, G.t, Grr)
and Poisson’s ratio (Mg, MrL, KrT, MTR, MLT, M7L) are elastic constants of wood and they determine
elastic behavior of wood material.

Non-destructive testing let us know that structures or critical members of any structure and mechanic
parts of systems safely function and provide cost-effective testing too. Also, invisible discontinuities
in a material can be determined quite easily and quickly by NDT technics while DT may not be
capable to find it. Visual inspection is one of the oldest NDT technic and still in use. Besides, optical
inspection, radiography, ultrasonic, acoustic, liquid penetrant, magnetic particle and etc. are some of
the modern NDT techniques. Ultrasonic is one of the most common used NDT technic. Hearmon
(1965) was one of the first researchers that encourage the use of ultrasonic wave technic for elastic
characterization of wood. From this date on, lots of researchers, Goncalves et al. (2011; 2014),
Ozyhar et al. (2013), Kohlhauser and Hellmich (2012), Longo et al. (2012), EI Mouridi et al. (2011)
and Dahmen et al. (2010) were some of them, used this technic to predict some properties of wood
species. Ultrasonic method can cause obtaining overestimated results. And, Dackermann et al. (2016)
reported that dynamic test result is 20% greater than static test results for shear modulus determination
of Eucalyptus Maculate and Eucalyptus Microcorys. Bucur (2006) ultrasonic test results of elastic
parameters tests are higher than static test results.

The aim of this study was to investigate effects of high temperature on Young’s modulus in L
direction of Turkish red pine (Pinus brutia Ten) wood. To perform this aim, Young’s modulus were
determined by both destructive (compression test) and non-destructive (ultrasonic) ways. And, results
were compared to suggest whether an ultrasonic measurement is capable to predict Young’s modulus
closely or not.

Material and Method

Turkish red pine (Pinus brutia Ten.) is one of the main commercial softwood species grown in
Turkey. Turkish red pines were harvested from stand in Bucak forest region of Burdur city which is
located at Mediterranean region of Turkey. Trees with straight trunk were approximately 60 years old
and have average 45cm diameters. Logs were sawn into slabs and air dried to EMC. And then
22x65mm laths were obtained from these slabs’ sapwood sections.

Laths were conditioned at 120, 150, 180, and 210°C temperature and 2, 5, and 8 hours in a drying
oven (Nive, FN 500, Ankara, Turkey) works in atmospheric environment. Each temperature and
duration groups have their own control group and they were matched-up while cutting the laths.

20x20x60mm compression specimens were prepared after all groups, expect control ones, exposed to
temperature for dedicated durations. All the samples were acclimatized at 20+1°C and %65RH for
almost two months before testing.

Turkish Standard, TS 2472, used to calculate sample densities. Densities calculated by stereo-metric
method that uses sample volume and mass values.
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Non-destructive measurements were done by ultrasonic test technique. Two contact transducers,
(A133S-RM, Olympus, Panametrics NDT, USA) that propagate 2.25 MHz longitudinal sound waves,
attached to EPOCH 650 ultrasonic flaw detector (compliance with EN12668-1 2010) to measure time
of flight (ToF) values. Ultrasonic sound velocities (USV) were calculated using ToF values with
velocity time equation. Dynamic Young’s modulus (Eqyn) was calculated using obtained USV with
equation 1.

Edyn = p VZ 106 (1)

where Eqyn, is elasticity modulus (N/mm?), p, is sample density (kg/m®), and V, is ultrasonic sound
propagation velocity (m/s).

Universal Test Machine (UTM, Mares, Istanbul, Turkey), 5 ton capacity, was used to perform
compression tests with 6mm/min. loading speed. Stress and strain values while loading were obtained
using Bi-axial extensometer (Epsilon, U.S.A.). Obtained stress and strain curves were used to
calculate Young’s modulus using equation 2.

Aoy _ 0i2—0iy

Ei - A_€L - €i2—¢€i1 LER (2)

where Ej; is Young modulus (N/mm?), o, is stress values and ¢, is strain values.

Obtained static and dynamic Young’s modulus values were compared and presented using graphs.

Results and Discussion

Average density, calculated sound velocities, Eqnand Young’s modulus values of Turkish red pine in
L direction are summarized in Table 1. Densities were affected by temperature as is seen in Table 1.
In general, density values decreased while temperature and exposure duration increased. Untreated
density determined as 0.50 g/cm®while treated (210°C for 8 hours) one decreased up to 0.45 g/cm?.
Untreated density of Turkish red pine wood reported as 0.53 g/cm?® by Ates et al. (2009).

Table 1 - Density, Sound Velocity, Eqyn and Young’s modulus values in L direction of Turkish
red pine wood

. Velocity 2 Young’s Modulus
Tilgp. Hour De/nsngy (mis) Eayn (N/mm?) (N/mm?)
(g/cm) Mean Cov Mean Cov Mean Cov
Control 0.49 5196.82 3.60 13464.68 6.99 8709.47  10.22
120 2 0.49 5406.02 6.97  14455.38 7.33 9088.00 11.77
5 0.49 5520.32 5.81 15009.34 5.58 9403.00 9.69
8 0.48 5493.12 7.64  14829.50 4.38 9470.00 8.60
Control 0.50 4967.10 5.57 12482.05 4.40 8430.81 9.90
150 2 0.49 5321.01 10.0 13950.08 7.18 914477  10.30
5 0.48 5235.04 3.36 13624.09 6.54 9622.26 8.67
8 0.48 4961.87 3.88 12074.37 7.50 9044.05 9.97
Control 0.49 513586 2.95 13175.01 5.36 8468.52 8.33
180 2 0.48 5065.92 3.46 12424.46 6.75 8384.68  11.23
5 0.46 503296 5.37 1179486 10.11 7984.69 11.47
8 0.45 4978.10 6.57 11555.93 9.79 7866.42  12.47
Control 0.50 5258.92 4.16  13929.56 6.65 8655.24 7.81
210 2 0.47 5156.28 4.20 12526.28 7.96 7985.21 11.31
5 0.46 5005.15 4.87 11781.79 9.02 7678.90 12.54
8 0.45 4846.78 3.05 10843.19 7.01 7358.61 8.97

*cov = coefficient of variation (%)
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Effect of temperature and duration on Eqaynin L direction is seen in Figure 1 and it is clearly seen that
each temperature levels and exposure durations have effects on Eqyn Values. Eqyn increased at lower
and softer treatment such as 120°C for 2 and 5 hours duration but decreased a little for 8 hours
exposure duration. Treatment at 150°C for 2 hours increased Eqyn but then decreased a bit for 5 hours
and became lower than control value for 8 hours duration. Egy, nearly linearly decreased at 180 and
210°C temperature treatment for all durations. Maximum increase and decrease (-22%) obtained at
120°C for 5 hours exposure duration and at 210°C for 8 hours exposure duration, respectively.
Invisible micro cracks maybe occur while treatment and could affect Eqyn values obtained both from
static and dynamic test. Beside this, some parameters such as polarization, transducer surface contact
problem, used medium, measurement parameters such as selected frequency and etc. could affect the
results. Llana et al. (2014) reported that a few factors, such as aforementioned, should be taken into
consideration while performing non-destructive tests.

120°C  —#—150°C —e—180°C -—=—210°C
16000

15000
14000
13000

12000

Edyn (N/mm2)

11000

10000
Untreated 2 Hour 5 Hour 8 Hour

Treatment Duration (Hour)

Figure 1- Effects of temperature and exposure duration on Egyn

Sound velocities through L direction of Turkish red pine wood are seen in Figure 2. As it is seen in
Figure 2, a significant relation between temperature and velocity was not observed. Also there is not
an agreement between researchers about relation between density and sound velocity. This is because,
a weak negative relation was observed by Giintekin et al. (2015), a positive relation was observed by
Oliveira and Sales (2006) and Baradit and Niemz (2012), and no relation was observed by Oliveira et
al. (2002), llic (2003) and Teles et al. (2011).
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Figure 2 - Calculated L direction velocities of temperature and duration groups
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Effects of temperature and exposure duration on Young’s modulus are presented in Figure 3. Young’s
modulus increased for all exposure duration at 120°C treatment but reached maximum (8.75%) after 8
hours treatment. Young’s modulus increased up to 14.13% for 5 hours exposure at 150°C and then
decreased a bit below of 2 hours treatment point. But Young’s modulus gradually decreased through
exposure durations of 180 and 210°C treatments. Maximum decrease percentages were 7.11% and
14.98% for 180 and 210°C treatments, respectively. It’s clear that some improvement on Young’s
modulus in L direction can be achieved up to 180°C treatment except at 150°C for 8 hours. But higher
temperature and longer durations cause decreases. Young’ modulus values’ coefficient of variations
varied between 7.81 to 12.54%.

Windeisen et al. (2008) and Taghiyari et al. (2012) reported that thermal modification slightly
increased compressive stress values of poplar, beech and ash wood through L direction. This increase
maybe occurs due to increase of crystallinity index of cellulose. Esteves ve Pereira (2009) stated that
elasticity modulus in bending increases when short duration and low temperature heat treatment
performed but decreases when long duration and high temperature heat treatment performed.

Kubojima et al. (1998) observed that Young’s modulus of Sitka spruce in L and R directions
increased at the beginning (first two hours) of treatment for 120, 160 and 200°C temperature groups
but became constant for further durations. On the other hand, Schaffer (1970) reported that elasticity
modulus dramatically affected by temperature over 225°C. According to Kubojima et al. (2000)
Young’s modulus increased at the beginning of heat treatment but later on decreased.

Reasons of changes on mechanic properties were reviewed by Boonstra et al. (2007) and it’s
mentioned that poly condensation reaction of lignin which cause inclined chord has effects essentially
through longitudinal direction. And, lower equilibrium moisture content (EMC) can positively affect
mechanic properties of heat treated wood but this effect unfortunately can be disabled by the
degradation of chemical compounds. Also, translation of hemicellulose to volatile compounds due to
degradation and vaporization of extractives are assumed as some of the essential reasons of decrease
on density.
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Figure 3 — Effects of temperature and duration on Young’s modulus
Correlation between Eqyn and Young’s Modulus is presented in Figure 4 and results pointed out that
there is a strong relation between them. Best correlation (R% 0.94) obtained between 120°C control

and 180°C 8 hours groups. Minimum correlation (R% 0.82) calculated between 150°C 5 hours and
210°C 8 hours groups.
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Conclusion

It’s found that temperature and exposure duration have either positive or negative effects according to
treatment set-ups. Lower temperatures such as 120 and 150°C provides some incensement on
Young’s modulus for shorter durations but decrease observed when durations get longer. This
increase may be related to low equilibrium moisture content. Up to 14.98% decrease on Young’s
modulus observed when temperature ad treatment duration were 210°C and 8 hours, respectively.

Eaqyn values predicted more than Young’s modulus that obtained by static test. Up to 22% decrease
calculated from Eqyn values while temperature rose to 180 or 210°C temperature.

Very high correlation (0.82 to 0.94) is presented between Young’s modulus ve Egy,and results
suggested that ultrasonic measurement can be used to comprehensibly predict Young’s modulus.
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Abstract

Shear Modulus is one of the properties of materials which determines elastic behavior of materials
under loading or real conditions. Mechanic properties of wood material can be divided into two;
elastic and strength properties. Shear modulus determination is a complex and difficult issue due to
obtained impure values contains not only shear properties but also other values according to the used
techniques. Recent developments in non-destructive testing allow us roughly determine shear
modulus by using RF waves. In this study, shear modulus (Gir or Ces, GL70r Css, Grr Or Cas) of Black
Pine (Pinus nigra Arnold.) wood determined by using NDT test method. EPOCH 650 ultrasonic flaw
detector and Panametrics-NDT™ V153 shear wave transducers used to carry out measurements.
Olympus shear wave gel medium used to minimize the noise of transmitted and received radio
frequency which propagates at 1Mhz. 65x65x65mm 20 Polyhedral samples cut from planks and then
conditioned at conditioning chamber that set up 20£1 C° and 65%Rh. Shear modulus in LR, LT and
RT planes were calculated respectively. Determined shear modulus values of Black pine wood can be
used for advanced engineering analysis of models by using computational software such as CATIA®.

Keywords: black pine, shear modulus, elastic constants, non-destructive testing

Introduction

Elastic behavior of wood can be explained by Young’s modulus (E., Eg, Er), shear modulus (G,
G.r, Grr) and Poisson’s ratio (Uir, UrL, MRrT, MTR, ULT, KTL). These parameters are not fully determined
for some wood species and it’s not easy to determine these parameters accurately especially for shear
modulus. Bachtiar et al. (2017) reported that elastic parameters of wood are necessary for advanced
modeling but these are often very limited. To design or built a safe and strong enough model or
structure, stress-strain relation of material through the elastic region must be known. This relation, of
course with other necessary parameters, lets us to conduct some analysis such as Finite Element. But
input parameters vary according to material properties of model such as isotropic, anisotropic and
orthotropic. According to Sadd (2014) wood is assumed as anisotropic material due to its different
elastic moduli in three essential directions. Even if wood is technically anisotropic, it is usually
modeled as transversely isotropic material (Miller 2001). Only five elastic constants are enough when
wood modeled as isotropic and Young’s modulus and Poisson ratios are one of them. But wood
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should be modeled as anisotropic, especially orthotropic (2 or 3 dimensional) material to conduct real-
like analysis and Shear modulus are required when wood modeled as anisotropic or orthotropic.

In literature, generally Modulus of Elasticity and Poisson’s ratio on three directions determined but
less known about shear modulus. Also, less data available about shear modulus of black pine (Pinus
nigra Arnold). This softwood species is one of the most common and important commercial tree
species in Turkey. From this point of view, this study tried to determine shear modulus of black pine
wood using nondestructive test method.

Materials and Methods

In this study, Plack pine (Pinus nigra Arnold.) wood, trees were harvested from Sutculer stand in
Isparta which is located of the Southwest of Turkey, were used to carry out tests. Black pine logs
sawn to radial and tangential planks. They were dried in open air for several months. MC values of
planks were measured week by week using RAM DT 129 industrial wide range digital wood timber
moisture and temperature meter. They were planed by Unimat (Michael Weinig AG, Germany)
planning machine when they reached equilibrium moisture content (EMC). Then, small and defects
free clear samples were cut from as outer part as these sapwood planks. First, 65x65x65mm cubic
samples were prepared for density measurements of the specimens. The average wood density was
measured in normal climatic conditions at 20+1 C° and 65%Rh and determined as 540 kg/m?®. Then,
26 surface polyhedral samples were prepared for ultrasonic measurement. As known from the
literature (Goncalves et al. 2014; Vazquez et al. 2015), this sample geometry lets us carry out all tests
both for principal axes and off axes (45°) on one sample. It can be said that this may provide more
accurate data due to all the measurements is obtained on one sample.

Polyhedral samples were acclimatized at 65%Rh and a constant temperature of 20+1 C°. Approx. 6-8
weeks later samples were ready to conduct tests. Stereo-metric method, based on volume and mass
measurement of the sample, was used to determine samples densities. Each loading direction
derivable from only one 26 surface Polyhedral specimen and thus 20 specimens were prepared.

Orthotropic elastic behavior of wood can be explained using Hooke’s three dimensional law of
elasticity which is expressed by its compliance matrix (Gintekin and Yilmaz Aydin 2016). And Shear
modulus can be estimated dynamically using terms of Compliance matrix (GgrL or Cgs, GL1Or Css, Grr
or Cu4) or stiffness matrix [S] (1/Gzs, 1/G1s and 1/G12) which is inverse of compliance matrix [C] seen
in equation 1.

L .
E, E, E;
_ - V2 1 V32
l:-| | l:-| 2 l:-| 3 0 0 0 - E_IIJ E - E_t 0 0 0
Cl2 O O 0 0 0 V13 Va3 1 0 0 0
.c_. _ £-| 3 c-l.:l c-_:|_:| “ U {j '_S.' — E| El E] (1)
0 0 0 0 G5 0 G
0 0 0 0 0 Ce 0o 0 0 0 — o
N - (73
1
0 0 0 0 0 —
712

where Gj;jare the shear modulus (Bodig and Jayne 1993).

Using these matrixes, Shear moduli terms (Gj;or Cj;) of main diagonal were defined using following
equations:
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Cu=Cgrr= p ((VRT + VTR) / 2)2 106 (2)
Css=Ci1= p ((VLT + VTL) / 2)2 10® (3)
Ces=CrL= p ((VRL + VLR) / 2)2 10® (4)

where Gjjor Cjjare terms of the main diagonal in the matrix or Shear modulus (N/mm?), p is the
density of the wood (kg/m?), and V,, or Vij; is the wave velocity in the a direction (m/s).

Six shear wave velocities (Vir, Vi1, Ve, Vrr, V1 and Vrr), along the principles axes of anisotropy,
were measured by EPOCH 650 ultrasonic flaw detector (compliance with EN12668-1 (2010)) with
using Panametrics-NDT™ V153 shear wave transducers. Olympus shear wave gel (Chemtrec,
Waltham, USA) medium used to minimize the noise of transmitted and received radio frequency
which propagates at 1 MHz. Also this ensured coupling of specimens and transducers while
measurements performed. Transducers are pressured to specimens by a small pressure applied by
hand. The tests were performed under standard climatic conditions (65%Rh, 20+1 C°).

1MHz or higher frequencies used for several previous studies to determine wood species parameters
(Bucur and Archer 1984; Ozyhar et al. 2013; Goncalves et al. 2011). Because of this reason shear
transducers that propagate 1MHz frequency chosen.

Results and Discussion

Average density and moisture content (MC) of the samples which acclimatized at 65% RH and a
constant temperature of 20+1 C° conditions were 540 kg/m? and 12,6% respectively.

Average density of specimens and distance between transducers through the L, R and T directions of
measurements performed are presented in Table 1. Glntekin and Yilmaz Aydin (2016) determined
average density of Black pine as 530 kg/m?®after same acclimatization conditions. This little
difference may be occurred due to growing conditions of tree and or sampling from the slabs and
laths. In literature, there is no agreement on density effects the measurements. According to
Brandner et al. (2007) density, positively affects shear modulus while MC, temperature and
loading direction negatively affect shear modulus of wood. Oliveira and Sales (2006) and
Baradit and Niemz (2012) observed positive relation between density and sound velocity but Oliveira
et al. (2002), llic (2003) and Teles et al. (2011) couldn’t observe either positive or negative.

Table 1-Average density of samples and distance between transducers

Density Distance between transducers (mm)

(kg/m?3) L R T
Average 540.96 64.39 64.35 64.24
Std. Dev. 13.77 0.11 0.15 0.18
CoV* 2.54 0.17 0.23 0.28

*Coefficient of variation

Average ultrasound propagation velocities measured by NDT method are presented in Table 2. Values
shown in parenthesis are the ratio between Vi, Vit and Vrr and calculated as 2.48, 2.13 and 1. All
measured velocities are in the range that Bucur (2006) reported. Giintekin and Yilmaz Aydin (2016)
measured V.t lower then this range. This difference may be occurred due to used contact gel and or
annual ring angle or slope of grain, micro-fibril angle, invisible inner faults of material, transducers
orientation, plane parallelism, and measuring parameters. According to Ilic (2003) and Krauss and
Kudela (2011) micro-fibril angle is one of the main factor that effect the wave propagation speed.
Gerhards (1982) and Beall (2002) suggested that grain angle plays important role on propagation
speed. In this study, original Olympus gel used to ensure the surface contact and minimize the noise.
This may made contributions on measurements.
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Table 2-Average ultrasonic wave velocities

Wave Velocities (m/s)

V|_R VLT VRT
Average 137491 (2.48) 1181.45(2.13) 554.13 (1)
Std. Dev. 83.39 45.82 32.71
CoV* 6.06 3.88 5.90
Softwoods (Bucur 2006) 1050-1630 1030-1660 298-600

*Coefficient of variation

By using velocities shown in Table 2, shear modulus in LR, LT and RT planes were determined as
1025.78, 755.36 and 166.34 N/mm?, respectively as seen in Table 3. Values in parenthesis are ratios
between Grr, GLrand Grr. There are different ratios between Ggr, GLrand Gerin literature.
Dackermann et al. (2016) reported 1/1.8/2.1 and 1/1.5/1.9 for Eucalyptus Maculate and Eucalyptus
Microcorys, respectively. Bergman et al. (2010) reported this ratio as 1/3.3/4.6 for Fraxinus
americana, Tilia americana, Betula alleghaniensis, Prunus serotina, Populus deltoides, Acer
saccharum, Acer rubrum, Liquidambar styraciflua, Juglans nigra and Liriodendron tulipifera. For
hardwood species this ratios reported as 1/2.5/3.25 (Scheer 1986). But maximum ratios were reported
by Bodig and Jayne (1982) as 1/9.4/10 both for soft and hardwood species.

Bending of cell wall causes obtaining very low shear modulus values than other direction in static test
(Gillis 1972) and annual rings act as a barrier for wave propagation in dynamic test (Dackerman et al.
2016). This may explain the wave propagation velocities through the principle axes of wood and
according to Gillis (1972) sequence of shear modulus is G.r = Gt > Ggr. But according to Hearmon
and Barkas (1941), Bodig and Goodman (1973), and Neumann (1988) Shear stiffness of wood in LR
and LT planes is third or fourth times higher than in RT plane. And from this point of view, pith rays
reduce the longitudinal shear stiffness and they may play the essential role obtaining the higher G.r
than Gt (Brabec et al. 2017).

Table 3-Calculated shear modulus values and ratios between them.

Shear Modulus (N/mm?)

Grt GLt GLr
Average 16634 (1)  755.36 (454)  1025.78 (6.17)
Std. Dev. 14.92 39.03 108.16
CoV* 8.97 5.17 10.54

*Coefficient of variation

According to Koponen et al. (1991) Gr, Girand Grr values are between 500-1750, 510-830 and 23-
85 MPa for softwoods, respectively. Hearmon (1948), Haines, (1979), and Ghelmeziu and Beldie
(1972) reported shear modulus of hardwood and softwood species but they differ each other. This
situation can be expressed by difficulty and complexity of shear modulus determination. Only Ggr
(166N/mm?) is agreeing with the results of Guntekin and Yilmaz Aydin (2016). They found 159 (-
4.4%), 527 (-43%), and 743 (-38%) N/mm? for Grr, Gi1, and Gy, respectively.

Hering et al (2012) and Bucur and Archer (1984) reported 1,50 and 1,43 G.r/G.r ratio, respectively,
for beech (Fagus sylvatica L.) wood determined using ultrasonic wave. Gintekin et al. (2016a)
calculated 1,39 and 2,06 G.r/G.t and G.1/Ggr ratios for beech wood determined using ultrasonic
wave, respectively. Also they reported 1,14 and 3,43 G.r/GiLr and Gui/Grr ratios for oak wood,
respectively. According to Bachtiar et al. (2017) Gr/GLr and GL1/Grr ratios calculated using
ultrasonic measurement values are 1,4 and 3,77 for Walnut and 1,24 and 3,92 for Cherry wood,
respectively. Glntekin et al. (2016b) noted 1,35 and 3,62 Gr/G.r and G.1/Ggr ratios for Calabrian
pine wood determined using ultrasonic wave, respectively. Also they reported 1,17 and 3,1 G.r/GLr
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and G1/Ggr ratios for Cedar wood, respectively. In this study Gir/Gr and G 1/Ggr ratios were
calculated as 1.35 and 4.54, respectively.

Natural inhomogeneity and ill-posed problems arises from the inversion of stiffness matrix (Bachtiar
et al. 2017) can cause over estimation by ultrasonic measurements. According to Bachtiar et al. (2017)
influence of these problems is negligible for determination of E and G. It is suspected measurements
are overestimated due to wood in-homogeneities, extractive level, annual ring and fiber orientation or
angle, slope of grain, wave propagation uncertainties, geometry, ill-posed problem of the stiffness
matrix and etc. But it is capable of estimating G with sufficient accuracy (Bachtiar et al. 2017).

Conclusion

Results of NDT tests are differ according to conducted methods and used material and its’ properties
such as shape, dimension, slope of grain, direction and etc. (Guntekin and Yilmaz Aydin, 2016).
Wood material can present different properties at all due to each tree has unique properties by means
of growing location and conditions.

Determination of shear modulus is complex and difficult for wood material but from results presented
in this study, it can be said that ultrasonic method is capable to estimate shear modulus of wood by
non-destructive way.

Elastic constants of wood such as shear modulus are important parameter for analysis such as Finite

Element to design safer wooden structures. Obtained shear modulus values can be used as input
parameters for analysis and contribute literature too.
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Abstract

Urban forestry is extremely beneficial to the population of a city, but the weakening of individual
trees, due to human interference and poor planning can lead to accidents. It makes biomechanical
analyzes involving risk of falling an important assessment. Roots are organs for anchoring and
balance the trees, but there are few studies that includes the wood properties of this part of the tree.
The purpose of this study was to present the methodology and preliminary results of physical and
acoustic characterization of wood from roots. The research was conducted in roots of six species, in
which it was determined the basic density and the velocity of ultrasound wave propagation. It was
verified that the methodology was able to characterize physical (basic density) and acoustically
(longitudinal and radial velocities) the wood from roots and the results point to important
contributions in inspections aiming analyses risk of falling through biomechanical studies.

Key words: nondestructive inspection, urban trees, ultrasound.

Introduction

The urban arboriculture provides many benefits to the population in cities, even though some
irregularities exist (Silva Filho et al., 2002). One example of problems is the weakening of individuals
trees because of human interferences, mostly cause by the lack of maintenance and impropriate
management. These actions can compromise tree’s functional structure leading it to be more
susceptible to accidents (Pereira et al., 2011).

In order to make possible using technology in tree inspections as acoustic tomography for example, it
is necessary to know the physical and acoustical proprieties of wood of the whole tree, including
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branches, trunk and roots. This knowledge will allow the correct interpretation of the generated
images and also the appropriate use of the results in tree risk analyses using biomechanical.

However, properties of species used in urban zones rarely are available because most of urban tree
species are not of interest to the civil construction, furniture and forestry sectors. Besides, even to
those species of interest to some industrial sectors, the proprieties are known, in general, in
equilibrium moisture content (around 12%) and not in green condition, which is the condition of a
living tree.

Additionally, despite the high percentage of tree fall due to root blown-over, if some property are
available or will be obtained, these properties are always from trunk and not from roots. Therefore,
despite the fact that roots are fundamental organs for anchorage and stability of trees, scientific
researches aiming determine the proprieties of wood from this organ are still scarce, evidencing a lack
in this area of studies.

Objectives

Considering the discussed aspects, the objective of this study was to propose a methodology to obtain
physical and acoustical parameters of wood from roots and present preliminary results of the
application of this methodology.

Material and Methods

During a micro-bursts occurred in Campinas city on June 5, 2016, greater than 100 km/h winds
provoked the broken and fall of a lot of trees. Mostly of fallen trees had their root system exposed,
allowing the roots collection. There was collected samples of 6 different tree species: Tamboril
(Enterolobium contortisiliquum (Vell.) Hauman; inga (Inga cf sessilis (Vell.) Mart; Mogno (cf
Swietenia macrophylla King); Pau d"alho (Gallesia cf integrifélia (Spreng.) Harms; Ipé rosa (cf
Handroanthus pentaphylla(L.) Hemsl and Aroeira salsa (Schinus molle L.).

The specimens collected in roots were taken after the trunk flare, where roots are submitted to higher
stresses resulting from branches and trunk bending (Figure 1).

Figure 1 — Removal of root specimens.
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The specimens were stored in a humid chamber to maintain the green condition until the tests. The
specimens were measured to obtain the length (L) and the biggest (D) and smallest diameter (d). After
measurements, the specimens were submitted to the wave propagation tests, to determine the time of
wave propagation (t). The wave propagation tests were made with ultrasound (USLab, Agricef,
Brazil) and 45-kHz frequency transducers with exponential tips.

The ultrasound tests were carried out in two ways: direct and indirect. The direct tests were made in
longitudinal (Figure 2a) and radial directions (Figure 2b), coupling the transducers on opposite and
parallel faces. The indirect tests were made with both transducers (emitter and receiver) positioned at
the same surface and at 45° (Figure 2c) and distanced (Ls) from each other. Each test was repeated
three times and the average of the times of wave propagation were used.

To calculate the basic density, a small cylinder was removed from each root sample with an increment
borer (Figure 2d). Cylinder’s volume was measured on the saturated condition (Vs). After drying in
an oven until reached the anhydrous condition, the cylinder was weighed again to obtain the dry mass

(Mo).

Figure 2 — Direct ultrasound test in longitudinal (a) and radial (b) directions; indirect ultrasound test (c) and
withdrawal of a cylinder with increment borer (d)

With the results of ultrasound wave propagation time in all different measurements conditions and
with the traveled distances, was possible to calculate the longitudinal direct velocities (V. = t//L);
radial considering the smaller diameter (Vrq = d/tq); radial considering the bigger diameter
(Vro=D/Vp) and the longitudinal indirect velocity (Vs=Ls/ts). With the results of the dry mass and the
volume on a saturated condition, the basic density was calculated (pras=mo/Vsar). The longitudinal
direct velocity and basic density was also used to calculate de stiffness coefficient (CLL = ppas ViLL?).
The stiffness coefficient is calculated with apparent density (in general at equilibrium moisture
content), but as we are using green condition we decide use basic density.

Results

Velocities had variation among species (Table 1) indicating that its wood have stiffness variation, as
showed by the great variation of the stiffness coefficient among species (Table 1). This result show
the importance of knowledge properties of roots to use in biomechanical analyses. Ipé Rosa present
the greatest stiffness coefficient (5396 MPa) while Aroeira Salsa the smallest (1848 MPa). This
difference in stiffness certainly will reflect in differences in capacity to resist hard winds.

Statistical analysis shows that radial velocities considering the smaller and bigger diameter has no
differences (Table 1) and are smaller than Longitudinal velocities obtained directly or indirectly
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(Figure 3). This result indicates that in field tests the measurement can be conducted on the possible
or convenient radial position and that indirect measurement can be used, as the direct is not possible
in field conditions.

Table - 1 Average velocities measured directly in longitudinal direction (V) and in radial direction on smaller
(Vrd) and bigger diameter (Vrp) and average velocity in indirect measurement (Vs); basic density (pras) and
stiffness coefficient (C..) of roots.

Species \1 Vs VRrD VRd Phas CuL

Tamboril 2896 2649 1446 1435 300 2516
Inga 2916 2941 1829 1874 450 3826
Mogno 3317 3831 1494 1533 290 3191
Pau d’alho 1 2680 2491 1352 1373 380 2729
Ipé rosa 3502 3931 2155 2232 440 5396
Aroeira salsa 1 2235 2105 1648 1657 370 1848
Average among species* 2924 2991 1654 1684 372 3251

(15.5%) (24.8%)  (18.0%) (19.1%) (18.1%) (38.2%)

Velocity variation among species 57% 87% 59% 63% 55% 192%

*values in parenthesis are the coefficient of variation
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Figure 3. Means velocity plot considering the types of measurement
Legend: velocity in direct measurement in longitudinal (V.) and in radial direction on smaller (Vrq4) and
bigger diameter (Vrp) and in indirect measurement (Vs)

There are a statistic correlation between velocities obtained in direct and indirect measurements
(Figure 4) that is also an important result considering the practical point of view because in field the
inspections only can be done on the indirect way.
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Figure - 4 Correlation between longitudinal velocities obtained direct (V) and indirect (Vs)

Conclusions

Even though these are preliminary results, it is verified the viability of the methodology to determine
the physical and acoustical properties of wood from roots. The results allows verify that there are
variation among velocities and stiffness between roots from different species. Velocities obtained
directly in radial direction are statistically equivalent in greater or smaller diameter and longitudinal
velocities obtained indirectly was equivalent to that obtained indirectly validating the indirect tests
possible in field conditions. The indirect velocities can also be correlated with direct velocities in
longitudinal directions.

The next challenge is obtaining the complete characterization (obtaining the 12 elastic constants) of
wood from roots using ultrasound technology and also obtaining some static parameters (modulus of
elasticity and Poisson ratio) in compression test using root samples.
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Abstract

Due to its orthotropic nature wood has different mechanic properties through all principle axes. In this
study compression properties of Oriental beech (Fagus orientalis Lipsky.) in R direction were
determined both destructive and non-destructive methods. Study conducted at four different
temperature levels (120, 150, 180 and 210°C) and duration of 2, 5 and 8 hours in atmospheric
condition. Nlive FN500 (Ankara, Turkey) was used to conduct heat treatment. Each temperature level
has its control groups consist of at least 15 samples. After exposure period, all the samples were
acclimatized at 65% Rh and a constant temperature of 20+1°C for at least two months. And then test
were performed. 20x20x60 mm samples were used for compression test (CT). Strain values which
occurred while testing were obtained using bi-axial extensometer and static Young Modulus was
calculated using obtained stress-strain curves. Wave velocities and consequently Edyn were calculated
with time of flight values which were obtained using ultrasonic flaw detector. Results presented in
this study show that coefficient of determination between static modulus of elasticity and dynamic
modulus of elasticity varied between 0,84 to 0,94. As a conclusion, it can be said that compression
properties of wood, exposed to temperature, in R direction can be well estimated using ultrasonic
method.

Keywords: Oriental beech, young modulus, ultrasound, radial direction

Introduction

Wood structure and mechanical properties of wood must be known to utilize wood as a structural
building material. Wood has a complex and hierarchical structure. And this complexity strongly
affects its mechanical behavior (Ozyhar 2013). In general and technically wood is an-isotropic
material and in furtherance Sadd (2014) noted that it is an-isotropic because of it has different elastic
moduli in three principal directions (L, R and T). And it can be said that there is a lack of knowledge
about mechanical properties of wood especially for R and T directions due to insufficient
experimental studies. This study aims to contribute the literature by putting forward some properties
of Oriental beech (Fagus orientalis Lipsky.) for R direction.

Generally, some mechanical properties of wood decrease while material exposed to temperature or
heated and increase while exposed to lower temperature or cooled. Mechanic properties have nearly
linear relationship with temperature if the moisture content is constant and temperature is under
150°C (Kretschmann 2010). From this point of view this study focused on four different temperature
(120, 150, 180 and 210°C) and a control group to identify the effects of temperature on R direction
properties.
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Non-destructive evaluation (NDE) is used to determine material properties and let users to make
correct decision about usage and maintenance of material (Pellerin and Ross 2002). Performing a non-
destructive test is easier than a destructive one but some parameters can affect and alter the results
while evaluation is in progress and this important point must be taken into consideration to conduct a
non-destructive test (NDT) (Llana et al. 2014).

There are lots of ways to perform a NDT to determine properties of materials such as metals, plastics,
ceramics, and natural composites such as wood. It can be used to detect and identify cracks,
delamination, decays, knots, internal faults and etc. without destructing the material. Visual inspection
is the oldest NDT technic and in use. It causes a loss of time and requires labor force but also has high
error ratio. Microscopy, radiography, liquid penetrant inspection, ultrasonic, and acoustic are some of
the commonly used modern NDT techniques. Ultrasonic technic is performed for lots of applications
(Wang et al. 2004) and according to Esteban et al. (2009) it is advantageous than the other techniques.
But ultrasonic technic has some limitations such as transmission of the sound waves through the
material. Therefore tested material must be suitable for sound transmission. In this sense, wood
material is not easy as other materials that have homogeny structure due to its orthotropic nature.

Elastic properties are important for designing structural wooden members. These properties
can be determined both destructive and non-destructive ways. But, use of non-destructive test
methods to determine some properties of wood increases day by day.

Studies concerns with elastic properties through L direction of wood material that exposed to
temperature are common in literature but studies that concern with perpendiculars (R and T
directions) are limited. Extensive characterization of elastic properties related with
temperature still inadequate for lots of species and lack for Oriental beech (Fagus orientalis
Lipsky.). This study tried to find out effects of temperature on Young’s modulus values in R
direction of Oriental beech wood by performing compression test and ultrasonic test.

Material and Method

Oriental beech (Fagus orientalis Lipsky.) trees, approx. 140 years old and average 50cm diameter,
were harvested from Devrek forest zone that located in Black sea region of Turkey. Logs were sawn
into lumber and then radial and tangential planks were obtained from them. 22x65mm laths were cut
using these planks.

Air-dried radial laths were conditioned at 120, 150, 180, and 210°C temperature and 2, 5, and 8 hours
in a drying oven (Nive, FN 500, Ankara, Turkey). After this treatment, 20x20x60mm compression
specimens were prepared. Control groups were not exposed to any temperature and all the samples
were acclimatized at 20+1°C and %65RH for around two months before testing.

Densities of samples were determined according to TS 2472 using stereo-metric method which uses
sample volume and mass values.

Olympus EPOCH 650 ultrasonic flaw detector used to perform non-destructive test. Time of flight
(ToF) values was obtained by A133S-RM contact transducers using 2.25MHz frequency. This
transducer has longitudinal wave propagation. Ultrasonic sound velocities (USV) were calculated
using ToF values with velocity time equation. Dynamic Young’s modulus (Eayn) was calculated using
these USV with equation 1.

Edyn =p VZ 106 (1)

where Eqyn, is elasticity modulus (N/mm?), p, is sample density (kg/m?), and V, is ultrasonic sound
propagation velocity (m/s).
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Compression tests were conducted using 5 ton capacity universal test machine (UTM, Mares,
Istanbul, Turkey). Loading speed was 6mm/min. Bi-axial extensometer (Epsilon, U.S.A.) was used to
obtain stress and strain values and Young’s modulus calculated using these values. Young’s modulus
was calculated using equation 2.

Aoy 0i2=0i1

Ej= "%z ZizZ%in o ep @)

Ag; €i2—€i1
where E;j; is Young modulus (N/mm?), o, is stress values and ¢, is strain values.

Results and Discussion

Average density, sound velocity (V), Eqnand Young’s modulus values of beech wood in R direction
are presented in Table 1. As seen in table, in general, density decreased while temperature and
duration increased. Density of the control groups was between 0.70-0.69 g/cm?®and but decreased up
to 0.65 g/cm? by increase of temperature and exposure duration. Maximum decrease occurred at 210
°C temperature and 8 hours exposure conditions. Efe and Cagatay (2011) reported the density of
untreated oriental beech wood as 0.71 g/cm?.

Temperature and duration effect on Young’s modulus (Eg) of oriental beech wood in R direction is
seen in Figure 1. Young’s modulus values were increased up to 9.25% and 4.97% at 120°C and 150°C
temperature for 8 and 5 hours exposure durations respectively but decreased at 150°C temperature for
8 hours exposure duration. In contrast with 120°C and 150°C groups, Young’s modulus (Er) values
were decreased up to 8.86% and 18.35% at 180°C and 210°C temperature treatment for all durations
respectively. According to Holecek et al. (2017) an increment on elasticity modulus occurred firstly
by the increase of temperature but then decrease observed for heat treated Spruce wood.

Boonstra et al. (2007) stated that lower equilibrium moisture content (EMC) can positively affect
mechanic properties of heat treated wood but this effect unfortunately can be disabled by the
degradation of chemical compounds. Degradation of hemicellulose, while temperature and exposure
duration increases, is supposed to be the main reason of decrease on mechanic properties (Boonstra et
al. 2007). According to Hillis (1984) weakest heat resistant wood polymer is hemicellulose.
Hemicellulose which is in S1 and S3 layers has significant effects on mechanic properties in R
direction of wood. Cellulose micro-fibrils are mostly related with mechanic properties in L direction
(Bergander and Salen, 2002). Also, Esteves and Pereira (2009) stated that micro cracks which occurs
while heat treatment can effect mechanic properties.

120°C —A—150°C ®—180°C —@—210°C
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Figure 1 - Effect of temperature and exposure duration on Young’s modulus in R direction
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Temperature and exposure duration effect on Eqynin R direction is seen in Figure 2. It is seen that all
temperature and duration levels have effects on Eqyn. A little increase observed at 120°C temperature.
A significant increase observed for 2 and 5 hours treatment at 150°C and then decrease observed for 8
hours exposure duration but not till control values. Nearly linear decrease observed for 180 and 210°C

temperature treatment for all exposure durations except 180°C and 8 hours.

Density decreased while temperature increased. A significant relation between sound velocity and
density not observed. There is a contradiction about whether sound velocity is related with wood
material density or not when literature reviewed. Oliveira and Sales (2006) and Baradit and Niemz

(2012) stated that there is positive relation between density and velocity but Oliveira et al. (2002), Ilic
(2003) and Teles et al. (2011) reported no relation between them.
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Figure 2 - Effect of temperature and exposure duration on Egyn in R direction
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Table 1- Density, Sound Velocity, Eayn, and Young’s modulus values in R direction

of beech wood

;I'emp. Hour Densigy z/rg;;))mty Edyn (N/mm?) {l\?/i’?r%zs) modulus
c (g/em) Mean Cov Mean Cov Mean Cov
Control  0.70 2165.97 2.29 3353.01 4.38 1812 8.84
120 2 0.69 218585 577 3300.43 7.49 1846 8.36
5 0.69 2208.11 354 3367.27 5.73 1920 10.65
8 0.69 220747 4.01 339247 572 1980 7.76
Control  0.69 2176.79 275 3049.79 6.67 1858.12 8.43
150 2 0.68 220598 6.38 3313.23 7.83 1905.28 6.92
5 0.68 222579 283 3368.99 4.61 195044 8.76
8 0.67 217518 355 317156 4.13 182346 9.62
Control  0.69 213558 553 3293.81 857 1802.73 7.94
180 2 0.68 2175.03 225 3201.69 4.43 1757.18 8.16
5 0.67 2138.27 466 307431 6.95 1680.45 9.91
8 0.67 212588 340 303752 6.67 1643.08 11.64
Control  0.70 2137.05 2.09 3251.12 4.64 1846.24 8.40
210 2 0.68 2079.18 3.15 2940.63 6.10 1660.14 9.36
5 0.67 1960.31 7.34 2580.01 8.18 1584.45 9.02
8 0.65 1855.08 4.25 224934 8.09 1516.90 13.18

*cov = coefficient of variation (%)

Correlation (R?) between Egyn and Young’s modulus values is seen in Figure 3 and it is seen that there
is a very strong relation between them. Best correlation (R% 0.94) seen between control groups of 150
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and 210°C temperature. Weakest correlation (R% 0.84) seen between 180 and 210°C temperature and
2 and 8 hours exposure durations, respectively.
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Figure 3 - Correlation between the Egyn and Young’s modulus
Conclusion

It is seen that temperature and exposure duration have effects on Young’s modulus and Egy in R
direction. In general, lower temperature (120 and 150°C) treatment caused some increase on Young’s
modulus values but following temperature levels (180 and 210°C) caused decrease on Young’s
modulus values. Also increase of exposure duration caused decrease on Young’s modulus values.

Ultrasonic test results matched well with static results and thus it can be said that ultrasonic test
method can be used to predict R direction Young’s modulus values of wood material.

Very high correlations (0.84 to 0.94) were observed between Young’s modulus and Egy, values.
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Abstract

Damage to trees from bark beetle attack presents an economic and aesthetic cost affecting forest
crops and urban forest landscapes. Bioacoustic sensors have been used to nondestructively test for
insect activity in wood and standing trees. Advancing technology and electronic component cost
reductions for acoustic emission monitoring sensors provide the opportunity to develop tools to
eavesdrop on the sounds generated by bark beetles hidden within trees.

Keywords: Bark beetle detection, bioacoustic sensors, nondestructive testing

Damage to trees from bark beetle attack presents an economic and aesthetic cost affecting forest
crops and urban forest landscapes. In many cases early detection offers the option of therapeutic
treatments. Though concealed from view under the tree bark, the sounds generated by larvae
feeding, insect movement and stridulation provide telltale indications of bark beetle presence.
Acoustic emission (AE) as defined by Eitzen and Wadley (1984) of the National Bureau of
Standards is “the transient mechanical waves spontaneously generated by abrupt localized
changes of strain within a body” They continue, “the surface motion due to an AE source
contains information about both the location and characteristics of the source.” Various sensors
have been used for many years in industry to gather AE information. In the biological sciences,
researchers have examined acoustic emissions from sources as varied as birds, marine life,
mammals and insects. This area of study is bioacoustics. Bioacoustic sensors have been used to
nondestructively test for insect activity in wood and standing trees. Advancing technology and
electronic component cost reductions for acoustic emission monitoring sensors provide the
opportunity to develop tools to eavesdrop on the very low amplitude sounds generated by bark
beetles hidden within trees.

In a review of advances in insect acoustic detection and monitoring, Mankin (2011) points out
that insect predators and parasitoids have always been eavesdropping on insect communications,
feeding and movement sounds and vibrations to locate prey and hosts. Articles as early as 1909
(Main 1909) have been published on acoustic detection of termites and many since (Fujii et al.
1990; Lemaster et al. 1997; Mankin et al. 2002; Yanase et al. 1998, 2000). Several researchers
have recently focused on the use of bioacoustic sensors for early detection of the red palm weevil
(Hetzroni et al. 2016; Hussein et al. 2010; Mukhtar et al. 2011; Dosunmu et al. 2014, Potamitis et
al. 2008), an invasive from Southeast Asia attacking the historically important date palm in the
Middle East. Other insects have been the subject of bioacoustic researchers (Cross and Thomas
1978; Haack et al. 1988; Mankin et al. 2008; Mankin 2011; Osbrink 2013; Siriwardena et al.
2010) including serious bark beetle pests of pine bark beetle (Hofstetter et al 2014) and emerald
ash borer (McCullough 2016). When the Asian long horn beetle attacked trees in Central Park,
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New York City, the USDA through Oak Ridge Laboratories developed piezoelectric sensor
instruments as detection tools (Smith and Poland 2001). Mankin in his review states that even
though the understanding of insect acoustical and vibrational communication has advanced the
development and adoption of simple to use monitoring tools has lagged in part for the following
reasons:
1. “limited understanding of acoustic signal attenuation across various substrates,”
2. *“difficulties in interpreting weak insect signals in environments with high background
noise,”
3. “limited knowledge of the behaviors of the cryptic targeted species that produce the
signals”
4. *“the small market for insect detection instrumentation.”

Attenuation is the gradual loss of signal magnitude as a wave moves through a substrate. This is
caused by absorption of the signal within the substrate, reflections at interfaces or dilution as the
wave passes into a larger volume area. Within a wood substrate reflection is a significant factor
when the signal moves across the wood fiber versus along the wood fiber. The attenuation
coefficient, the rate of signal decay per unit distance, is approximately 2-5 times greater along the
wood fiber than across it (Lemaster et al. 1997; Yanase et al. 2000). Wood has a low attenuation
coefficient and thus is a good substrate for acoustic detection of insect activity. The area of
detection, known as the active space, is greater in low frequency sounds than ultrasound (greater
than 20KHz). Scheffrahn et al. (1993) detected termite high frequency sounds in an active space
up to 2.2 min wood. Mankin et al. (2011) detected some of the louder low frequency sounds of
the red palm weevil over 4 m below the insects.

Of equal significance to the gathering of acoustic signals is the interpretation of the signal. Signal
analysis requires not only being able to identify the unique insect sound but also differentiating
the sound of the insects from background noise. Trained listeners can identify specific insect
sounds but automated processing using software to sift through multiple sounds looking for the
programmed specified wave characteristics is available as is newer voice recognition software
(Chesmore and Schofield 2010; Pinhas et al. 2008; Potamis 2009; Watanabe et al. 2016)

The understanding of the behavior of certain bark beetles, specifically emerald ash borer and pine
bark beetles, has increased significantly as a result of the intense research conducted in response
to the unprecedented damage being done to the western forest crop and the urban forest
landscape. It is not an exaggeration to say that the outbreak of pine bark beetles in the Western
United States is the greatest in recorded fossil history and the invasion of Emerald Ash Borer in
the Midwest United States rivals Dutch elm disease in the cost and disruption to the urban forest.
Hofstetter et al (2014) propose acoustic methods to not only detect pine bark beetles but also use
sounds imitating insect communication to dissuade insect infestation within forests (Aflitto and
Hofstetter 2014). Professor Deborah McCullough at Michigan State University is actively
researching acoustic detection and deterrence methods for Emerald Ash Borer (McCullough
2016). Increase in the global distribution of wood products has also stimulated an interest in the
effective use of acoustic monitoring by national border regulators to avoid the importation of
wood damaging insects (Brandstetter and Hubner 2015; Chesmore 2008; Schofield and Chesmore
2008).

The current small market available to developers of bioacoustic sensing instruments has not
deterred some scientists from a thorough investigation into optimum sensor instruments
(Scheffrahn et al 1993; Fiala et al. 2014; Hyvernaud et al. 1996; Mankin et al. 1996; Zahid et al.
2012; Rach et al. 2012; Wiest et al. 1996). Liu (2017) in a recent review of available
technologies describes various instruments used as acoustic sensors. Accelerometers and
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piezoelectric sensors characterize vibration by measuring the acceleration of the substrates on
which they are attached. Accelerometers can sense impact or vibration in one, two or three axes.
Martin et al. (2013) using an accelerometer (MEMS MMA 7361, Fujitsu, Japan) was able to
detect small larvae in palm trees. Piezoelectric sensors are composed of piezoelectric crystals
having the ability to convert mechanical stress into an electric charge. By compressing or pulling
the crystal charges are built up on opposite faces generating a current that can be measured
between the faces. Sound waves or vibration is thus measured by a transform from acoustic signal
to an electric signal (Janshoff et al. 2007). Kuroda (2012) observes that even physiological
activity within the tree such as xylem embolism can be monitored by acoustic emission.

Microphones provide impact acoustic (1A) measurement of an acoustic signal (sound) striking a
material like a metal plate or membrane. They can either be in contact with the substrate of
interest or in non-contact. Mankin et al. (2011) observes that microphones do not interface well
with wood or other solid materials and that accelerometers or piezoelectric generate superior
results.

Another method of measuring vibration coming from insect activity in wood is the laser Doppler
vibrometer (LDV). It has proved highly sensitive with the advantage of non-contact
measurements (Zorovic and Cokl 2015). The cost however makes it currently prohibitive for
common field applications. An inquiry to Polytec, Inc. USA, the manufacturer of the LDV
(PVD-100) used in the Zorovic experiment, revealed a retail price of $40, 000 and a weekly rental
of $1,500.

Two bioacoustic sensing instruments were developed with the assistance of an acoustic engineer
in the University of Wisconsin School of Computer and Electrical Engineering. The first consists
of an electret microphone and enclosed metal probe, specially designed amplifier that can drive
headphones. The second has a uniaxial accelerometer (MEMS) attached to a scratch awl to be
lightly hammered into the white wood, and a similar amplifier that can drive a headphone. The
microphone has a frequency response range equal to the human hearing range of 20 Hz to 20
KHz. The accelerometer has a more limited frequency response range of 1 Hz to 2.5 KHz. Tests
were conducted in August on ash trees in Madison, WI infested with Emerald Ash Borer. Both
instruments were able to detect the pulsed clicking sound of the mandibles as the larvae were
feeding below the bark.

These instruments were developed building on ideas from published research papers and consist
of low cost components making them economical and available for general use by tree care
professionals and scientists. Further development efforts are required on these instruments to

provide recording and signal analysis making one or both of them adequate for field use in
detection of a variety of bark beetles and other wood infesting insects.
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Abstract

Currently, the only accepted method for root stability evaluation is the pulling test, where force is applied
to a rope fixed in the tree crown, while the inclination and the applied load is measured. This method has
several limitations, including uncertainties in safety factor calculation, heavy equipment and strenuous
testing, as well as the contradiction of modeling the dynamic effect through static loading. This paper
introduces a dynamic root evaluation technique, where force exerted by the wind is used directly for
testing.

The movement of trees in the wind is governed by deterministic chaos, i.e. there is no immediate
relationship between wind speed and tree inclination. However, a statistical method, whereby inclination
and wind speed is evaluated over longer periods of time, yields a reasonably good relationship. This study
introduces theoretical underpinnings of the method, and shows its reliability through some practical
examples.

Keywords: wind pressure, tree inclination, dynamic loading, uprooting, safety factor, deterministic chaos

Introduction

Many factors influence the root collar inclination due to wind load, including species, crown area, age,
pruning, site conditions, climate and seasonal factors. The biomechanics of the trees’ response to wind
have been studied extensively (Baker a